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A B S T R A C T

As the demand for lightweight and energy efficiency in Al–Si-based alloys continues to grow, the T5 heat 
treatment is increasingly preferred instead of T6, owing to its streamlined processing and reduced susceptibility 
to product distortion. Nevertheless, T5 treatment presents challenges in managing coarse α-Al dendritic struc
tures and eutectic Si phases. Although commercial refiners like Al–Ti–B and Sr are used for microstructural 
refinement, there is a critical need for more effective refiners for multi-phase manipulation. Herein, we report a 
novel high-entropy microstructure refiner (HMR) that enables synergistic microstructure refinement under T5 
heat treatment for hypoeutectic Al–Si alloys. In particular, the (TiZrNb)2(CrFeNi) HMR, which combines Group A 
elements (Ti, Zr, Nb) to decrease ΔTN (nucleation undercooling, quantitatively validated by DSC) by forming 
heterogeneous nucleation sites and Group B elements (Cr, Fe, Ni) to induce ΔTC (constitutional undercooling) 
through segregation at the liquid/solid interface (verified through EPMA), achieves synergistic multi-phase 
microstructure refinement. This refinement simultaneously reduces the size of α-Al dendrites (to about one- 
tenth), secondary dendrite arm spacing (by about half), and eutectic Si spacing (by about half) while main
taining low intermetallic compound precipitation, compared to hypoeutectic Al–Si base alloy. This synergistic 
microstructure refinement simultaneously increases both yield strength (and ultimate tensile strength) and 
elongation, thus overcoming the typical trade-off among these properties. We believe that the results of this study 
provide an effective guideline for the development of cast (or T5-treated) aluminum alloys based on the 
application of novel HMRs, resulting in a cost-effective, streamlined post-process.

1. Introduction

The hypoeutectic Al–Si–Mg alloys have gained significant promi
nence in the automotive, aerospace, and structural materials industries 
due to their excellent castability, specific strength, and corrosion resis
tance [1–3]. Al–Si–Mg alloys are widely recognized for their suitability 
for T6 heat treatment, a process that enables these alloys to achieve their 
maximum mechanical properties [4]. The solution treatment of T6 heat 
treatment, which is conducted at relatively high temperatures 
(~540 ◦C), generally involves water-quenching to achieve supersatu
ration and homogenization of solutes [5]. However, this can cause 
distortion in the final products [6]. Recently, T5 heat treatment, which 
omits the solution treatment, has sometimes been preferred over T6 heat 
treatment due to the benefits of part integration for product 

light-weighting and energy savings, which are becoming increasingly 
important [7]. Nevertheless, applying this process is challenging since 
the solution treatment is not performed, meaning that the coarse casting 
microstructure, including α-Al dendrites, eutectic Si structures, and 
numerous intermetallic compounds formed during solidification, re
mains in the final product [8,9]. Xu et al. reported in several studies that 
such microstructures can be significantly refined under rapid solidifi
cation and high undercooling conditions through dendrite remelting and 
stress-induced recrystallization [10–13]. These mechanisms are known 
to play a major role in grain refinement under non-equilibrium solidi
fication conditions. However, due to the stringent processing conditions 
and issues with reproducibility, applying these mechanisms in com
mercial productions remains challenging. Therefore, a detailed investi
gation into the addition of grain-refining elements, which are known to 
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be the most effective method for achieving a fine-grained microstruc
ture, is becoming increasingly important [2]. In hypoeutectic Al–Si al
loys, grain refiners are roughly divided into two roles depending on the 
target microstructure. The first role of grain refiners is to refine the 
columnar structure composed of α-Al dendrites, while the second role is 
to modify the morphology and size of the eutectic Si [14]. The Al–Ti or 
Al–Ti–B systems, including Al–5Ti–1B, Al–3Ti–1B, and Al-2.5Ti-2.5B, 
along with other variations in Ti and B proportions, are commonly uti
lized for the first role [15–21]. When these grain refiners are added to 
the aluminum melt, they promote the development of numerous sub
strates that serve as potential sites for heterogeneous nucleation during 
the solidification of aluminum alloys [22]. Although aluminide (Al3Ti), 
formed through the addition of a Ti refiner, actually acts as a strong 
heterogeneous nucleation site via edge-to-edge matching—which refers 
to the formation of a crystallographic relationship where specific atomic 
planes of two different phases interlock with each other—it has a misfit 
of less than 10 % with Al [23]. However, it is difficult to achieve sig
nificant grain refinement effects due to poor phase stability at pouring 
temperatures (680◦C-730 ◦C) and high solubility (e.g., >0.15 wt% Ti) in 
Al melts [24]. Additionally, when Ti and B are added together, TiB2 and 
Al3Ti can easily form. TiB2 remains highly stable even at high temper
atures above 2500 ◦C and has very low solubility in liquid Al, which 
allows for the formation of a large number of initial nuclei. TiAl3 sur
rounds the TiB2 surface and significantly reduces the lattice misfit be
tween TiB2 and α-Al (from 4.22 % to 0.09 %). This substantial reduction 
in misfit enhances the potential for the nucleation of α-Al [25]. How
ever, when more than 5 wt% Si is added, as is common in casting Al–Si 
alloys, the grain refinement performance of Al–Ti or Al–Ti–B refiners 
noticeably decreases. This is due to the well-known Si-poisoning effect. 
A common explanation for the Si-poisoning effect is the formation of 
different bulk silicides on the surface of TiB2, which not only hinders the 
nucleation of α-Al but also reduces the growth restriction by utilizing 
solute Ti [26]. Therefore, recent studies have actively focused on 
developing new α-Al dendrite grain refiners, such as Al–Zr, Al–Nb, 
Al–Ti–Nb–B, and Al–Ti–B–C, to minimize the Si-poisoning effect and 
achieve superior grain refinement performance [17,27–30]. Among the 
candidate grain-refining elements, Ti, Zr, and Nb are particularly 
effective due to their ability to form aluminide phases (Al3Ti, Al3Zr, and 
Al3Nb) that exhibit favorable edge-to-edge crystallographic matching 
with the α-Al matrix [15,23,27,28]. These compounds possess lattice 
misfits within 10 %, enabling them to serve as potent heterogeneous 
nucleation sites. Notably, the addition of Nb has also been shown to 
alleviate the detrimental Si-poisoning effect that impairs α-Al dendrite 
refinement. This improvement is attributed to the enhanced 
high-temperature phase stability of the resulting aluminide compounds. 
For modifying eutectic Si structures, elements such as Na, Sb, and Sr are 
commonly utilized for the second role of refinement. Among these ele
ments, Sr is widely used in the form of master alloys and is known for its 
excellent grain refinement effects, making it the most commonly used 
grain refiner. The refinement mechanism of Sr for modifying the shape 
and controlling the size of eutectic Si is well known, including the 
restricted twin plane re-entrant edge (TPRE) and impurity-induced 
twinning (IIT). Both mechanisms are based on twinning reactions pro
moted by Sr atoms present in the Liquid (L)/Solid (S) coexistence region 
[31]. However, alkaline earth metals like Sr are expensive as raw ma
terials and have a low vaporization temperature (boiling point 1377 ◦C), 
making them very difficult to process [2]. Furthermore, the refinement 
effect of Sr saturates at a certain eutectic Si size, and the effectiveness 
decreases with excessive addition due to the formation of coarse 
Al–Si–Sr intermetallic compounds [32]. Moreover, precise control of Sr 
content for optimal refinement of eutectic Si is very difficult due to its 
low evapLi/oration temperature (boiling point, 1377 ◦C. To achieve 
more effective eutectic Si refinement and lower production costs, 
alternative candidate alloying elements are required. Recently, research 
has been conducted on refining the eutectic Si phase by adding relatively 
inexpensive transition metals such as Cr, Fe, and Ni, which are expected 

