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This review synthesises the state of the art in refining and homogenising metal-alloy
structures through internal chemical modifications and external physical fields. The
mechanisms, by which nanoparticles, rare-earth elements, and inoculants promote het-
erogeneous nucleation and control crystallisation dynamics, are analysed. The impact
of mechanical oscillations, ultrasonic treatment, and electromagnetic fields on grain
morphology, phase uniformity, and inclusion behaviour is evaluated. Particular atten-
tion is focused on the synergistic action of these methods to produce reinforced or
composite-like microstructures with enhanced mechanical and functional performance.
The review critically assesses existing knowledge and proposes a conceptual framework
for further investigation of melt-processing strategies aimed at creating materials
with tailored properties for advanced applications.
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1. Intfroduction

The operating conditions of equipment in the mining and metallurgical
sector are highly demanding, characterised by elevated temperatures, in-
creased wear, exposure to gas corrosion, heavy loads and extended service
life. Accordingly, the materials employed in this sector must meet strin-
gent requirements with respect to both fundamental properties (strength,
hardness, impact toughness) and specific properties (such as wear resist-
ance and heat resistance). Evidently, achieving such properties necessi-
tates the use of either specially designed alloys or complex alloyed steels
for manufacturing purposes [1].

However, the potential for further improvement of material proper-
ties through the use of additional alloying elements or enhanced heat
treatment has largely been exhausted. Moreover, the development and in-
dustrial implementation of such new technologies require considerable ma-
terial and time investments.

One of the contemporary approaches to enhancing the properties of
complex alloyed steels involves the application of various methods of in-
fluence, including, for example, nanomodification, mechanical vibration,
magnetic field treatment, ultrasound, and other external effects applied
to the melt.

Notably, nanomodification has emerged as a key trend in improving
the properties of alloy steels [1-11]. Steels treated in this way are regar-
ded as reinforced or next-generation composite materials [4, 7, 10]. Nume-
rous studies have demonstrated that introducing nanoparticles of refrac-
tory compounds into the melt of alloyed steel results in grain refinement
and improvements in hardness and strength. In some cases, nanomodifica-
tion also enhances specific properties, such as wear resistance and heat
resistance.

Earlier studies [12—-14] by the authors of the present programme re-
ported the influence of inoculants and nanomodifiers of various types on
the structural and strength characteristics of alloy steels. These studies
revealed a clear positive trend in the effects of both inoculants and na-
nomodifiers on steel properties. The results previously obtained by the
authors are intended to underpin the development of technology for pro-
ducing complex alloyed steels with a homogeneous, defect-free structure,
achieved through the synergistic application of internal and external in-
fluences on the melt.

Another widely recognised approach to improving the properties of al-
loy steels is the application of out-of-furnace treatments to the melt, in-
cluding vibration, ultrasonic processing and magnetic field effects [15—22].

In Ref. [16], the dependence of alloy properties on the application of
magnetic field, ultrasonic, and vibrational effects during crystallisation
was examined and analysed. The study noted that, despite discrepancies in
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the reported quantitative effects of external factors on the mechanical
properties of alloys, their qualitative influence is evident in the enhance-
ment of strength characteristics under the action of magnetic field, ultra-
sonic, and vibrational treatment.

Reference [17] presents research findings on the influence of a mag-
netic field on the strength and conditional yield strength of 35CrM steel.
Engine components, manufactured both by conventional methods and with
additional exposure to a magnetic field, were investigated as samples. The
study reported an increase in ultimate strength by 12-15% and a rise in
dislocation density. Improved structural homogeneity, achieved through
magnetic treatment, contributed to a reduction in microdefects and, conse-
quently, an improvement in the overall mechanical properties of the alloy.

Further evidence of alloy property enhancement due to magnetic field
treatment is provided in Refs. [18—20]. These studies, which investigated
different materials (including aluminium alloys and various steel grades),
demonstrated that magnetic fields promote an increased nucleation rate
during the initial stage of primary crystallisation, a reduction in grain
size, and lower dislocation density. The extent of the magnetic fields’ ef-
fect was shown to depend on its specific parameters. A ‘memory effect’ of
magnetic treatment, persisting for approximately 5—15 minutes, was also
reported.

In Ref. [21], the positive effect of external treatment on the micro-
structure and properties of copper alloy composites was demonstrated,
with increases in strength, yield strength, and elongation observed.

It is noteworthy that the previous literature analysis unequivocally
confirms the feasibility of combining nanomodification with the simulta-
neous application of external mechanical or magnetic effects in steel pro-
cessing. However, in all cited studies, nanomodification was conducted
directly in the furnace, while magnetic fields or mechanical vibration were
applied as subsequent operations in steel processing.

2. Modern Alloy Production Using Modifiers (Internal Treatment)

The microstructure and mechanical properties (impact toughness, tensile
strength, and hardness) of Al-7Si and Al-7Si—2.5Cu casting alloys have
been investigated following various melt treatments, including milling
and grain modification [22]. The results demonstrate that Al-7Si—2.5Cu
alloys subjected to milling and grain modification exhibit a microstruc-
ture characterised by uniformly distributed o-Al grains, an interdendritic
eutectic network of fine silicon particles, and small CuAl, particles within
the interdendritic regions. These alloys showed superior mechanical prop-
erties in the as-cast condition compared to alloys treated solely by refining
or modification. The improvement in the mechanical properties of the Al—
7Si—2.5Cu alloys is attributed to the breakdown of coarse aluminium
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grains and to the uniform distribution of eutectic silicon and fine CuAl,
particles within the interdendritic areas, resulting from the combined re-
fining and modification processes. The study also sought to evaluate the
effect of microstructural changes in Al-7Si and Al-7Si—2.5Cu foundry
alloys on their mechanical properties (impact toughness, tensile strength,
and hardness) through grain refinement, modification, and their combined
application.

The aluminium alloy ZL.114A is a typical Al-Si casting alloy renowned
for its excellent casting performance and high strength, making it suit-
able for producing various large castings and components. However, the
refinement of coarse a-Al grains under sand mould casting conditions re-
mains challenging and has been rarely addressed in detail. In Ref. [23], a
combined strategy was investigated, involving the addition of a novel
grain-refinement agent, AlI-TCB (comprising complex C-TiB, and B-TiC
particles) together with an Al-Sr modifier to ZL114A alloy cast in sand
moulds. It was shown that the combined use of A1-TCB and the Sr modi-
fier provides more favourable modification conditions than the use of Sr
alone, indicating a pronounced synergistic effect. With the addition of the
Sr modifier alone, the average a-Al grain size and the average eutectic Si
length in ZL114A were reduced to 320 pm and 10.05 pm, respectively,
compared to 404.2 ym and 22 pym. When the Sr modifier and AI-TCB
grain refiner were applied simultaneously, the average a-Al grain size and
eutectic Si length were further reduced to 183.4 ym and 3.34 um, corre-
sponding to reductions of 54.6% and 84.8%, respectively. After T6 heat
treatment, the ultimate tensile strength (UTS) of the ZL114A alloy modi-
fied with Sr and A1-TCB increased to 290+5.4 MPa, approximately 71.6%
higher than that of the alloy treated with Sr alone. In addition, the elon-
gation to fracture (EL) increased significantly from 1.4+0.34% to
8.4+£0.02%, representing a 500% improvement. Microstructural charac-
terisation and electron probe microanalysis confirmed that there was no
discernible segregation of silicon at the interface between the nucleated
C-TiB, particles and the aluminium matrix, indicating that silicon atoms
neither participate in nor interfere with the nucleation process. Conse-
quently, the poisoning effect of silicon can be avoided under these condi-
tions, leading to superior mechanical properties. These findings are ex-
pected to provide valuable guidance for improving the microstructure and
optimising the mechanical properties of Al-Si alloys in industrial
applications.

Recycling aluminium waste contributes to conserving aluminium re-
sources, saving energy, and protecting the environment. Iron is the prin-
cipal detrimental impurity in aluminium waste, and its removal is essen-
tial. Typically, an iron-removing element (M) is added to the Al-Si—Fe
system to enhance iron removal efficiency through physical separation.
However, excess M in the aluminium waste subsequently becomes a harm-
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ful impurity itself and must also be eliminated. The critical iron content
(Fe,, ;o) and critical M content (M,,;..,) in Al-Si-based scrap are key fac-
tors in calculating the theoretical maximum recovery rates of iron (R,)
and M (R,,) achievable by most physical separation techniques. Neverthe-
less, determining these critical contents in multicomponent Al-Si-based
alloys is challenging.

The study reported in Ref. [24] proposes the use of the electromag-
netic directed crystallisation (EDC) technique for separating Al-Si—
(Fe, Ni) melts. This approach simultaneously achieves four objectives: de-
termining Fe ;. and Ni .., reducing the Fe and Ni contents to their
critical levels, producing eutectic Al-Si—(Fe, Ni) alloys, and transforming
harmful iron needle-like phases into benign ones. Furthermore, the Fe_; .,
value was reduced from 0.5% to 0.378+0.04% in the Al-Si—Fe alloy and
t0 0.30+0.04% in the Al-Si—Fe—Ni alloy, confirming the theoretical posi-
tive effect of Ni addition on Fe removal. The critical Ni content in the
Al-Si—Fe—Ni alloy was found to be 4.4+0.12%, slightly lower than that in
the Al-Si—Ni alloy (4.6+0.21%). In other words, Ni added for Fe removal
was effectively eliminated along with Fe by the EDC process, without ac-
cumulating in the aluminium-silicon waste.

In Ref. [25], the effects of microalloying with Er, Zr, V, and Ti, com-
bined with deep melt purification in a multipole field, on the microstruc-
ture and mechanical properties of Al-12Si—4.5Cu—2Ni alloy were investi-
gated. Phase diagram calculations and DSC (differential scanning
calorimetry) curves revealed that the second-phase constituents of the mi-
croalloyed Al-12Si—4.5Cu—-2Ni alloy predominantly comprised AlCuNi,
(Al, Si),(Zr, Ti, V)-DO0,,/DO0,,, Al,Cu, Al,(Zr, Er), and Al,Si,Sr phases. The
solidus and liquidus temperatures were determined to be 518.1 °C and
597.4°C, respectively. The addition of erbium significantly refined the
grains and facilitated the formation of L1,-Al,(Zr, Er) precipitates coher-
ently aligned with the a-Al matrix. The microalloying elements reduced
the dislocation energy in the alloy, resulting in extensive dislocation net-
works within both the a-Al matrix and eutectic Si. Moreover, degassing
with Ar combined with an ultrasonic field not only reduced the pore size
and number of pores in the ingot but also improved the uniformity of the
second-phase distribution. As a result of microalloying and multi-field
degassing, the alloy exhibited yield strength, tensile strength, and elonga-
tion of 163.9 MPa, 300.2 MPa and 3.2% , respectively. The second-phase consti-
tuents of the microalloyed Al-12Si—4.5Cu—2Ni alloy were systematically
characterised, providing a basis for the future design of heat-resistant
aluminium alloys and for defining subsequent heat-treatment parameters.