to segregate at the Liquid-Solid (L/S) interface and induce similar 
mechanisms [33–35]. The alloying elements conventionally assigned to 
the two refinement tasks Ti + B for α-Al dendrite refinement and Sr (or 
Na, Sb) for eutectic-Si modification differ sharply in solubility, vapor 
pressure, reaction kinetics, and thermal stability. Each element therefore 
requires its own optimal addition temperature, holding time, and melt 
chemistry. Attempting to satisfy these mutually incompatible processing 
windows in a single casting operation greatly increases cycle time, raises 
costs, and undermines process stability, making independent control of 
the two element groups impractical at an industrial scale. Meanwhile, 
Zhang et al. [36] reported that the addition of an AlCoCrFeNiTi 
high-entropy alloy (HEA) based refiner to pure aluminum enhanced the 
efficiency of α-Al dendrite refinement and improved mechanical prop
erties. However, studies reporting the application of HEA-based refiners 
to Al–Si alloy systems with more complex microstructures remain 
extremely limited.

From the above, the current Al–Si alloy industry demands enhanced 
efficiency from commercial refiners and cost reduction through process 
simplification. Therefore, in this study, we develop a novel high-entropy 
microstructure refiner (HMR), (TiZrNb)2(CrFeNi), which is capable of 
simultaneously refining the α-Al dendritic structure, secondary dendrite 
arm spacing, and eutectic Si spacing with a simplified manufacturing 
and dosing process. We focused on demonstrating the synergistic multi- 
phase microstructure refinement effects of the developed HMR through 
microstructural and mechanical property evaluations.

2. Experimental

Silafont®-36 (AlSi10MnMg, Rheinfelden), fabricated by Daiki 
Aluminum Industry, was used as the base alloy (hereafter BA) in this 
study. To ensure consistency in the casting and cooling process, the 
Silafont-36 ingots were re-melted using Arc Plasma Melting (APM) 
under a Ti-gettered high-purity argon atmosphere (Arc melting and 
suction casting system, SAMHAN VACUUM). The (TiZrNb)100–x(CrFe
Ni)x (x = 0, 33, 50, 66, 100 at%) refiners (hereafter HMR) were fabri
cated by APM under the same Ti-gettered high-purity argon atmosphere. 
The purities of the elements used were Ti (99.995 %), Cr (99.95 %), Fe 
(99.98 %), Ni (99.99 %), Zr (99.95 %), and Nb (99.95 %). The HMRs 
after crushing were melted with BA respectively using APM to fabricate 
the five different (BA+0.5 wt% HMR) alloys. The BA + HMR ingots were 
re-melted at least six times to ensure good chemical homogeneity and 
rectangular specimens (14 mm width × 6 mm thickness × 50 mm 
height) were produced by copper mold drop-casting under an argon 
atmosphere. The cast alloys were annealed at 200 ◦C for 1 h (artificial 
aging of T5 heat treatment) in an air atmosphere and subsequently 
quenched in water. The software Thermo-Calc was used to simulate the 
Scheil solidification and predict the binary phase diagram of Al-X (X 
being the added elements). The simulations were conducted using the 
SSOL6 and TCBIN thermodynamic databases to assess phase stability.