The microstructure, static mechanical properties (tensile strength and
fracture toughness), and dynamic mechanical properties (impact tough-
ness) of Al-7Si—0.3Mg-based alloys with the addition of various grain re-
finers and modifiers have been investigated [26]. In particular, the effect

88 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 1



Modern Trends in the Production of Ferrous and Non-Ferrous Alloy Castings

of increasing phosphorus content (up to 40 ppm) on the efficacy of modi-
fiers in Al-7Si—0.3Mg-based alloys with a high impurity level was stud-
ied. The findings can be summarised as follows: (i) the shape factor of
eutectic Si increased with rising Eu content and decreasing P content; (ii)
the base Al-7Si—0.3Mg alloy and the conventionally refined Al-5Ti—1B
alloy modified with Sr exhibited the highest elongation (x11%) in the T6
condition, compared with alloys refined with Ta and modified with Eu,
while further increases in Eu and/or P reduced elongation; (iii) the shape
factor was found to influence impact toughness, necessitating appropriate
modification and heat treatment; (iv) impact toughness increased with
increasing Eu content and decreasing P content; (v) Ta- and Eu-rich inter-
metallic phases were observed on the fracture surface; (vi) a fractured Eu-
rich intermetallic phase (Al,Si,Eu) was identified on the fracture surface,
indicating no significant improvement in mechanical properties due to the
presence of brittle intermetallic phases; (vii) the impact toughness of the
alloy with 200 ppm Eu was marginally higher than that of the alloy with
200 ppm Sr, while Eu modification did not lead to an increase in elonga-
tion despite the microstructural data reported here and in the literature.
This study provides new insights into the effects of melt treatment, spe-
cifically, increased a-Al dispersity, modification of eutectic Si, and en-
hanced dispersity of eutectic grains, using Ta and Eu on the static and
dynamic mechanical properties of Al-7Si—0.3Mg-based alloys.

The authors also conducted a literature review on this topic and ex-
plored the potential of using microsilica (a by-product of silicon produc-
tion) as a modifier to develop new materials with tailored properties [27].

The microstructure and properties of recycled AA3104 alloy are sig-
nificantly affected by impurities such as Fe and Si. To address this, Al—
Sr—RE was proposed in Ref. [28] as a means of improving the microstruc-
ture and mechanical properties of AA3104 alloy with high Fe content.
Scanning electron microscopy (SEM), differential scanning calorimetry,
thermodynamic calculations, and synchrotron X-ray computed tomogra-
phy (SXRCT) were employed to investigate the morphological characteris-
tics and solidification path of Fe-rich phases. The results indicated that
the addition of trace amounts of Sr or Ce to Al-5Ti—1B alloy did not
markedly alter the grain structure, while the addition of Al-8Sr—8Ce
alone did not significantly affect the a-Al matrix. However, Al-8Sr—8Ce
transformed the two-dimensional morphology of the Fe-rich phases from
hieroglyphic to skeletal and short-rod shapes, and the three-dimensional
morphology from a lamellar branched structure to a rod-like branched
structure. The average equivalent diameter of the Fe-rich phases decreased
by 12.16% relative to the Al-Ti—B alloy, while the average sphericity in-
creased by 5.00% . The addition of trace amounts of Sr or Ce based on Al-
5Ti—1B, as well as A1-8Sr—8Ce, improved the mechanical properties of the
alloy. Notably, the Al-Sr—Ce-modified alloy exhibited optimal mechanical
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properties, with tensile strength, yield strength, and elongation increa-
sing by 7.77%, 10.87% and 24.06%, respectively. This study presents a
novel modifier for altering the Fe-rich phases in recycled Al-Mn—Mg al-
loys with high iron content.

A hypereutectic aluminium-silicon alloy (AlSi18) was modified using
a conventional modifier, namely, phosphorus (P), and by simultaneously
introducing both the conventional modifier (P) and a nanomodifier, i.e.,
nanodiamonds (ND), into the melt [29]. The effects of these modifications
on the microstructure and mechanical properties of the alloy were investi-
gated. The results demonstrated that the structure was refined and the
mechanical properties were enhanced. The influence of the two modifiers
on both the primary silicon crystals and the eutectic phases of the alloy is
discussed.

Strontium and Al-Ti—B grain refiner were simultaneously added to an
Al-7Si—0.35Mg cast alloy, and the interaction between Sr and Al-5Ti—1B
was examined [30]. The combined additions of 100 ppm Sr and 500 ppm Ti
resulted in both modification of the eutectic Si and refinement of the a-Al
grains, while increasing the nucleation frequency of eutectic Al-Si grains
compared with the alloy modified with Sr alone. Phase electron microsco-
py (PEM) analysis revealed the presence of Al,Si,Sr phases in association
with either TiB, or AIP and TiB, bonding particles. This suggests that the
pre-existing TiB, particles in the melt facilitated the formation of signifi-
cant quantities of AlP (the most effective nucleation sites for Si), which,
in turn, promoted the nucleation of eutectic Al-Si grains during solidifi-
cation, despite the partial deactivation of AIP consumed in the earlier
formation of Al,Si,Sr.

In Ref. [31], the performance of an Al-7%Si—0.35% Mg alloy (A356
alloy) was enhanced by modifying its microstructure. The ultimate tensile
strength was increased through the addition of strontium (Sr), overhea-
ting, or melt heat treatment combined with Sr addition, whereas heat
treatment of the melt alone had a negligible effect on UTS. Both Sr modi-
fication and Sr-modified melt heat treatment improved the elongation of
A356 alloy castings, with greater elongation achieved at higher cooling
rates. The effects of solution heat treatment on the tensile properties of
A356.2 alloy castings can be summarised as follows: (i) the yield strength
is significantly improved after eight hours of solution treatment due to
the precipitation of Mg,Si; (ii) extending the solution treatment up to 80
hours results in little further change in yield strength; and (iii) UTS is
significantly enhanced during the initial eight hours and continues to in-
crease up to 80 hours, attributed to Mg,Si precipitation, silicon dissolu-
tion in the Al matrix, and spheroidization of Si. The ductility of A356.2
alloys was also improved markedly by solution treatment, rising from ap-
proximately 6% in the as-cast condition to around 10% after 80 hours of
treatment.
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The microstructural evolution, segregation behaviour, and fracture
mechanism of an A390 hypereutectic alloy produced by Rheo-HPDC (high-
pressure die casting) with Sr modification were investigated using mor-
phological analysis and electron probe microanalysis (EPMA) [32]. The
results showed that Rheo-HPDC with Sr modification simultaneously re-
fined the primary silicon particles (PSPs) and modified the eutectic sili-
con. Strontium reduced the tendency of dendritic a-Al halos to form
around PSPs by narrowing the constitutionally supercooled zone at the
solid-liquid interface, promoting eutectic silicon formation on the prima-
ry silicon. Liquid segregation caused the PSPs to concentrate at the centre
of the sample, while other alloying elements segregated towards the edges.
Trace amounts of Sr enhanced elemental segregation by increasing the
melt viscosity; however, as the Sr content increased, the melt viscosity
gradually decreased.

Aluminium-based metal matrix composites reinforced with carbon
nanotubes (CNTs) are regarded as highly promising materials for a range
of industrial applications owing to the excellent reinforcing properties of
CNTs. The addition of CNTs to aluminium and its alloys can significantly
enhance their physical, mechanical, thermal, and electrical properties. To
date, numerous aluminium alloys containing scandium have been studied.
However, to the best of our knowledge, there is almost no comprehensive
information in the open literature on Al-Sc alloys produced by melt spin-
ning, nor on Al-2Sc alloys produced by melt spinning with CNT addition.
In Ref. [33], Al-2Sc ribbons were successfully produced by melt spinning
with CNT addition, and the effects of CNTs on the morphology, micro-
hardness, and electrical properties were investigated. The resulting micro-
structures, as well as thermal, mechanical, and electrical characteristics,
were analysed using x-ray diffraction, scanning electron microscopy, Vic-
kers microhardness testing, and four-point resistivity measurements.

Cast Al-Si alloys are characterised by inherently low ductility due to
coarse a-Al grains and large lamellar eutectic Si. Although boron-contain-
ing grain refiners and Sr modifiers can refine a-Al grains and eutectic Si,
respectively, their simultaneous addition leads to an unacceptable reduc-
tion in the effectiveness of Sr because boron exerts a poisoning effect on
Sr in Al-10Si—B-Sr alloys. In Ref. [34], it was demonstrated that both
0-Al grain refinement and Si modification can be achieved by simply ad-
ding 500 ppm La to an Al-10Si—-0.02B-0.015Sr alloy, significantly im-
proving ductility and tensile strength. In the Al-10Si—0.02B-0.015Sr
melt, Sr interacts with B to form a Sr—B intermetallic compound, consum-
ing Sr and diminishing its modifying effect. CALPHAD-type calculations
showed that the Sr concentration in the liquid before the eutectic reaction
becomes a key parameter in evaluating the effectiveness of alloy modifica-
tion. The addition of La promotes the formation of LaB,, which stabilises
the Sr-modifying effect by releasing Sr. First-principles calculations fur-
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ther indicated that both Sr and La promote the formation of twin bounda-
ries in Si particles by lowering the twin boundary formation energy. LaB;
forms a semi-coherent interface with a-Al, with the orientation relation-
ship [110]LaB,;//[110]Al and [111]LaB,//[111]Al, demonstrating that LaB,
acts as an effective a-Al nucleation centre and facilitates a-Al refinement
in the Al-10Si—0.05La—0.02B—-0.015Sr alloy. These results elucidate the
micromechanism of refinement during solidification and offer an efficient
and simple method for producing high-performance aluminium alloys.

The effect of a complex modifier, 3Be—Sb (Be:Sb ratio equal to 3), on
the microstructure and mechanical properties of a hypereutectic Al-Si—
Mg alloy was investigated in Ref. [35]. The addition of 0.2 wt.% 3Be—Sb
transformed the primary a-Al phase from dendritic to equiaxed, signifi-
cantly refined the eutectic Si phase, and reduced the size of primary Mg,Si.
Further increasing the 3Be—Sb content to 0.6 wt.% resulted in a complete
morphological change of the Mg,Si phase from square to spherical and
maximised the refining effect on the primary a-Al phase.

Phosphorus is an effective modifier that significantly reduces the size
of primary silicon (Si) crystals. However, beyond a certain content of P,
the modifier tends to aggregate, reducing its refining efficiency. In Ref.
[36], the evolution of the microstructure and mechanical properties of an
Al-50Si alloy was studied by combining superheating and modification
treatments. After modification, the average size of the primary Si phase
increased with increasing superheating temperature, while the overall
hardness decreased. Notably, when the modifier content reached 7 wt.%,
the alloy exhibited its highest hardness, even though it was considered
overmodified. Nanoindentation tests revealed that the nanohardness of
the Al,Cu intermetallic phase was 5.52 GPa, i.e., three times higher than
that of the Al matrix, explaining the increased hardness of the alloy after
remodification. These findings indicate that, in addition to the size and
distribution of the primary Si phase, compounds such as Al,Cu play an
important role in enhancing the mechanical properties of the alloy. The
melting process of the alloy was observed in situ using a laser confocal
high-temperature scanning microscope, and it was found that the melting
temperature of o-Al decreased with increasing Cu content in the matrix. A
strain energy calculation model was proposed and validated, showing that
the strain energy increased progressively with increasing Cu content,
which was identified as the primary factor behind the reduction in the
matrix melting temperature. The existence of strain energy was further
confirmed by the electron backscatter diffraction (EBSD) analysis.