Phase identification was confirmed by X-ray diffraction (XRD; D2 
Phaser, Bruker) using Cu-Kα (λ = 1.5418 Å) radiation. The 2θ range was 
scanned from 20◦ to 80◦ with a scanning rate of 0.02◦ per second to 
achieve high intensity. High-energy synchrotron XRD was performed to 
obtain more accurate phase analysis information at the P21.1 beam line 
of the Deutsches Elektronen-Synchrotron (DESY, Germany). The wave
length of the X-ray beam was 0.1222 Å. Diffraction patterns were ob
tained in transmission mode by using a 2D PerkinElmer amorphous 
silicon detector with 2048 x 2048 pixels and pixel size of 200 x 200 μ m2. 
Each diffraction pattern was acquired with a total exposure time of 5 s, 
divided into 5 sub-frames of 1-s exposure each to prevent saturation of 
the detector. The microstructure of the annealed sample was confirmed 
using Field-emission Scanning Electron Microscopy (FE-SEM; Amber X, 
TESCAN) with Secondary Electron (SE), Energy Dispersive X-ray Spec
troscopy (EDS), Backscattered Electron (BSE), and Electron Backscatter 
Diffraction (EBSD; QuantaX, BRUKER) modes. To qualitative and 
quantitative analysis of trace elements the Electron Probe Micro 
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Analysis (EPMA) was performed using the JEOL JXA-IHP 200F oper
ating at a voltage of 20 keV, Pixels 256 x 192 and a dwell time of 100 ms. 
The specimens used for analyzing the material characteristics were 
prepared from the identical locations within the rectangular samples 
and were polished to achieve a mirror-finish surface condition.

The heat flow curves were measured by Thermogravimetric Anal
ysis/Differential Scanning Calorimetry (TGA/DSC; METTLER TOLEDO) 
to identify variations in thermal characteristics. Measurements were 
conducted from 25 ◦C to 750 ◦C with a heating rate of 5 ◦C/min to 40 ◦C/ 
min (5, 10, 20 and 40 ◦C/min) in a high-purity argon atmosphere. To 
ensure complete melting under all compositional conditions, the sam
ples were overheated by approximately 160 ◦C above the melting point 
of the Al-10.3 wt% Si binary composition (590 ◦C) and held for 10 min.

The mechanical properties were confirmed by uniaxial tensile test 
(Instron 5967, INSTRON, Norwood, USA) at an engineering strain rate 
of 10− 3/s. Rectangular dog-bone-shaped specimens for the uniaxial 
tensile test were machined from the annealed samples using Electrical 
Discharge Machining (EDM). Both sides of the specimens were ground to 
achieve a final thickness of approximately 2 mm and a gauge width of 
approximately 2.6 mm. To ensure reproducibility, three replicate ex
periments were conducted for each condition.

3. Results and discussion

3.1. Microstructure characterization of the base alloy

Fig. 1 presents the microstructure characterization of the as-cast BA. 
The EBSD image of the coarse macro-scale columnar grain is shown in 
Fig. 1(a). In an environment with a large solidification range and a high 
solidification rate, the α-Al dendritic structures form an unstable planar 
interface. At the same time, the α-Al dendritic structures, which are 
generally known to grow along the <100> direction, aligned with the 
direction of heat flow perpendicular to the mold wall. The α-Al dendritic 
structures in directions other than the <100> heat flow direction stop 
growing. As the temperature gradient decreases, secondary and tertiary 
dendrite arms form within the α-Al dendritic structures. The tertiary 
arms, which are similar in direction to the primary dendrite arm, 
consequently grow into one columnar grain composed of many primary 
dendrite arms [37]. It was confirmed that the average columnar size of 

the BA was ≥400 μm through equivalent circle diameter measurement 
after EBSD imaging. Fig. 1(b) and (c) show low-magnification and 
high-magnification SEM− SE images of the final solidified microstruc
ture. In these images, coarse rounded phases with dendritic morphology, 
dual phases existing between the rounded phases, white needle-like and 
irregularly shaped phases, and black spherical phases are present. Fig. 1
(d) shows the composition distribution of each phase as confirmed via 
EDS analysis. The coarse rounded phases with dendritic morphology are 
identified as Al-rich α-Al dendritic structures, and the dual-phases re
gions existing between the rounded phases are eutectic phases 
composed of a Si phase (bright phase) and an Al phase (gray phase). The 
white phases at the interface of the α-Al dendritic structures and the 
eutectic Si were identified as Fe-rich intermetallic compounds (IMCs), 
while the dark-contrast phases were confirmed to be Mg-rich IMC. 
Although Fe was not intentionally added, it can be introduced in 
amounts of up to 5 wt% due to improper use of iron dissolution tools, 
prolonged holding of the molten metal, or the use of large amounts of 
Fe-containing scrap [38]. The solidification sequence of this micro
structure can be predicted using a Scheil simulation with Thermo-Calc, 
as shown in Fig. 1(e). The yellow line represents the non-equilibrium 
solidification sequence calculated under the assumption of no diffu
sion in the solid phase and complete mixing in the liquid phase. Solid
ification begins at 585 ◦C, and at 555 ◦C, the remaining liquid undergoes 
a eutectic reaction to form eutectic phases. As cooling progresses, 
various stable types of IMCs precipitate, such as Mg2Si, AlFeMnSi 
(Al9Fe0.84Mn2.16Si), and grow. The schematic diagram in Fig. 1(e) il
lustrates the microstructural changes with temperature, based on the 
final solidified structure observed in Fig. 1(a)–(d) and the solidification 
sequence in Fig. 1(e). It was confirmed that the BA consists of relatively 
coarse α-Al dendritic structures, elliptical eutectic Si phases, and 
needle-like and irregularly shaped IMC phases during solidification.

3.2. Alloy design of high entropy microstructure refiner

Fig. 2 shows the alloying element selection criteria of HMR based on 
thermodynamic factors for grain refinement and the expected refine
ment mechanism that can collectively refine the α-Al dendritic struc
tures and eutectic Si. The well-known refinement mechanism of 
hypoeutectic Al–Si alloy is the formation of heterogeneous nucleation 

Fig. 1. Microstructure characterization of the as-cast base alloy 
(a) EBSD Inverse Pole Figure map (IPF) image of coarse macroscale columnar grains in the BA, (b) Low-magnification SEM− SE image showing the final solidification 
microstructure, (c) High-magnification SEM− SE image showing α-Al dendritic structure, eutectic structures, and intermetallic compounds, (d) EDS elemental maps 
displaying the composition distribution of each phase, (e) Scheil simulation result predicting the solidification behavior, and a schematic diagram showing the 
microstructural changes with temperature.
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sites and grain growth restriction via constitutional undercooling (ΔTC) 
[39]. Firstly, the formation of heterogeneous nucleation sites is the 
refinement mechanism for α-Al dendritic structures. To refine the α-Al 
dendritic structures, a stable Al3X phase should be formed at a tem
perature higher than the melting temperature of α-Al [30]. Fig. 2(a) 
shows the binary phase diagram in Al-enriched region of Al-X (X =
peritectic phase-forming elements = Nb, Zr, Ti, V, Cr, Mo, Ta, W). 
Compared to other additive elements, Nb, Zr, and Ti exhibit higher Al3X 
phase formation temperatures (Supplementary Table 1)—in that order. 
This makes them suitable candidates for stable Al3X-forming elements. 
In particular, the elements Ti, Zr, and Nb exhibit edge-to-edge matching 
with Al, and Al3Ti, Al3Nb, and Al3Zr all have a misfit within 10 %, 
allowing them to function effectively as heterogeneous nucleation sites 
[16,24,28,29]. Therefore, they act as stronger nucleation agents 
compared to conventional borides such as TiB2, ZrB2, NbB2 [24]. 
Furthermore, the addition of Nb is known to significantly reduce the 
Si-poisoning effect, which is known to hinder α-Al dendritic structure 
refinement, due to the increased high-temperature phase stability of 
Al3X [29]. J. Xu et al. reported that the coexistence of peritectic 
phase-forming elements promotes the precipitation of aluminide in 
Al–Si melts [40]. Secondly, grain growth restriction via inducing ΔTC is 
known to limit the growth of α-Al dendritic structures due to the effect of 
high-density solute field present ahead of α-Al dendrite tip [41]. Fig. 2

(b) shows binary phase diagram in Al-enriched region of Al-(Y or X) (Y 
= common alloying elements in Al alloy = Fe, Ni, Cr, Mn, Cu) showing 
solubility change. Among the elements commonly added to Al–Si alloys, 
Fe (126 p.m.), Ni (124 p.m.), and Cr (128 p.m.), which have significantly 
smaller atomic sizes than Al (143 p.m.), exhibit low solubility with Al in 
that order, excluding the peritectic phase-forming elements. Addition
ally, the inset table on the right side of Fig. 2(b) summarizes k (partition 
coefficient), m (liquidus slope), and max conc. (maximum concentration 
of L + S region), determined from the Al–Y (Y––Fe, Ni, Cr, Mn, and Cu) 
binary phase diagrams shown in Supplementary Fig. 1 and calculated 
the relative magnitude of the grain restriction factor (m (k-1)). The grain 
restriction factor (Q) indicates the degree of grain refinement via ΔTC of 
the additive elements and is expressed by the following equation [42]. 

Q=miC0(k − 1) (1) 

where k is the binary equilibrium partition coefficient, C0 is the 
composition, and mi is the liquidus gradient for each element i.

Among Cr (0.6 wt%), Fe (1.8 wt%), Ni (6 wt%), Cu (33.2 wt%), and 
Mn (1.9 wt%)—which have sufficient maximum concentrations—Cr 
(5.6), Ni (3.3), and Fe (2.9) have relatively high m(k-1) values, repre
senting the relative magnitude of Q and their low solubility in Al. 
Therefore, a significant ΔTC effect can be expected. Finally, we 