In Ref. [37], the causes of instability in the chemical composition and
mechanical properties of low-carbon alloy steels were analysed, and poten-
tial solutions were proposed. It was found that instability in chemical
composition and the presence of elongated, sharp-edged non-metallic in-
clusions — containing excessive amounts of gas and other impurities —
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shorten the service life of the finished metallurgical product and degrade
its quality. As established and demonstrated, one effective approach to
stabilising the chemical composition and enhancing the mechanical pro-
perties, as well as the overall quality of reinforcement steel, is to treat the
steel melt with multifunctional modifiers.

The production of semi-solid slurry from aluminium alloy A356 using
an inclined plate was investigated in [38]. As the A356 alloy melt flo-
wed down an inclined plate cooled from below by a countercurrent of
water, it partially solidified, leading to the continuous formation of co-
lumnar dendrites on the plate surface. Owing to forced convection, these
dendrites fragmented into equiaxed grains, which were then washed
away to form semi-solid slurry at the exit of the plate. The melt pou-
ring temperature ensured the appropriate solidification conditions, while
the plate inclination provided the required shear to produce semi-solid
slurry of the desired quality. The resulting slurry was solidified in a
metal mould to produce semi-solid castings with a refined microstruc-
ture. Heat treatment was subsequently applied to the castings to impro-
ve surface quality. The effects of melt pouring temperature and plate tilt
angle on the solidification process and microstructure of the castings
were described. Four melt pouring temperatures (620, 625, 630 and
635 °C) and four tilt angles (30°, 45°, 60°, and 75°) were investigated. The
optimal conditions, yielding a fine-grained, globular microstructure,
were identified as a pouring temperature of 625°C and a plate tilt
angle of 60°.

In Ref. [39], the combined effect of microstructural modification
through the addition of Ti, B, Ni, and Cr alloying elements, together with
heat treatment, homogenisation, and solution treatment (T6), on the me-
chanical and dynamic properties of an Al-Zn—Mg—Cu-based aluminium
alloy was investigated. The cast alloys underwent homogenisation at
470 °C for 3 h, air-cooling, solution treatment at 470 °C for 3 h, quen-
ching, and artificial ageing at 120 °C for 24 h. The modified Al-Zn—Mg—
Cu alloy exhibited an improved microstructure compared to the unmodi-
fied alloy, particularly after T6 treatment, as confirmed by scanning
electron microscopy. The T6 treatment enhanced the microstructure by
dissolving intermetallic phases and dispersoids, followed by quenching
and ageing, which promoted the precipitation of strengthening phases.
The modified alloy showed an 11.4% increase in tensile strength and a
40% increase in elongation compared to the as-cast alloy.

The modifying effect of tellurium (Te) and the growth process of Mg,Si
were studied in Ref. [40]. The addition of 0.5 wt.% Te transformed den-
dritic primary Mg,Si into a polygonal form, reducing its size from over
165 ym to 18 ym. However, increasing the Te content to 2 wt.% diminished
the modifying effect, and the Mg,Si reverted to a dendritic morphology.
Three-dimensional morphology analysis showed that Te modified the pri-
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mary Mg,Si by transforming dendrites into polyhedra bounded by {111} and
{100} planes. The modification mechanism of Te was attributed to hetero-
geneous nucleation and Te incorporation during the growth of primary
Mg,Si, which significantly contributed to the reduction in size and mor-
phological change.

The aim of Ref. [41] was to investigate the combined effect of an Al-
5Ti—1B master alloy and modified strain-induced melt activation (SIMA)
process on the structural characteristics, mechanical properties, and dry
friction behaviour of an Al-12Zn-3Mg-2.5Cu aluminium alloy. The opti-
mum Ti content in the master alloy for effective grain refinement was
determined to be 2 wt.% . The alloy was produced using a modified SIMA
process, with reheating conditions optimised to obtain a fine-grained,
globular microstructure at 575 °C for 20 minutes. All specimens under-
went T6 heat treatment prior to tensile testing. The combination of the
grain refiner and T6 treatment led to significant improvement in mecha-
nical properties: after T6 treatment, the average tensile strength increased
from 283 MPa to 587 MPa in specimens without SIMA processing, and
from 252 MPa to 564 MPa in those subjected to SIMA processing. The
wear resistance of the alloy under dry sliding conditions was also exami-
ned. The results showed that T6 treatment significantly improved wear
resistance. However, the ultimate strength and dry sliding wear resistance
of specimens with a globular microstructure were lower than those of tita-
nium-hardened specimens produced without SIMA processing.

In Ref. [42], the effect of individual and combined additions of refi-
ning and modifying agents on the mechanical properties, microstructure,
grain refinement and modification, and intermetallic compounds of melt-
cast Al-7.5Si—4Cu alloy was comparatively investigated. The alloy was
modified with Al-5Ti—-B, rare earths (RE), and Al-10Sr, and cast into
chromium sand moulds. The results showed that the combined addition of
0.8 wt.% Al-5Ti—-B, 0.1 wt.% RE, and 0.1 wt.% Al-10Sr as refiners and
grain modifiers significantly improved the mechanical properties and mi-
crostructure of the cast alloy compared to individual additions and base-
line casting conditions. When 0.8 wt.% Al-5Ti—B was added individually,
the alloy exhibited higher tensile strength, Brinell hardness, and finer
equiaxed a-Al dendrites. The alloy modified with 0.1 wt.% rare earths
showed the best ductility, as rare earth elements purified the melt and
altered the morphology of intermetallic compounds. In contrast, the alloy
modified with 0.1 wt.% Al-10Sr showed an improvement in yield strength,
but other properties were unsatisfactory. While Al1-10Sr effectively modi-
fied the eutectic silicon, it also increased the gas content in the melt, re-
sulting in the formation of coarse columnar grains. The trends in grain
refinement and modification, as reflected by the average area and aspect
ratio, were consistent with the mechanical property and microstructure
analyses.
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In Ref. [43], an Al-9Zr—0.9Sr master alloy was used as a refiner and
modifier for Al-7Si—0.5Mg alloy. A melt sputtering technique was applied
to reduce the particle size and improve the morphology of the master alloy
particles, thereby enhancing the refining and modifying effects of Al—
9Zr—0.9Sr. The refining mechanism was discussed in detail. The melt
treatment reduced the size of second-phase particles in the master alloy
from micrometres to nanometres, improving their distribution within the
matrix. Adding 3 wt.% inoculating tape reduced the grain size of the alloy
from 358 + 48 um to 122 + 16 ym, and the needle-like eutectic silicon was
completely transformed into fibrous silicon. In the AI-7Si—0.5Mg alloy,
Al;Zr in the inoculant reacted with Si to form (Al, Zr, Si), which replaced
Al,Zr as the heterogeneous nucleation site for a-Al, enabling effective
grain refinement.

In Ref. [44], the combined modification process of P and Sr in Al-30Si
hypereutectic alloys was studied. The continuous addition of 2.0 wt.% Al-
3P and 0.7 wt.% Al-10Sr during alloying and solidification significantly
refined the primary Si from over 200.0 ym to 32.8 ym with uniform dis-
tribution, while modifying the eutectic Si into a fibrous morphology. The
modification mechanism was also examined. The melt temperature influ-
enced the interaction between P and Sr. At approximately 1000 °C, AlP
became encapsulated by an Al,Sr phase, which reacted with Sr at 1300 °C
to form Sr,P,. At 770 °C, P and Sr existed in the forms of AIP and Al Sr,
respectively, which was identified as the key to achieving excellent com-
bined modification of the Si phase during continuous refining.

Metal—-polymer systems using modifiers are also being explored. Poly-
mer modification is a promising approach to enhancing the performance of
injection-moulded direct joining (IMDJ). However, the mechanisms con-
tributing to joint strength at the submicron scale remain unclear. In Ref.
[45], the mechanism of improved joint performance between polyamide

6 (PA6) and A5052 aluminium alloy pre-treated by blasting, hot water
treatment, and a flow modifier (OSGOL MF-11) was investigated. In-
creased mechanical interlocking of the polymer at the submicron level was
confirmed, along with hydrogen bond formation at the interface of the
joined materials. These findings elucidate the reasons for the improved
bonding performance induced by the flow modifier at the submicron level.

An Al-5Sr—8Ce master alloy was fabricated as a novel modifier [46],
and its effect on the microstructure and tensile properties of A356 alloy
was systematically investigated. The solution treatment time was also op-
timised based on the modification efficiency of Al-5Sr—8Ce. The alloy was
found to consist primarily of a-Al, Al,Sr, and Al,,Ce, phases. Increasing
the content of Al-5Sr—8Ce to 0.4 wt.% significantly reduced the grain
size and the secondary dendrite arm spacing (SDAS), while transforming
the eutectic Si morphology from lamellar to fine, rod-like structures. The
refinement was primarily attributed to the retardation of grain growth
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due to Ce segregation and the formation of Ce-containing intermetallics at
grain boundaries. The superior modification effect was ascribed to the
synergistic enhancement of Sr modification and suppression of eutectic Si
growth by Ce. Multiple levels of microstructural refinement by Al-5Sr—
8Ce improved the grain boundary interconnectivity, which was the main
contributor to grain refinement.

The microstructural evolution and mechanical properties of Al-7Si—
0.35Mg alloy with different amounts of submicron-sized TiC particles
were investigated in Ref. [47]. The results showed that the addition of TiC
decreased the critical undercooling for a-Al nucleation and reduced the
size of secondary dendrite arms and eutectic phase grains, while the lamel-
lar Si phase adopted a fibrous morphology. As the TiC content increased,
the mechanical properties of the aged composites initially improved and
then deteriorated. The composite containing 0.3 wt.% TiC exhibited the
optimal combination of mechanical properties, with tensile strength, 0.2%
yield strength, and elongation increasing from 293 MPa, 220 MPa, and
7.7% to 315 MPa, 240 MPa, and 16.3%, respectively. This improvement
was mainly attributed to microstructural refinement and modification of
the Si phase due to the appropriate addition of TiC. In contrast, excessive
TiC content led to particle agglomeration and the formation of coarse un-
dissolved Al-Mg—Si—Fe phases and needle-shaped Al-Si—Ti intermetallic
compounds, which reduced both ductility and strength.

Despite the many advantages of Al-Si alloys, their industrial applica-
tion remains limited by their low ductility, which is due to the presence of
lamellar Si particles embedded in the aluminium matrix. The effect of so-
dium modification on the microstructure and mechanical properties of
hypoeutectic Al-Si alloys was examined in Ref. [48]. Modification was
carried out using pure Na at concentrations of 0.08, 0.12, and 0.16 wt.%
with holding times of 10, 15, and 20 minutes. The microstructures of the
modified samples were analysed by optical microscopy, and the eutectic
particle size was measured using ImagedJ software. In all cases, the modi-
fied microstructure exhibited fine, fibrous eutectic Si particles uniformly
distributed throughout the matrix.

The microstructural role of TiB addition in the modification of eutec-
toid Zn—Al alloy (ZA27) was investigated in Ref. [49] using scanning elec-
tron microscopy, high-angle annular dark-field scanning transmission
electron microscopy, and energy-dispersive X-ray spectroscopy. A series
of Zn—-27A1-2Cu—-0.02Mg—x(Ti + B) alloys (x =0, 0.01, 0.02, 0.05, 0.10,
0.20 wt.%) were cast. The results demonstrated that the hardness and
strength of the ZA27 alloy increased with rising (Ti + B) content, peaking
at 0.05 wt.% . The TiB modifier refined the primary o-Al grains and al-
tered the coralloid eutectoid (a-Al + n-Zn) microstructure, which was re-
sponsible for the improved mechanical properties. The modified eutectoid
exhibited distinctive basket-shaped and ribbon-shaped morphologies. The
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enlargement of the primary a-Al grains was attributed to constitutional
undercooling caused by B segregation at the solid—liquid interface. The
participation of B and/or Ti in eutectic and eutectoid reactions also con-
tributed to changes in the morphology of the eutectoid structure.

In Ref. [50], a systematic review was conducted to evaluate the effects
of various alloying elements (including boron, carbon, chromium, manga-
nese, molybdenum, niobium, rare-earth elements, silicon, titanium, and
vanadium) on the wear resistance of iron-based alloy coatings.

Spheroidal graphite cast irons (SGCIs) are widely used in the automo-
tive and power generation industries where high mechanical strength and
wear resistance are essential. The aim of the study [51] was to investigate
the effect of vanadium content and cooling rate on the performance of
these alloys. SGCIs alloyed with varying vanadium contents (0, 0.25, 0.5
and 1 wt.%) were produced with different cross-sectional sizes (10, 20,
30, 40, and 50 mm) by sand casting. Microstructural evaluation revealed
that the density of V,C, carbides and the pearlite fraction increased, while
the ferrite fraction decreased, with increasing vanadium content and de-
creasing section size. The quantity of graphite particles was found to be
inversely proportional to carbide deposition: greater carbide formation re-
sulted in larger, less spherical graphite nodules. Castings with thinner
walls, providing higher cooling rates, exhibited superior mechanical
strength. Minimum wear loss was achieved in SGCIs with 0.5 wt.% vana-
dium across all section sizes. In contrast, a vanadium content of 1 wt.%
significantly reduced impact toughness due to excessive carbide density,
resulting in lower wear resistance despite higher strength.

Two types of alloyed nodular cast iron were produced by induction
melting and sand mould casting [52]. The first alloy was alloyed with
4 wt.% silicon and 1 wt.% molybdenum (EN-GJS-X300SiMo4-1), and the
second with 4 wt.% silicon and 1.5 wt.% copper (EN-GJS-X300SiCu4-1.5).
The microstructures of the samples were examined by optical metallogra-
phy. The addition of molybdenum promoted ferrite formation and slightly
increased graphite nodule size, while decreasing their number. Converse-
ly, copper addition promoted pearlite formation, reduced graphite size,
and increased the number of nodules. Mechanical properties were evalu-
ated by tensile, impact bending, and Brinell hardness tests.

The microstructure and abrasion resistance of a wear-resistant steel
developed using the CALPHAD approach were characterised and evaluated
in Ref. [563]. This steel demonstrated significant advantages over conven-
tional high-chromium cast iron due to the precipitation of micron-sized
M ,C, carbides from austenite via a disorientation transformation, yielding
a more uniform distribution with desirable size and shape. Additionally,
the steel incorporated micron-sized carbides (M ,C,, VC and Mo,C) and sub-
micron-sized carbides (M,C, and VC) as hardening phases, while nanoscale
carbides (Mo,C, M,C, and M,C) contributed to dispersion strengthening.
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The wear and impact—abrasion resistance of the steel were 1.8 and 1.7
times higher, respectively, than those of KmTBCr26 under identical wear
conditions. These findings indicate that the modified micron-sized M,C,
carbides effectively suppressed undesirable phenomena such as cracking
and chipping during wear, resulting in improved impact—abrasive wear
resistance.

A significant challenge in producing TiC-reinforced metal matrix com-
posites lies in the direct addition of TiC particles into molten steel during
casting, as nanoscale TiC particles tend to float and agglomerate. In Ref.
[64], a novel strategy was proposed involving in situ pre-distribution of
nanoscale TiC/Al ligatures in the casting process, effectively mitigating
this issue. In cast and heat-treated 45 steel with 0.018 wt.% TiC nanopar-
ticles, the average grain size decreased significantly, from 14.75 um to
9.51 ym and further to 8.77 ym and 5.46 pm, respectively, attributed to
the provision of effective nucleation sites and inhibition of grain growth
by the nanoparticles. Moreover, TiC nanoparticle addition substantially
improved strength and toughness. Composites of steel 45 reinforced with
0.054 wt.% TiC nanoparticles exhibited optimal tensile properties: yield
strength of 624 MPa, ultimate tensile strength of 920 MPa, elongation of
23.8%, and impact toughness of 0.50 J/ecmI — improvements of 19%,
13%, 10%, and 38%, respectively, over conventional steel 45. The hard-
ening mechanisms of nanoscale TiC were identified as grain boundary
strengthening, strain hardening, and dispersion strengthening.

The effects of individual and combined additions of La and Ce on the
microstructure, thermal conductivity, and mechanical properties of Al-
3Si—0.5Cu—0.7Fe cast alloys were investigated using optical microscopy,
scanning electron microscopy, and tensile testing [55]. The results showed
that rare earth element additions (La and Ce) improved the microstructure
significantly. In the Al-3Si—0.5Cu—0.7Fe—-0.3(La + Ce) alloy, the secon-
dary dendrite arm spacing decreased by 41.2%, reaching its minimum
value. Additionally, the average area and aspect ratio of the eutectic sili-
con phase were decreased by 72.7% and 81.7%, respectively. The alloy
modified with 0.3 wt.% (La + Ce) also exhibited the highest thermal con-
ductivity (176.33 W/m-K), attributed primarily to the refinement and
morphological modification of the eutectic silicon phase.

Silicon significantly influences the formation of carbides and the
nanobainitic structure, thereby enhancing the wear resistance of alloys
[66]. To elucidate the effect of silicon content on the microstructure and
wear resistance of high-vanadium wear-resistant alloys (HVWASs), three
silicon levels (0.66%, 2.14%, and 5.17%) were added to HVWAs, and a
nanobainitic matrix was obtained by isothermal quenching at low tempera-
ture. Vanadium carbides (VC) were distributed within the nanobainitic
matrix. With increasing silicon content, the proportion of VC in the form
of granules or agglomerates increased, while the proportion of VC in ban-
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ded or chrysanthemum-like morphologies decreased. The thickness of
bainitic ferrite bands and the thin film of retained austenite gradually
decreased with increasing silicon content, with bainitic-ferrite band thick-
nesses of 100-600 nm, 50—450 nm and 50-350 nm for the three alloys,
respectively. The alloy containing 2.14% silicon exhibited excellent com-
bined mechanical properties and wear resistance. Compared with the other
two alloys, the impact toughness of the 2.14% Si alloy improved by 10.2%
and 151.8% , while wear weight loss decreased by 35.4% and 60.1% under
a wear load of 2.387 MPa and abrasive size of 48 ym. Owing to the in-
creased presence of high-hardness VC particles and the significantly re-
fined nanobainitic matrix, which effectively resists abrasive damage, the
alloy with 2.14% silicon demonstrated outstanding strength and wear re-
sistance.

The use of secondary aluminium casting alloys with high iron content
in the production of automotive structural components is limited due to
their low ductility, arising from various intermetallic phases that form
during solidification. In Ref. [57], the effect of cerium on secondary cast
Al-Si—Mg-Fe alloys was systematically studied using thermodynamic
modelling and experimental analysis. Thermal analysis and microstruc-
tural observations were compared with thermodynamic predictions. Trans-
mission electron microscopy (TEM) confirmed the presence of MgAl,Si,,
Al,CeSi,, AlCeSi, and AlCeSi, phases as a function of Ce content, as well as
n-Al,FeMg,Si. and 5-Al,FeSi,. Adding 0.25-0.5 wt.% Ce increased the rel-
ative elongation at fracture by approximately 40%, exceeding 5% . The
Al-Si—Mg-Fe—0.25Ce alloy exhibited the highest relative elongation
(56.2%) and tensile strength (234 MPa) due to the suppression of
n-Al,FeMg,Si, and Mg,Si phases, which were absorbed by the Ce additions.
These additions up to 1 wt.% only slightly modified the eutectic Si and did
not significantly affect the secondary dendrite arm spacing or the mor-
phology of Fe-containing primary intermetallic phases. Excessive Ce con-
tent, however, led to the formation of large Ce-containing intermetallics,
which negatively influenced ductility.

Rare earth elements (REEs) are known to be excellent modifiers of
non-metallic inclusions, which inevitably form in steel and adversely af-
fect its properties [58]. This study reviewed the state of research on inclu-
sion modification by REEs and its effect on steel properties. The sequence
of inclusion evolution following RE addition was summarised as follows:
M — M +RE-Al-O — RE-Al-0 + RE,0,S — RE,0,S + RE-S/RE,0,S + RE-O,
where M denotes the original inclusions before RE addition. The final type
of inclusions after RE modification depends on the relative sulphur and
oxygen content of the steel. Appropriate amounts of RE additions can pro-
duce fine, regular, and uniformly distributed inclusions.

During the final stages of solidification, y-austenite forms. Changes in
the size and number of primary carbides are associated with the segrega-
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Fig. 1. Representative fragments of the INSTEEL-class modifier used for alloy modi-
fication (a) and phase composition analysis results (b) [60]

tion of residual melt into separate y-austenite grains, with Ce atoms ac-
cumulating at grain boundaries and contributing to grain refinement [59].
Thermodynamic calculations showed that primary carbides, precipitating
via heterogeneous nucleation of C-carbides in the intergranular regions,
became more refined, with their volume fraction decreasing from 4.15%
to 2.1%. The role of Ce inclusions was investigated using combined ex-
perimental and theoretical methods. When a small amount of cerium
(0.056 wt.%) was added, large columnar grains in the as-cast microstruc-
ture were transformed into equiaxed grains, and the average grain dia-
meter decreased from 56 pm to 27 pm.

In the study [60], the steel grade 40CrNi3MoV was used as the re-
search material, with the complex INSTEEL nanomodifier (Fig. 1) em-
ployed as the modifier. This nanomodifier is distinguished by its complex
composition, which includes alkaline earth metals, rare earth elements
(REEs), and the strong carbide-forming element titanium. It was estab-
lished that the introduction of this modifier improves the steel’s proper-
ties, including ultimate tensile strength, hardness, impact toughness, and
wear resistance.

Figure 2 shows the microstructures of the samples without the nano-
modifier (sample 1) and after the introduction of the nanomodifier (sam-
ple 2).