Fig. 2. Alloy design and refinement mechanism of high-entropy microstructure refiner (HMR) 
Binary phase diagram in Al-enriched region of (a) Al-X (X = peritectic phase-forming elements = Nb, Zr, Ti, V, Cr, Mo, Ta, W) showing Al3X phase formation 
temperatures and (b) Al-(Y or X) (Y = common alloying elements in Al alloy = Fe, Ni, Cr, Mn, Cu) showing solubility change. The inset table on the right side of Fig. 2
(b) summarizes k (partition coefficient), m (liquidus slope), max conc. (maximum concentration of L + S region) and m(k-1) (relative grain restriction factor) for Y 
elements. (c) Schematic representation of the expected refinement mechanism upon adding HMR composed of Group A and/or Group B elements to the base alloy.
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categorized the peritectic phase-forming elements Ti, Zr, and Nb as 
Group A, and the growth-restriction elements Cr, Fe, and Ni as Group B, 
and added them to the BA in various ratios. Fig. 2(c) schematically il
lustrates the microstructural refinement mechanism induced by the 
addition of the HMR proposed in this study. At temperatures above the 
formation of the α-Al phase, Group A elements (Ti, Zr, Nb) react with 
aluminum in the melt to form Al3X-type intermetallic compounds (X =
Ti, Zr, Nb), which serve as heterogeneous nucleation sites for α-Al. This 
significantly reduces the nucleation undercooling, thereby facilitating 
the formation of numerous nuclei during the early stages of solidifica
tion and effectively refining the grain size of the α-Al phase. As solidi
fication progresses and the α-Al phase grows, Group B elements (Cr, Fe, 
Ni) are rejected toward the L/S interface and become locally enriched in 
this region. This segregation induces ΔTC, which suppresses the growth 
of secondary dendrite arms as well as eutectic Si, while simultaneously 
promoting new nucleation. Consequently, the developed HMR enables 
the simultaneous refinement of α-Al dendrites and eutectic Si through 
this combined mechanism. Furthermore, in this study, three elements 
from each of Group A and Group B were selected and combined in 
equiatomic ratios. These compositions correspond to typical BCC (Group 
A) and FCC (Group B) high-entropy alloy structures, which are known to 
exhibit excellent phase stability. While the individual elements within 
each group are known to provide grain refinement effects, they also 
possess large negative mixing enthalpies with Al and Si, which increases 
the tendency to form various intermetallic compounds during solidifi
cation when added individually. To overcome this issue, a high-entropy 
design strategy was employed by mixing the elements of each group in 
equiatomic proportions to promote the high-entropy effect and suppress 
the formation of undesirable intermetallic compounds during cooling.

The compositions of HMR in this study are shown in Table 1, and five 
different HMRs of 0.5 wt% were added to the BA, respectively. We 
compare the degree of grain refinement achieved by five different 
HMRs, which are mixed in the ratios of A, A2B, AB, AB2, and B (1:0, 2:1, 
1:1, 1:2, 0:1) from the Group A and Group B. Fig. 3 indicates the pseudo- 
binary phase diagram between equiatomic TiZrNb and equiatomic 
CrFeNi. For HMR compositions consisting solely of Group A or Group B, 
each retains a BCC single phase for equiatomic TiZrNb (HMR-A) and an 
FCC single phase for equiatomic CrFeNi (HMR-B), respectively. For 
compositions where both Group A and Group B are added, numerous 
intermetallic compounds are predicted to primarily form. It is known 
that the two groups—Group A, which has relatively larger atomic sizes, 
and Group B, which has relatively smaller atomic sizes—form a stable 
Laves phase with a C14/C15 crystal structure [43]. Furthermore, the 
heat of mixing values between the elements of the two groups were 
confirmed to have large negative values (<-7 kJ/mol) using the Mie
dema model for binary alloys (Supplementary Fig. 2(a)). XRD phase 
analysis revealed that in the HMR compositions where Group A and 
Group B elements were simultaneously added, various combinations of 
C14/C15 Laves phases were formed (Supplementary Fig. 2(b)). As 
shown in Supplementary Fig. 3, Thermo-Calc simulations indicate that 
HMR compositions containing both Group A and Group B elements 

(HMR-AB2, HMR-AB, and HMR-A2B) form Laves phase-dominant or 
complex multi-phase microstructures coexisting with BCC phases. In 
addition, as presented in Supplementary Fig. 4(a), these compositions 
exhibit higher Vickers hardness compared to HMR-A and HMR-B, which 
are composed of single-phase BCC or FCC structures. Furthermore, the 
indentation traces indicate that crack formation is observed around the 
indentations in HMR-AB2, AB, and A2B, whereas plastic deformation of 
the matrix is primarily observed in HMR-A and HMR-B (Supplementary 
Fig. 4(b–f)). Laves phase intermetallic compounds exhibit strong brit
tleness and are characterized by fracturing without deformation under 
certain stress. As a result, the HMR-A2B to HMR-AB2 compositions, 
which belong to the Laves phase-forming region marked by a green box 
in Fig. 3, can be pulverized through mechanical processes such as simple 
crushing and cutting methods without requiring specialized equipment. 
This provides an advantage in the easy addition and uniform dissolution 
of the refinement agent during the melting of BA. Furthermore, HMR-A, 
composed only of Group A, has a high melting point exceeding 2000K 
(1727 ◦C). By contrast, HMR-A2B to HMR-AB2, composed of both Group 
A and Group B elements, have lower melting points compared to 
HMR-A. For example, HMR-A2B exhibits a relatively low melting point 
of about 1600K (1327 ◦C). Therefore, even though the HMR material 
with a Laves-phase microstructure may be used during the fabrication 
and addition to melt stages, the Laves phases—with their relatively low 
melting points—easily dissolve during melting and do not hinder grain 
growth. Specifically, as solidification progresses, Group A elements and 
Group B elements exhibit different behaviors at different stages, 
enabling stepwise control of the microstructure. Accordingly, the pro
posed refinement agent offers advantages in both manufacturing 
cost-efficiency and microstructural refinement effectiveness.