Chemical composition at selected points
of the sample (see spectra 90 and 119 in Fig. 2) [60]

Spectrum C Si Ti Cr Mn Ca Ba Ni Al La Mo | Fe

Spectrum 90 (0.35| 1.3 (0.03|1.36|0.35| — — |3.68| — — 10.38| bal

Spectrum 119|0.31| 1.2 {0.15|1.40|0.43|0.68|0.35|3.63|0.07 |traces|0.37| bal
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Sample 1 Sample 2
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Fig. 2. Microstructural characterisation and spectral analysis of 40CrNi3MoV steel
before modification (a) and after the addition of the INSTEEL nanomodifier (b) [60]

Table presents the results of the overall elemental composition (spec-
tra 90 and 119, Fig. 2).

A comparison of the microstructures demonstrates that, after the ad-
dition of the nanomodifier, sample 2 exhibits a more refined and homoge-
neous structure, which is expected to contribute to improved fundamental
mechanical properties, such as hardness, strength, and others.

According to metallographic analysis [61], the initial surface structure
was ferrite—pearlite. After plasma treatment, a transformation was obser-
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Fig. 3. Microstructure of the sample surface after
modification (magnification x100) [61]

ved on the surface into a fine-needle mar-
tensitic structure, while a sorbitic pearlite-
like structure formed in the core of the
sample (Fig. 3).

Thus, it can be determined that the most
commonly used modifiers are rare earth
metals and metal carbides with high melting
points. Several studies have examined the
combined effect of modifiers with external
influences, such as ultrasonic vibrations.

3. Use of Mechanical Effects in the Production of Alloys (External Effects)

Despite their lightweight and high-temperature resistance, TiAl alloys ex-
hibit limited thermoplastic formability, which significantly restricts their
application in complex structural components for the aerospace industry.
To enhance the thermoplastic formability of TiAl alloys while maintaining
their performance characteristics, a study [62] applied a forming tech-
nique assisted by mechanical vibration and developed a dedicated platform
for vibration-assisted tensile testing. In the vibration tensile test (VT),
low-frequency vibration at 1.5 Hz was applied, resulting in a peak stress
of 194 MPa in the sample, which is approximately 21% lower than the
242 MPa observed in the conventional tensile test (NT). This study demon-
strated for the first time that vibration-assisted mechanical forming tech-
nology could significantly reduce stress during the forming of TiAl alloys.
Further results showed that vibration enhanced the ability of dislocations
to glide over long distances and promoted their rearrangement and annihi-
lation, which significantly improved the dynamic recrystallization (DRX)
capability.

In mechanical engineering, particularly in the automotive and aero-
space sectors, magnesium alloys are increasingly utilised due to their high
strength-to-weight ratio. However, their surface properties often require
enhancement to meet the demands of high-performance applications.
Study [63] evaluated the mechanical and tribological properties of AZ31/
CeO, + hBN hybrid surface composites fabricated via friction stir proces-
sing (FSP) and vibration-assisted friction stir processing (VAFSP). The
VAFSP method significantly reduced the average grain size to 5.19 um,
compared to 7.25 pym in FSP-treated samples. Furthermore, VAFSP-treat-
ed samples exhibited a 15% increase in hardness and a more uniform dis-
tribution of reinforcing particles throughout the matrix. The results also
showed that the shear punch strength (SPS) of VAFSP-treated samples
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reached 178 MPa. Tribological
testing revealed that the wear rate
of VAFSP-treated samples was
40% lower, demonstrating the po-
tential of VAFSP as an effective
technique for surface composite
fabrication of AZ31 alloy reinfor-
ced with CeO, and ABN.

The effects of ultrasonic vi-
bration (UV) and mechanical vi- -
bration (MV) on the modification 10! 10°
of the manganese-rich phase and Primary dendrite radius, pm

mechanical properties of Al-12Si- Fig. 4. Effect of the acoustic energy flow

4Cu~1Ni-1Mg-2Mn piston alloys op the a-Al and Al,,Mn,Si, dendrites [64]
were investigated in [64]. The re-

sults indicated that both UV and combined UV + MV treatment signifi-
cantly refined and fragmented the microstructure. Additionally, UV treat-
ment was shown to passivate effectively the primary manganese-rich
Al,,Mn.Si, intermetallics. The mechanisms of grain refinement and pas-
sivation of non-deuteride particles were discussed. Compared to conven-
tional die-cast alloys, alloys treated with UV and UV+MV demonstrated
enhanced tensile strength and creep resistance at both room and elevated
temperatures. These improvements were attributed to the refinement of
0-Al grains and secondary intermetallic phases, an increased proportion of
refined heat-resistant precipitates, and the formation of nanoscale Si par-
ticles. Notably, the tensile strength of UV-treated alloys at 350 °C excee-
ded that of commercial piston alloys, underscoring the high potential of
these developed piston alloys for use in high-performance diesel engines.

Figure 4 illustrates the mechanical stress induced in the a-Al and
Al,;Mn,Si, dendrites by the influence of the acoustic energy flow.

The image processing and segmentation procedures are illustrated in
Fig. 4. X-ray diffraction (XRD) analysis was carried out using a Bruker
AXS D8 ADVANCE diffractometer (Karlsruhe, Germany) to investigate
the phase evolution under different casting conditions. The precipitate
particles in the a-Al matrix were examined by transmission electron mi-
croscopy (TEM; JEOL JEM-F200, Japan) operated at 200 kV.

The use of fins and external fields has been considered an effective
approach to enhancing heat transfer efficiency in phase change materials
(PCMs). However, the combined influence of mechanical vibration and fin
structures on heat transfer characteristics has not been extensively stu-
died. In Ref. [65], numerical modelling was performed to investigate the
effects of mechanical vibration and fin structures on the melting beha-
viour of PCMs. It was found that the enhancement of heat transfer due to
fins and mechanical vibration was primarily associated with improved

34.77 —— Dendrite
— — Al;;Mn,Si,

Flow induced stress, MPa
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convective heat transfer and thermal conductivity. The results showed
that the total melting time of PCMs subjected to vertical vibrations of =«
and 37 and horizontal vibrations of n increased by 5.6% , 4.3%, and 2.4%,
respectively. Conversely, PCMs subjected to vertical vibration of 5n and
horizontal vibrations of 3n and 5n exhibited reduced melting times by
16.78%, 10.5%, and 8.4%, respectively, compared to PCMs without vi-
bration. These findings demonstrated that the interaction between ribbed
structures and mechanical vibration could exert both enhancing and inhi-
biting effects on heat transfer, exhibiting a mutually limiting relationship
between the two factors.

The NiCoCr multi-principal element alloy (MPEA) exhibits excellent
plasticity at cryogenic temperatures and corrosion resistance, provided it
be produced via thermomechanical processing [66]. However, the presence
of large grains in the as-cast state significantly impairs its mechanical
properties, necessitating grain refinement to produce complex castings.
Most grain-refinement techniques require additional alloying elements,
which can reduce ductility due to the formation of brittle secondary pha-
ses. In this study, a significant improvement in the microstructure of as-
cast NiCoCr MPEA was achieved by applying mechanical vibration in vac-
uum conditions to avoid contamination. The average grain size was reduced
from 620 ym to 140 ym. As a result, the yield strength at room tempera-
ture increased by 54% (from 255 MPa to 392 MPa) without compromising
ductility compared to the non-vibrated as-cast alloy.

Study [67] investigated the effect of vibration frequency on the physi-
cal and mechanical properties and residual stresses during welding of dis-
similar metals AA5083 and AA6061. The vibration welding process was
conducted at frequencies of 0, 10, 30, and 50 Hz. The resulting welds were
evaluated for microstructure, tensile strength, and impact toughness,
while surface residual stresses were measured via x-ray diffraction. The
results showed that welding at a vibration frequency of 50 Hz produced a
fine-grained, homogeneous, equiaxed microstructure with exceptional me-
chanical properties: ultimate tensile strength of 197.87 MPa, elongation
of 15.28%, and impact toughness of 8.10 J. Moreover, this weld exhibited
the lowest residual surface stress in the weld metal, at 110.9 MPa. The ap-
plication of high-frequency vibrations during aluminium welding im-
proved the uniform mixing of molten AA5083 and AA6061 and increased
internal pressure in the weld pool, facilitating the escape of dissolved
gases (H,, O,, N,) as bubbles.

Article [68] examined the influence of microstructure and impact
toughness of Q450NQR1 steel welded joints, exposed to atmospheric cor-
rosion, on low-frequency mechanical vibrations during gas metal arc welding
(GMAW). The cooling and solidification processes of the molten metal
during vibration welding were analysed using a one-dimensional Stefan
problem and a model based on the wave equation. The calculations showed
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that increasing vibration frequency reduced the cooling time of the molten
metal and increased the stress within dendrites during solidification. Me-
chanical vibrations with fixed amplitude of 0.1 mm and frequencies of O,
20, 40 and 60 Hz were applied to the weld pool under identical welding
parameters.

Results from molecular dynamics (MD) simulations [69] revealed that
microstructure and vibrational parameters significantly influence the im-
printing load, elastic recovery coefficient, and deformation behaviour of
the FeNiCrCoCu high-entropy alloy (HEA). The imprinting force curve
demonstrated that the maximum loading force decreased in the following
order: monocrystalline, nanotwinned (NT) polycrystalline, and polycrys-
talline structures. In the polycrystalline structure, a reverse Hall-Petch
relationship was observed as the grain size varied from 5.1 nm to 9.8 nm.
Grain boundaries (GBs) were identified as key contributors to strengthen-
ing, with grain splitting, GB migration, and grain rotation being the pri-
mary deformation mechanisms in this regime. In NT polycrystals, stability
was enhanced by twin boundaries (TBs), and TB migration near the im-
print region was examined.

Reference [70] described a mechanical vibration technique to improve
crystalline structures by introducing vibrational energy directly into mol-
ten Al-5 wt.% Cu alloy using a vibrating horn that partially melted during
operation. The effects of acceleration and mass ratio on the alloy’s micro-
structure were investigated. The results demonstrated that mechanical
vibration could induce localised cooling by extracting heat from the mol-
ten interior, with the cooling rate strongly dependent on the vibration ac-
celeration. However, significant grain refinement was difficult to achieve
if the alloy remained fully liquid throughout the vibration period. Notable
grain fragmentation was achieved when mechanical vibration was applied
during the initial stages of solidification. The underlying grain refine-
ment mechanisms were further discussed.

Research into phase-change materials (PCMs) for solar energy storage
aims to store latent heat over periods of days or even months. The authors
of Ref. [71] confirmed the persistent supercooling behaviour of a xylitol/
erythritol eutectic mixture. To initiate crystallisation and trigger heat
release on demand, they proposed a combined method of mechanical stir-
ring with seeding. The xylitol/erythritol eutectic was shown to remain
supercooled without crystallisation at ambient temperature for at least 10
days, making it a suitable PCM for controlled heat release. This pro-
nounced supercooling was attributed primarily to the unique molecular
structure of the polyols and the marked increase in dynamic viscosity.

Mechanical vibration has also been employed to enhance the mechani-
cal properties of wire-arc additive-manufactured (WAAM) 2319 alumi-
nium alloy, addressing issues related to coarse grains and porosity [72].
The study aimed to investigate the influence of different vibration acce-
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tribution under vibration signifi-
cantly improved ductility. Vibra-
tion disrupted dendritic growth,
leading to grain refinement. Solutes from interdendritic regions were re-
distributed into the liquid phase, reducing their concentration in these
regions. A previously continuous, coarse-grained precipitate phase became
discontinuous and fine-grained, thereby enhancing the ductility of the
matrix.