3.3. Grain refinement effect of the high entropy microstructure refiner

Fig. 4 shows the high-energy XRD results and EBSD results showing 
the α-Al dendritic structure refinement performance for the BA and for 
(BA + HMR-A) to (BA + HMR-B) alloys. Generally, it is reported that in 
the XRD crystallization peaks of Al–Si–Mg alloys, α-Al and Si in the 
eutectic structure, Mg2Si, AlFeMnSi, and Al3X IMCs can be identified 
[44]. In this study, Al and Si major peaks, as well as Mg2Si and AlFeMnSi 
minor peaks, were observed in Fig. 4(a) and Supplementary Fig. 5. 
Despite the addition of HMR, it was difficult to clearly identify the other 
IMC peaks in all compositions. Fig. 4(b) compares the size of the α-Al 
dendritic structures depending on the HMR compositions. The images 
shown within the graph were measured using SEM-EBSD mode, and the 
size of the α-Al dendritic structures was measured using the equivalent 
circle diameter measurement method. Under the same casting condi
tions, the α-Al dendritic structures of the unrefined BA were relatively 
coarse, with an average size of 410 ± 64.59 μm. In the HMR-added al
loys, the refinement performance of the α-Al dendritic structures 
improved as the content of Group A increased. Specifically, in (BA +
HMR-A) and (BA + HMR-A2B) alloys, the average sizes were 75 ± 26.04 
μm and 44.57 ± 13.88 μm, respectively. These reduction performances 
achieved were approximately 81.7 % for (BA + HMR-A) and 89.1 % for 
(BA + HMR-A2B) compared to the BA. According to previous reports, the 
average grain size after refinement using conventional Al–Ti–B system 
refiners is 200–300 μm [16–18]. From the perspectives of the Hall-Petch 
effect and porosity control, an average grain size below 50 μm is highly 
desired in the industry [45]. The (BA + HMR-A2B) alloy developed in 
this study achieves an average grain size below 44.57 ± 13.88 μm, 
demonstrating excellent α-Al dendritic structures refinement perfor
mance, and is suitable for commercial applications. Interestingly, among 
the (BA + HMR-A2B), (BA + HMR-AB), and (BA + HMR-AB2) alloys 
where both Group A and Group B were added, the α-Al dendritic 
structures refinement performance of the (BA + HMR-A2B) alloy was 
notably superior. Therefore, to confirm the individual and complex 
microstructure refinement effects between Group A and Group B, further 
analysis was focused on (BA + HMR-A), (BA + HMR-B), and (BA +

Table 1 
Alloy compositions of (base alloy + high-entropy microstructure refiner) in this 
study.

Alloy HMR Group (Designation) HMR composition (at%)

BA (Silafont®-36) 
+0.5 wt% HMR-A

A TiZrNb

BA (Silafont®-36) 
+0.5 wt% HMR-A2B

A2B (TiZrNb)2(CrFeNi)

BA (Silafont®-36) 
+0.5 wt% HMR-AB

AB (TiZrNb)(CrFeNi)

BA (Silafont®-36) 
+0.5 wt% HMR-AB2

AB2 (TiZrNb)(CrFeNi)2

BA (Silafont®-36) 
+0.5 wt% HMR-B

B CrFeNi
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HMR-A2B). Meanwhile, Easton and St. John [41] investigated the cor
relation between α-Al dendritic structure size (d), undercooling for 
active nucleation (ΔTN), and the growth restriction factor (Q). The 
empirical equation is expressed as follows; 

d= 1
/ ̅̅̅̅̅

ρf3
√

+ DΔTN

/
vQ (2) 

where ρ is the density of nucleant particles, f is the fraction of these 
particles that are activated, D is the diffusion coefficient; v is the growth 
velocity, ΔTN is the undercooling for active nucleation, and Q is the 
growth restriction factor. According to Equation (2), it can be 

understood that the size of the α-Al dendritic structures is proportional 
to ΔTN and inversely proportional to Q [36]. In the present study, all 
HMR refiners were introduced at the same contents and processed under 
identical cooling conditions; therefore, ΔTN was adopted as the primary 
metric for comparing the relative nucleation potency of the developed 
refiners (HMRs). Here, ΔTN can be determined by the difference be
tween the liquidus temperature (TL) and the crystallization temperature 
(Tx) of the material, both of which can be obtained through DSC anal
ysis. Fig. 5 shows the DSC traces for (BA + HMR-A), (BA + HMR-A2B), 
(BA + HMR-B), and BA at different heating rates. In the case of hypo
eutectic Al–Si, the onset temperature of the melting peak is related to the 

Fig. 3. Pseudo-binary phase diagram between equiatomic TiZrNb and equiatomic CrFeNi. 
The compositions of the developed HMR are represented with dashed lines and neon highlights, and the ratios of each HMR are A, A2B, AB, AB2, and B. The green box 
indicates the Laves phase-forming region, which includes HMR-A2B to HMR-AB2 compositions.