Mechanical vibration induces relative motion between the liquid and
solid phases during solidification, promoting dendrite fragmentation,
which refines grains and increases equiaxiality. This benefits casting qua-
lity and overall mechanical performance. Article [73] investigated the in-
fluence of vibration parameters (in combination with EPC) on the filling
ability, microstructure, and properties of AZ91D alloy.

Figure 5 presents the macromorphology and quantitative indices of
AZ91D alloy filling under various vibration frequencies and fixed ampli-
tude of 1 mm. The pouring temperature was 725 °C.

Figure 6 presents statistical data on the length, width, and aspect ra-
tio of the secondary phase in AZ91D alloy under different mechanical vi-
bration frequencies. It is evident that with increasing vibration frequency,
the length and width of the secondary phase initially decrease and then
increase.
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Fig. 6. Effect of mechanical vibration frequency on the formation of the second phase
in the AZ91D alloy [73]
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In line with the ‘zero-defect’ approach aimed at eliminating internal
defects in castings and improving mechanical properties [74], gravity die-
casting remains one of the most advanced continuous casting processes for
non-ferrous alloys such as LM25 aluminium alloy. Mould vibration during
casting is a novel technique to reduce internal defects such as porosity,
gas entrapment, and shrinkage. In this experimental study, LM25 alloy
was melted in a resistance furnace. Vibration was applied to a graphite
mould using an electromechanical exciter during pouring and solidifica-
tion. Vibration frequencies of 20, 25, 30, 35, 50 and 100 Hz at constant
amplitude of 0.5 mm were tested; a non-vibrated (0 Hz) sample served as a
reference. Both vibrated and non-vibrated samples were evaluated by hard-
ness, tensile strength, elongation, yield stress, and microstructural mor-
phology, analysed by scanning electron microscopy. The results showed
that increasing vibration frequency led to a linear increase in hardness,
increased yield strength at higher frequencies, reduced ductility, and sig-
nificant grain refinement in an optimal frequency range of 30—-35 Hz.

Study [75] reported the first application of mechanical vibration in
lost-wax casting of A356 aluminium alloy, aiming to improve its micro-
structure and mechanical properties. The effect of wall thickness on mi-
crostructure and mechanical behaviour was also analysed. In Ref. [76], the
effect of vibration frequency and duration on the primary a-Al phase size
and density of A356 alloy was examined. Vibration frequencies of 10, 20,
30, 40 and 50 Hz and durations of 5, 10 and 15 minutes were tested. Vi-
bration at 50 Hz for 15 minutes reduced the a-Al phase size by 53%, down
to 173 num, and achieved the highest density of 2.68 g/cm?.

Phase-change materials (PCMs) play a crucial role in thermal energy
storage systems, but their heat transfer performance remains a limitation.
Prior studies explored active and passive methods to improve melting ef-
ficiency. Study [77] combined both approaches, investigating the effect of
mechanical vibration on nanoparticle-reinforced PCMs in a horizontal 3D
shell-and-tube thermal storage system. Phase change was modelled using
the enthalpy—porosity method. Control equations were solved using finite
volumes, with vibration forces incorporated via a user-defined function.
Parameters included vibration frequency (o), amplitude (A), and graphene
nanoplatelet (GNP) concentration (¢). Results showed that at ¢=5%,
A=10mm, and o =500rad/s, the complete melting time decreased by
=81.1% compared to no vibration. With ¢=5%, ®=100rad/s, and
A =40 mm, the melting accelerated by 50.3% . Combining maximum ¢ with
high vibration reduced the melting time by 98.9%, while energy storage
density increased nearly twelvefold within two minutes compared to static
conditions. A ‘resonance effect’ at ® = 300 rad/s led to a rapid phase tran-
sition, which diminished at high GNP concentrations due to a damping effect.

Study [78] examined the influence of mechanical vibration during so-
lidification on the metallurgical structure of hypoeutectic A356 Al-Si al-
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loy. Castings were tested under varying vibration levels at different pou-
ring temperatures and solid fractions. It was found that the average grain
size of the primary Al phase decreased and became more equiaxed as vib-
ration intensity increased, suggesting that vibration fragments dend-
rites more effectively at higher solid fractions (i.e., lower pouring tem-
peratures).

The behaviour of ZL205A castings under ‘explosive feeding’ with vi-
bration and low pressure was investigated both experimentally and through
physical modelling [79]. The results showed that vibration-assisted solidi-
fication under low pressure induced multiple explosive feeding events,
creating shrinkage cavities with layered structures. Vibration-enabled
mould filling with reduced shrinkage and higher density. The model indi-
cated that explosive feeding occurs spontaneously with vibration but is
difficult to achieve without it under low-pressure die-casting. Vibration
eliminated bridging through pressure differentials, promoting grain mi-
xing and preventing blockages.

Study [80] summarised the effect of low-frequency mechanical vibra-
tion on porosity in unmodified and sodium-modified LM25 (Al-Si 7.15%)
and LM6 (Al-Si 12.30%) alloys. Vibration frequencies from 15 to 41.7 Hz
and amplitudes of 0.125-0.5 mm were applied during solidification. Re-
sults showed that LM25 and LM6 modified with Nucleant2 exhibited re-
duced porosity volume, but porosity size and number increased in unmodi-
fied alloys with stronger vibration. Sodium modification reduced pore
number but increased pore size compared to static conditions. Vibration at
31.7-41.7 Hz and amplitude 0.375—-0.5 mm caused large pores at the top
of unmodified and modified ingots.

Study [81] proposed an effective melt-cleaning method for A356 alloy,
combining stirring and vacuum. The mechanisms of defect formation and
their effect on mechanical properties were investigated. Compared to the
untreated alloy, the cleaned A356 showed significantly improved mechan-
ical performance. Cleaning parameters (stirring rate and temperature) in-
fluenced dendrite and pore size. Optimal conditions (65 rpm, 730 °C) yield-
ed an average grain size of 279 uym and pore diameter of 79.5 um; tensile
strength reached 203.7+4.3 MPa, yield stress 81.6+3.3 MPa, and elonga-
tion 10.2+£0.5% . The microstructural and mechanical improvements were
attributed to bubble rupture mechanisms that accelerate degassing under
vacuum stirring.

An analysis of the scientific literature confirms that the application of
mechanical oscillations can significantly modify alloy microstructures. Os-
cillations can be applied to melts, solid-state alloys, or coatings, and are
effective for both ferrous and non-ferrous alloys alike.
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4. Use of Ultrasonic Oscillations and Electromagnetic
Fields during Melt Crystallisation (External Effects)

Article [82] reviews recent advances in electromagnetic processing of me-
tals to enhance material performance and outlines future directions. It
examines the mechanisms of interaction between electromagnetic fields
and metals (including both thermal and non-thermal effects) and provides
a structured overview of how electromagnetic fields influence grain size,
phase composition, dislocation density, and defect elimination. The article
also summarises their effects on physical and mechanical properties such
as tensile strength, fatigue resistance, wear resistance, corrosion resis-
tance, impact toughness, and residual stress modification. Finally, the
review highlights the significant potential of electromagnetic processing
technologies for optimising metals across industrial applications, while
also identifying current challenges and directions for future research.

Applying alternating current generates electromagnetic vibrational
forces. Study [83] investigated the formation of grain structures in AZ31
magnesium alloys solidified under electromagnetic vibration at frequen-
cies ranging from approximately 500 Hz to below 2000 Hz. Both extreme-
ly low and very high frequencies produced coarse-grained structures. In
the viscous regime, the pronounced difference in electrical conductivity
between the solid and liquid phases causes solid particles to move substan-
tially faster than the surrounding fluid, resulting in relative displacement
and dendrite fragmentation. This motion induces mixing at the semisolid
stage, yielding a chaotic microstructure with deformation twins. At low
frequencies, coarse structures may result from suppressed macrofluid
flow due to strong magnetic fields. Grain refinement occurs within an in-
termediate frequency range, where the mobile solid vibrates beyond the
solute boundary layer; at high frequencies, relative displacement is insuf-
ficient to disrupt boundary layers, leading to coarse structures similar to
those formed during conventional casting.

Liquid metal (LM) is widely used in high-temperature thermal energy
transfer and flow control, yet effective methods for controlling thermal-
flow behaviour remain limited. Study [84] developed a compact integrated
electromagnetic pump with a rotating permanent magnet (PM EMP) for
liquid metal, accompanied by a three-dimensional multiphysics numerical
model and precise analytical correlations. The results demonstrated that
optimising electromagnetic parameters reduces nonsinusoidal current dis-
tributions, thereby improving output performance and flow stability. En-
hancing tangential leakage currents increased vertical current density by
110%, suppressing edge effects and mitigating pressure pulsations, which
improved the overall pump characteristics. The modified analytical corre-
lation achieved an accuracy improvement of over 90% at 28.9%. Proto-
type experiments validated the theoretical predictions.
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Liquid metal subjected to a moving magnetic field presents an effec-
tive tool for controlling phase-transition processes in metals. Article [85]
presented numerical and experimental investigations of the electromag-
netic forces generated by moving magnetic-field acting on liquid gallium,
demonstrating control over flow and solidification/melting behaviours. A
three-dimensional numerical model was developed to calculate the mag-
netic field and force distributions in a laboratory-scale rectangular cavity.

A review [86] summarised the state of the art in electron, ion-beam, and
combined irradiation processing of titanium and its alloys. Such treatments
enhance the physical and mechanical properties of titanium-based materials,
with combined processes yielding significant property improvements.

A numerical study [87] examined the effects of standard vibrational
electromagnetic field (VMF), differential-phase VMF, standard low-fre-
quency electromagnetic field (LFMF), and differential-phase LFMF on the
flow and structure of molten magnesium alloys (AZ31B and AZ80) under
direct cooling (DC). Based on the theory of thermal crystal growth, the
study explored the relationships between velocity fields, temperature
fields, and solidification structures. Experimental low-pressure die-cas-
ting confirmed the theoretical predictions.

In directional solidification, the combination of intense shear flow and
a magnetic field was shown to refine significantly grains in ingots [88].
Understanding the changes in flow and temperature distributions under com-
bined fields is crucial for elucidating the mechanisms of grain refinement.

Work [89] asserts that the development of materials with ultrafine-
grained structures remains a central objective in materials science and
highlights the promise of external processing techniques for achieving
such structures without altering chemical or phase composition.

Study [90] reports the first casting of the Al; Zn,,Mg,,Cu,Si; medium-
entropy alloy using electromagnetic stirring. This process had minimal
effect on phase formation, which in cast alloys primarily consists of a-Al
solid solution, Mg,Si, Al,Cu and MgZn, phases. The size of Si particles
decreased from 40.0 ym to 17.7 pm.

Uniform dispersion of the Sn phase in Al-Sn alloys improves their
properties, but metastable miscibility gaps cause macrosegregation in con-
ventional casting. Study [91] solidified an Al-20% Sn—1% Cu alloy under a
static magnetic field combined with current-induced electromagnetic vi-
bration (EMV). At a vibration frequency of 100 Hz, the Sn phase was re-
fined and uniformly dispersed within the primary Al matrix, in contrast
to the continuous Sn networks observed in static casting.

The mechanical properties of aluminium castings are strongly depen-
dent on hydrogen-related porosity. Ultrasonic treatment is an effective
method for both modifying the structure and degassing aluminium alloys.
However, the transmission of ultrasonic waves through moulds is ineffi-
cient on an industrial scale. Study [92] aimed to develop reliable ultra-
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sonic equipment capable of delivering sufficient power into molten metal
and achieving an optimal acoustic field distribution during solidification.

Study [93] examined hypoeutectic Al-7%Si and hypereutectic Al-
17%Si alloys solidified under electromagnetic stirring (EMS). Microstruc-
tural changes were assessed as a function of EMS exposure time. Both
primary a-Al in Al-7%Si and primary Si in Al-17% Si were refined with
sufficient EMS. In addition to induced flow, a novel mechanism was pro-
posed to explain grain refinement, based on significant conductivity dif-
ferences between the primary solid and remaining liquid.

Ultrasonic vibration (UVT), as an auxiliary method, enables improved
control over microstructure and porosity in cast components. Study [94]
developed a thermal exchange model and conducted in situ high-speed vi-
sualisation experiments under various process parameters. UVT enlarged
the melt pool, achieved more uniform temperature distribution, and sig-
nificantly refined the grains. Frequency and amplitude directly influenced
melt flow behaviour, reducing porosity by 64% and decreasing pore dia-
meter from 45 pym to 18 pum.

The primary aim of study [95] was to evaluate the effects of external
physical fields on the microstructure and mechanical properties of ultra-
rapidly solidified Al-Mg-Si alloy. Microstructural evolution, composi-
tional distribution, hardness, and tensile properties of cast and rolled
strips were thoroughly investigated using optical microscopy (OM), elec-
tron probe microanalysis (EPMA), tensile and hardness testing. Under
external fields, o-Al became equiaxed and fine-grained, and the fraction of
non-equilibrium eutectic phases decreased significantly. The most pro-
nounced improvements were observed under electromagnetic oscillatory
fields. Residual magnetic retardation and shock-wave effects from static
magnetic fields and pulsed currents improved microstructural homoge-
neity, compositional uniformity, mixing, and solid-solution strengthening
of the matrix.

Study [96] evaluated the effect of ultrasonic treatment on the micro-
structural features and tensile strength of AZ91 magnesium alloy. The
melt was treated ultrasonically (approximately 20 kHz, 600 W) for five
minutes before casting into sand moulds. Ultrasonic treatment signifi-
cantly influenced the size and morphology of primary o-Mg dendrites, as
well as the size, cohesion, sphericity, and distribution of intermetallic
particles. Increasing ultrasonic power reduced grain size and roundness
while producing more uniformly distributed particles. These microstruc-
tural changes are primarily attributed to cavitation and acoustic strea-
ming during ultrasonic treatment. Tensile strength improved significantly
after treatment, due to the refined and homogenised Mg,,Al;, particles.

To enhance mechanical properties and ductility, a large refined
equiaxed zone was generated in high-purity zinc using ultrasonic treat-
ment [97]. The macrostructure of cast slugs transformed from coarse co-
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lumnar grains into three zones: fine columnar, refined equiaxed core, and
a mixed coarse/columnar zone. A small equiaxed zone formed when cooling
from 440 °C to 419 °C over two minutes. This equiaxed zone expanded
from ~20% to ~50% of the cross-sectional area when cooling was extended
to 3—4 minutes. Conversely, ultrasonic treatment at higher temperatures
or longer times (450 — 419 °C over four minutes) reduced the equiaxed zone
by 18%, indicating that optimal time and temperature conditions are re-
quired for maximum equiaxed zone formation during solidification. Factors
influencing equiaxed-zone formation throughout the cycle were described.

Study [98] investigated the effects of alternating and static magnetic
fields during the casting of AZ80 magnesium ingots under direct current.
Both fields were varied from 0 to 20000 ampere-turns, with the alterna-
ting field frequency ranging from 0 to 30 kHz. It was found that electro-
magnetic vibrational forces refined the grains in AZ80 ingots: increasing
the intensity of both fields further refined the grains by increasing nucle-
ation sites and detaching dendrite arms. At an alternating field frequency
of 30 kHz, the microstructure was greatly refined.

Eutectic Al-12.6% Si (by mass) typically forms fine Si platelets or
rods within an Al matrix upon solidification. Directed solidification alone
is insufficient to separate Al and Si in this eutectic structure. Study [99]
developed a novel process to separate aluminium and silicon from the eu-
tectic melt by applying directional electromagnetic separation forces at
the solid-liquid interface during continuous casting. Analysis of the so-
lidified structure confirmed effective separation.

Identifying the dominant mechanisms of grain refinement has been the
focus of many studies, given the wide variation in processing conditions
and external treatments [100]. Fine grains arise through heterogeneous nuc-
leation or a combination of nucleation with dendrite and grain fragmenta-
tion, detaching from mould walls or the melt surface under vibration or
stirring. The first part of this review describes the main external proces-
sing methods and grain-refinement mechanisms, while the second part
critically compares current understanding to highlight differences, simi-
larities, and factors promoting the formation of large equiaxed regions.

For most alloys, columnar grains lead to casting defects and mechani-
cal anisotropy, making the transition to equiaxed grains and control of
segregation critical in metallurgy. In study [101], the influence of convec-
tion induced by electromagnetic oscillation frequency on directional so-
lidification structure in Al-15 Sn—1 Cu alloys was examined. Experimen-
tal results showed that reducing the electromagnetic oscillation frequency
from 100 Hz to 1 Hz gradually changed the solidification front from in-
clined to flat. Furthermore, the number of equiaxed grains increased with
decreasing frequency, culminating in a fully equiaxed structure at 1 Hz.
Numerical simulations indicated that a flat solidification front resulted
from a more uniform solute distribution and temperature oscillations.
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The UVT, a highly effective method for dispersing second-phase par-
ticles in molten metals, was applied in situ to PRCMC composites using
SiAION. This study conducted systematic experiments on the effects of
UVT on the microstructure and mechanical properties of in situ Cu—TiB
composites. Results [102] indicated that the optimal UVT duration was
3 minutes, yielding improved TiB, particle dispersion and enhanced me-
chanical properties of the cast composite. Tensile strength, yield strength,
and elongation increased by 15.7%, 18.1% and 36.1%, respectively, com-
pared to the as-cast Cu—TiB, composite without UVT. These composites
were subsequently subjected to rolling deformation, confirming that the
Cu-TiB, composite treated with 3 minutes of UVT exhibited the best per-
formance. The hot-rolled Cu—TiB, composite achieved an ultimate tensile
strength of 459 MPa, yield strength of 422 MPa, and elongation of 7.0%.

The influence of electromagnetic oscillations (EMO) on the solidifica-
tion structure of Cu—15 Ni—8 Sn alloy during bulk solidification and up-
ward continuous casting was investigated experimentally and numerically.
Bulk solidification results [103] demonstrated that at a magnetic flux
density of 0.5 T and a current density of 1.27-10° A/ml, the most effec-
tive grain refinement occurred at an oscillation frequency of 10 Hz, pro-
ducing fine, non-dendritic grains. By contrast, coarser solidification struc-
tures formed at 0.1 Hz and 1 Hz compared to 10 Hz, while no refinement
was observed at 100 Hz.

To enhance the interfacial microstructure and bonding at the Al/Mg
interface in composite mould casting, a hybrid process combining Gd al-
loying and ultrasonic vibration was applied. The interfacial microstruc-
ture, mechanical properties, and strengthening mechanisms at the Al/Mg
interface under hybrid treatment were studied [104]. It was observed that
the oxide film between the intermetallic compound (IMC) layer and the
eutectic layer at the Al/Mg interface partially dissolved upon the addition
of 0.6 wt.% Gd.

The effect of ultrasonic waves (20 kHz) on the dendritic structure of
Sn—13 at.% Bi alloys was investigated via time-resolved in situ x-ray visu-
alisation [105]. Sequential imaging revealed secondary phenomena such as
ultrasonic streaming and low-frequency oscillations compared to the
20 kHz ultrasonic frequency. The ultrasonic waves induced circulating
convection nearly equal to the sample size, along with periodic convection
(40 Hz), evident in longitudinal dendrite oscillations. Fragmentation of
primary and secondary dendrite arms in the columnar zone was signifi-
cantly enhanced under ultrasonic treatment.

In Ref. [106], fixed-frequency ultrasonic field (FUF), low-frequency
electromagnetic field (LEF), variable-frequency ultrasonic field (VUF),
and combined VUF + LEF were applied during semi-continuous casting of
AZ80 magnesium alloy to improve microstructure and mechanical proper-
ties. All external field treatments refined the grains, with the combined
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VUF + LEF treatment producing the most pronounced reduction from
679-1454 pm (without treatment) down to 116-141 pm.

Study [107] explored the influence of low-frequency electromagnetic
(LF-EM) and ultrasonic (US) fields on the microstructure, macrosegrega-
tion of alloying elements, and mechanical properties of cast AZ80 alloy.
Both LF-EM and US fields refined the grains in ingots, improving mecha-
nical properties and homogenising the distribution of alloying elements.
Under LF-EM, grain refinement was more evident at the edges of the in-
got, whereas ultrasonic treatment primarily refined the core. Combining
LF-EM and US effects enabled the development of a novel direct-cooling—
electromagnetic—ultrasonic casting (DC-ECUS) process for magnesium al-
loys, producing finer, more homogeneous grains throughout the ingot and
enhancing mechanical performance.

High-intensity ultrasonic oscillations applied to liquid or semi-solid
metals during solidification have attracted considerable interest from both
researchers and industry. Ultrasonic melt treatment (UMT) produces sig-
nificant improvements in structure, including grain and primary particle
refinement, enhanced chemical and structural homogeneity, and reduced
porosity [108].

Cast rods of AlSi7Mg alloy, produced via low-pressure casting, were
subjected to ultrasonic treatment during cooling [109]. Microstructure and
mechanical properties were characterised at various distances from the
acoustic source, with a pouring temperature of 650 °C. This combined
method produced castings free of gas porosity and solidification defects,
promoted the formation of fine spheroidal a-Al grains, modified the Si
eutectic, and refined and dispersed intermetallic phases. Mechanical pro-
perties (tensile strength, yield strength, and ductility) were correspon-
dingly improved.

A numerical and experimental study [110] assessed the feasibility and
efficiency of using standing ultrasonic waves to clean magnesium alloy
melts. Numerical modelling addressed two aspects: wave propagation in
various cell geometries was simulated to optimise the formation of
standing waves, and the behaviour of oxide inclusions under these waves
was analysed. It was predicted that oxide inclusions, whose apparent den-
sity is close to that of the melt, rapidly agglomerate at nodal points,
thereby accelerating and enhancing their removal from the magnesium
alloy melt.