Fig. 4. α-Al dendrite refinement effect of high-entropy microstructure refiner 
(a) High-energy XRD phase analysis of BA and (BA + HMRs) (b) EBSD IPF images and bar graph showing α-Al dendritic structure size difference depending on HMR 
compositions.
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melting of the eutectic reaction. Subsequently, the broad endothermic 
effect signifies the melting of the remaining solid components. There
fore, the endset temperature of the melting peak is associated with the TL 
[46]. Fig. 5(a) shows the heating curves of the (BA + HMR-A) at heating 
rates ranging from 5 ◦C/min to 40 ◦C/min. The onset temperature, 
where melting begins during heating, has similar values 
(575.2–576.2 ◦C) across different heating rates. In contrast, the endset 
temperatures for heating rates of 5 ◦C/min, 10 ◦C/min, 20 ◦C/min, and 
40 ◦C/min are 601.5 ◦C, 604.7 ◦C, 609.5 ◦C, and 616.5 ◦C, respectively, 
showing variations of the values depending on the heating rate. There
fore, to obtain the TL, it is necessary to exclude the influence of the 
heating rate when obtaining the endset temperature. To determine the 
TL, a very slow heating rate is required, which involves substantial time 
and economic costs. Meanwhile, E. B. Ferreira et al. [47] proposed a 
method to determine the TL by obtaining the endset temperatures of the 
melting peaks at various heating rates for glasses and using extrapola
tion. In this study, we applied this method to determine the TL of the (BA 
+ HMR) alloys. Using these data, we plotted the endset temperature of 
the melting peak versus the heating rate and fitted straight lines to the 
data. By extrapolation, we determined the TL of the (BA + HMR-A) at a 
heating rate of 0 ◦C/min, as shown at the top of Fig. 5(e). Using the same 
method, the DSC results for measuring the onset and endset tempera
tures of (BA + HMR-A2B), (BA + HMR-B), and BA are shown in Fig. 5
(b)–(d). The TL at 0 ◦C/min obtained by extrapolation is presented in 
Fig. 5(e). The TL values of (BA + HMR-A), (BA + HMR-A2B), (BA +
HMR-B), and BA were 600.2 ◦C, 600.2 ◦C, 600.3 ◦C, and 599.3 ◦C, 

respectively. Fig. 6 shows the DSC traces for (BA + HMR-A), (BA +
HMR-A2B), (BA + HMR-B), and BA at different cooling rates. Fig. 6(a) 
shows the cooling curve of (BA + HMR-A) at cooling rates of 5 ◦C/min, 
10 ◦C/min, 20 ◦C/min, and 40 ◦C/min. The onset temperature of the 
crystallization peak during cooling is associated with the crystallization 
of the α-Al dendritic structures. The onset temperatures at cooling rates 
of 5 ◦C/min, 10 ◦C/min, 20 ◦C/min, and 40 ◦C/min were 597.4 ◦C, 
596.2 ◦C, 595.3 ◦C, and 594.5 ◦C, respectively. The results for ΔTN, 
which is the difference between the TL and the TX for the α-Al dendritic 
structures, are shown in top of Fig. 6(e). Using the same method, the 
results of the α-Al dendrite crystallization peaks for (BA + HMR-A2B), 
(BA + HMR-B), and BA are shown in Fig. 6(b)–(d). The calculated ΔTN 
(=TL-TX) values, depending on the HMR compositions and cooling rates, 
are presented in Fig. 6(e). The detailed data of the corresponding DSC 
thermal information and the TL and ΔTN values are presented in Table 2. 
The (BA + HMR-A) and (BA + HMR-A2B) alloys, which exhibit excellent 
α-Al dendritic structure refinement performance with grain sizes below 
100 μm, have ΔTN values of 5.1 ◦C and 6.4 ◦C, respectively, at a cooling 
rate of 40 ◦C/min. This represents a significant reduction by one-quarter 
compared to the ΔTN of BA. This indirectly proves that larger hetero
geneous nucleation sites were formed in the (BA + HMR-A) and (BA +
HMR-A2B) alloys, resulting in fine α-Al dendritic structure sizes, as 
shown in the EBSD images in Figs. 4(b) and 6(e). It should be noted that 
despite having a relatively larger ΔTN value compared to (BA +HMR-A), 
(BA + HMR-A2B) exhibits finer α-Al dendritic structure sizes. Further
more, (BA + HMR-B) shows approximately 0.7 ◦C decreases of ΔTN 

Fig. 5. DSC heating curves depending on high-entropy microstructure refiner compositions 
DSC heating curves for (a) (BA + HMR-A), (b) (BA + HMR-A2B), (c) (BA + HMR-B), and (d) BA (without HMR) at different heating rates of 5 ◦C/min, 10 ◦C/min, 
20 ◦C/min, and 40 ◦C/min. The orange circle shows onset temperature of melting peak at different heating rates. The blue circle shows endset temperature of melting 
peak at various heating rates. (e) Variation of endset temperature of melting peak depending on heating rates, fitted by straight line. Extrapolation to 0 ◦C/min 
represent TL of the alloy.
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compared to the ΔTN of BA at a cooling rate of 40 ◦C/min, but still 
achieves around 45 % α-Al dendritic structure refinement performance. 
Both the HMR-A2B and HMR-B compositions contain Group B, and the 
elements in Group B are known to contribute to the growth restriction of 
α-Al dendritic structures. According to Equation (2), the size of the α-Al 
dendritic structures is correlated with ΔTN and the growth restriction 
factor Q, so the influence of Group B elements in the HMR can also be 
expected. The Q value of this alloy was calculated using the equation 
below, excluding peritectic phase-forming elements with an extremely 
low maximum solute concentration [48]. 