Ultrasonic vibration was applied to the melt of Mg—8Li—3Al during
solidification. The resulting microstructure, corrosion resistance, and me-
chanical properties were investigated [111]. The results indicated that ul-
trasonic vibration changed the morphology of the a-phase from coarse ro-
settes to fine globular grains. The finest globular structure was obtained
at a power of 170 W, with refinement improving as treatment duration
increased. Corrosion resistance of the alloy treated at 170 W for 90 s was
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markedly improved compared to the untreated alloy. Mechanical pro-
perties also improved significantly: tensile strength and elongation in-
creased by 9.5% and 45.7%, respectively, under 170 W ultrasonic treat-
ment for 90 s.

Study [112] examined the effects of dissolved titanium, a chemical
grain refiner (GR), and ultrasonic treatment (UT) on the solidification
behaviour and microstructure of a 6xxx-series alloy (Al-1.0Mg—1.0Si)
containing 1.0 wt.% Fe impurity. Primary aluminium grains and iron-
containing intermetallic compounds (Fe IMCs, predominantly a-AlFe,Si/
B-Al Fe,Si,) were identified via thermodynamic prediction and microscopy.
The results demonstrated that ultrasonic treatment produced the finest
and most homogeneous microstructure, improving both grain refinement
and Fe IMC distribution, and outperforming chemical treatment methods.

During solidification, electromagnetic stirring alternating between
clockwise and counter-clockwise directions was applied [113]. The result-
ing solidified structures were characterised relative to the timing of the
stirring reversals. Compared to as-cast microstructures, those formed un-
der electromagnetic stirring exhibited finer grains. The grain refinement
mechanisms were shown to depend on the timing of the counter-clockwi-
se stirring.

Ultrasonic surface treatment of laser-hardened AISI 1045 steel is rec-
ognised as an important technique to enhance surface properties such as
roughness, waviness, grain size, phase composition, residual macrostress,
and microhardness. Work [114] applied laser hardening (LHT) followed by
ultrasonic impact treatment (UIT), also known as high-frequency mecha-
nical impact treatment (HFMIT), to AISI 1045 steel. The subsurface mi-
crostructure after combined LHT + UIT was characterised using optical
microscopy, transmission electron microscopy, and x-ray diffraction. Re-
sidual macrostresses, microhardness, roughness, and waviness were also
measured. The results showed that LHT + UIT induced phase transforma-
tions and intense plastic deformation, producing layered hardened regions
and refined grains in the subsurface of the medium-carbon steel.

Study [115] investigated the combined effect of bismuth modifica-
tion and ultrasonic treatment on the microstructure and mechanical pro-
perties of AIMg5Si2Mn alloy. Compared to the untreated alloy, bismuth
promoted MgSi formation through segregation and pre-solidification un-
dercooling. Ultrasonic treatment enhanced the bismuth modification of
the Mg,Si eutectic phase and transformed the primary o-Al morphology in
AlMg.Si,Mn from coarse dendritic to fine, nearly spherical equiaxed
grains, aiding melt homogenisation and uniform distribution of bismuth
atoms or clusters.

Experiments [116—-118] evaluated the combined influence of external
and internal factors on the properties of complex-alloyed steels. It was
determined that magnetic fields primarily influence hardness, while me-
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Fig. 7. Electrolytic Al-Sc system alloys and a schematic of the electrolysis process [119]

chanical oscillations enhance strength characteristics. It was suggested
that oscillations exert a more pronounced effect on grain refinement
throughout the entire ingot volume, whereas magnetic fields mainly af-
fect the surface crystal layers in contact with the mould walls during so-
lidification, promoting fragmentation and the creation of additional nu-
cleation sites. An experimental matrix has been compiled.

In study [119], ultrasonic vibrations were applied during the forma-
tion of Al-Sc alloys using molten salt electrolysis. It was determined that
ultrasound can significantly enhance the scandium content in the electro-
lytic Al-Sc alloy and refine Al;Sc phase clusters into cubic-shaped particles.

Figure 7 presents photographs of the electrolytic Al-Sc alloys and a
schematic illustration of the electrolysis process. The final Al-Sc alloy
exhibits an almost spherical shape, as shown in Fig. 3, a. The diameter of
the resulting alloy is approximately 17 mm, slightly smaller than the dia-
meter of the cathodic chamber (20 mm). However, due to the poor wetta-
bility of liquid aluminium on graphite, the molten salt can penetrate the
cathodic chamber. As a result, the interface assumes a nearly spherical
shape, forming a channel (1.2 mm) that facilitates the transport of Sc,
ions from the top to the bottom for the discharge reaction (Sc;” + 3¢~ — Sc),
as illustrated in Fig. 3, b.

As evident from the analysed sources, ultrasonic and electromagnetic
treatment is employed to refine grains, improve homogeneity, and purify
ingots in both ferrous and non-ferrous alloys. These treatments are also
applicable in powder metallurgy, laser cladding, as well as in welding and
brazing of metals and alloys. However, ultrasonic processing of liquid and
solidifying metals has not yet gained wide industrial adoption due to several
challenges associated with scaling up the process for large volumes of metal.
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Fig. 8. Schematic diagram of the apparatus for dynamic immersion studies: A — acry-
lic columns with water at 37 °C, B — water bath, C — peristaltic pump, D — EBSS
reservoir [121]

The microstructure and properties of 1030B aluminium strip were
improved by applying UMT on the Hazelett continuous casting and di-
rect rolling production line [120]. The microstructure and properties
of the 1030B aluminium strip were examined using SEM, EBSD, and
tensile testing. The application of UMT reduced the average grain size in
the cast sheet by more than 28% compared to conventional samples with-
out UMT.

The results reported in Ref. [121] showed that wire produced from
ultrasonically treated ingots exhibited a faster initial corrosion rate than
wire from untreated ingots during immersion in solution for up to 6 hours.
This trend persisted with longer immersion times; however, the ultrasoni-
cally treated material demonstrated a lower overall corrosion rate and
more uniform degradation, whereas the untreated material exhibited the
localised corrosion features.

Figure 8 shows a schematic of the apparatus designed for performing
dynamic immersion tests.

As evidenced by the reviewed literature, ultrasonic and electromag-
netic treatments are widely employed to refine grains, enhance homoge-
neity, and clean ingots of both ferrous and non-ferrous alloys. These treat-
ments are also applied in powder metallurgy, laser cladding, welding, and
soldering of metals and alloys. However, ultrasonic processing of liquid
and solidifying metals has yet to be widely industrialised, primarily due to
the challenges of scaling up for large melt volumes.

Comprehensive melt processing using combined methods also shows
promise for application in the production of complex-alloy steels.
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5. Conclusions

External-field processing of metal melts (such as ultrasonic and electro-
magnetic treatment) is recognised as an effective method for improving
the structure of solidified aluminium and magnesium alloys without alte-
ring their chemical composition. The literature provides an extensive ar-
ray of melt-treatment techniques and solidification studies, offering valu-
able insights into the mechanisms of refinement and homogenisation.

It is particularly noteworthy that the synergistic application of inter-
nal and external treatments produces a homogeneous, defect-free ingot
structure, thereby enabling a new level of material performance. Struc-
tural changes observed in the alloys include modified grain morphology,
improved homogeneity, elimination of chemical segregation, reduction in
non-metallic inclusions, and favourable conditions for the formation of
high-dispersion reinforcing phases.

For alloyed steels, melt-treatment technology employing nanomodifiers
and inoculants of diverse origin, followed by mechanical vibration and/or
electromagnetic-field processing, is considered preferable. Nanoscale re-
fractory carbide and oxide powders are suitable as nanomodifiers, while
industrial casting and metallurgical waste serve as effective inoculants.
Modifiers promote structural refinement by increasing the nucleation rate,
whereas inoculants regulate the rate and uniformity of crystallisation.

The introduction of appropriate nanomodifiers enables the creation of
materials of a ‘new nature’, namely, reinforced or composite ones, without
significant alteration of the base chemical composition. In such materials,
nanoparticles or newly introduced phases act as a structural ‘framework’
within the existing matrix. In this context, the concept of ‘nanomodifica-
tion’ assumes a broader meaning, encompassing both structural refine-
ment and the potential formation of new phases, e.g., through the intro-
duction of refractory-metal nanoparticles.
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A.3. Icazynos, B.JO. Kyaikos, C.B. Keon, C.K. Apinosa, A.A. Tyzanbaesa
Kaparanguucbkuil TexHiuHUM yHiBepcuTeT imeni A6unkaca Carinosa,
npocu. Hypcynrana Hasapbaesa, 56; 100003 Kaparauga, Kaszaxcran

CYYACHI TEHJIEHITIT ¥ BUPOBHUIITBI BUJINBKIB
I3 HOPHHUX I KOJILOPOBUX CIIJIABIB 3 BUKOPUCTAHHAM
SOBHINIHIXI BHYTPIITHIX BITJIIBIB

V3araibHeHO CydacHi maHi CTOCOBHO MeTOAiB padiHyBaHHS Ta IOMOTeHisaIlil CTPYKTyp
MeTaJIeBUX CILJIaBiB i3 3acTOCyBaHHSM BHYTPIiMIHIX XiMiuHMX MomudixkaTopiB i 30BHIIII-
HixX (isumunumx mouis. IIpoaHanmizoBaHo MexaHi3Mu, 3a AOIIOMOTOI0 SKUX HAHOYACTHUHKH,

pinkicHOoseMenbHI eJleMeHTH ¥ IHOKYJISAHTH CIPUSAIOTH T'eTEePOTeHHOMY B3apO/KeHHIO
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KpHuCTaJiB i KepyrooTh AUHaAMiKoi0 Kpucraiisamii. OIiHeHO BIJIMB MeXaHiuHUX KOJIHU-
BaHb, YJIBTPA3BYKYy U €JIEKTPOMAarHeTHUX IIOJIiB Ha MOPQOJIOriio 3epHa, (h)a30By OJHOPIA-
HicTh i moBe#iHKY BKJOUeHb. OCOOJIUBY yBary IpHUAiJIE€HO CHHEPTriuHiil nii 3asHaueHUX
MeTOZiB A (opMyBaHHA apMOBAHUX 200 KOMIIOSUTONOAIOHUX MiKPOCTPYKTYD 3 MOJIII-
MIEHNMU MEeXaHIUHUMHU Ta (PYHKIIOHAJIPHUMU XapaKTepuCTUKaMu. KPUTUYHO OIliHEeHO
HaABHI JMaHI Ta 3aIPONOHOBAHO KOHIENTYaJbHY OCHOBY [AJS MHOAAJBIINX OCJiTKEeHb
cTpareriii 00po0JieHb POS3ILIABY, CIPIMOBAHHX HA CTBOPEHHS MaTepiasiB i3 samaHuMu
BJIACTUBOCTAMMU [IJIfl IIEPCIIEKTUBHUX 3aCTOCYBaHb.

KarouoBi cioBa: BHyTpinmHe MoaudikyBaHHA, 30BHIIIHI mOsa, MexaHiZsMu KpucTaisa-
11ii, reTeporeHHe 3apPOAKeHHs, CUHEPTiuHe 00pOo0IeHHsS, MiKPOCTPYKTypa CILJIaBy.
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