QTotal =
∑

mLiC0i(ki − 1) (3) 

where mL is the slope of the liquidus, C0 is the initial solute concentra
tion, k is the equilibrium partition coefficient, and i refers to the 

individual solute in the multicomponent system.
The QTotal of the BA and (BA + HMR-A), which do not contain Group 

B, is 1.17, while the QTotal of (BA + HMR-A2B) and (BA + HMR-B) is 1.71 
and 2.78, respectively, which are 0.54 and 1.61 higher than that of the 
BA or (BA + HMR-A). Considering these two factors, it is concluded that 
the combined addition of the two groups leads to (BA + HMR-A2B) 
having a synergistic effect of a low ΔTN value and a high Q value, 
resulting in an excellent refinement effect on the α-Al dendritic struc
tures. Moreover, even though Group A was not included, it is concluded 
that (BA + HMR-B), which has a high Q value, also leads to the refine
ment of the α-Al dendritic structures compared to the BA. Fig. 7 shows 
the secondary dendrite arm spacing (SDAS) refinement performance 
according to the HMR composition. As shown in Fig. 7(a), SDAS was 
measured using the following equation [49]. 

Fig. 6. DSC cooling curves depending on high-entropy microstructure refiner compositions 
DSC cooling curves for (a) (BA + HMR-A), (b) (BA + HMR-A2B), (c) (BA + HMR-B), and (d) BA (without HMR) at different cooling rates of 5 ◦C/min, 10 ◦C/min, 
20 ◦C/min, and 40 ◦C/min. The orange circle shows onset temperature of crystallization peak at various cooling rates. (e) Variation of ΔTN values (= difference 
between the liquidus temperature and the onset temperature of the α-Al crystallization peak) depending on cooling rates for (BA + HMR-A), (BA + HMR-A2B), (BA +
HMR-B), and BA.

Table 2 
The characteristic transformation temperatures (Tend, Tx, TL) and Δ TN of (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA (without HMR).

Alloy HMR Group Characteristic transformation temperature

Tend (◦C) TX (◦C) TL(◦C) Δ TN (◦C) 
(=TL-TX)

Heating rate (◦C/min) Cooling rate (◦C/min)

5 10 20 40 5 10 20 40

BA þ HMR-A A 601.5 604.7 609.5 616.5 597.4 596.2 595.3 594.5 600.2 5.1
BA þ HMR-A2B A2B 602.0 604.9 607.7 616.5 596.3 595.7 594.1 593.2 600.2 6.4
BA þ HMR-B B 602.1 605.9 608.6 618.5 585.8 584.9 581.3 577.9 600.3 21.7
BA - 601.5 605.0 607.9 618.6 590.3 589.3 586.8 577.2 599.3 22.4
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SDAS= L / (N − 1) (4) 

Here, the total length of the primary dendritic arm was measured as 
L, and the number of secondary arms, N, was counted exclusively along 
one side. Fig. 7(b)–(e) represent the SEM images of the central region of 
the specimens for (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and 
BA, respectively. The average SDAS values are 8.79 ± 1.56 μm, 2.66 ±
0.8 μm, 2.53 ± 0.55 μm, and 7.39 ± 1.56 μm, respectively. Fig. 7(f) 
shows the distribution histogram of SDAS obtained from approximately 

20 primary dendrite arms for each alloy. (BA + HMR-A2B) and (BA +
HMR-B), which contain Group B, show around 64 % and 65 % SDAS 
refinement performance compared to the SDAS of BA. In contrast, (BA +
HMR-A), composed solely of Group A, did not exhibit SDAS refinement. 
This grain refinement of SDAS according to HMR compositions also has 
the same trend in the edge region, where the cooling rate is expected to 
be faster due to its proximity to the mold wall (Supplementary Fig. 6 
(a–d)). Fig. 8 presents the SEM− SE images and the measurement results 
of the eutectic Si interlamellar spacing according to the HMR 

Fig. 7. Secondary dendrite arm spacing refinement effect of high-entropy microstructure refiner 
(a) Schematic representation for measuring secondary dendrite arm spacing (SDAS) using the formula SDAS = L/(N-1), SEM SE images of (b) (BA + HMR-A), (c) (BA 
+ HMR-A2B), (d) (BA + HMR-B), and (e) BA (without HMR) showing the dendritic structure and measured average SDAS, (f) Distribution histogram of SDAS values 
from approximately 20 primary dendrite arms for each composition.

Fig. 8. Eutectic Si spacing refinement effect of high-entropy microstructure refiner 
(a) Schematic diagram illustrating the method for measuring eutectic Si spacing, high magnification SEM image of (b) (BA + HMR-A), (c) (BA + HMR-A2B), (d) (BA 
+ HMR-B), and (e) BA (without HMR) showing the eutectic Si morphology and measured average eutectic Si spacing, (f) Distribution histogram of eutectic Si spacing 
values from approximately 100 measurement points for each composition.
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compositions. Fig. 8(a) shows the method for measuring eutectic Si 
spacing as a schematic diagram. Fig. 8(b)–(e) correspond to the SEM 
images of (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA, 
respectively. The average eutectic Si spacing for (BA + HMR-A), (BA +
HMR-A2B), (BA + HMR-B), and BA are 0.37 ± 0.14 μm, 0.20 ± 0.06 μm, 
0.15 ± 0.05 μm, and 0.37 ± 0.16 μm, respectively. Fig. 8(f) shows the 
distribution histogram of eutectic Si spacing obtained from approxi
mately 100 points for each composition. (BA + HMR-A2B) and (BA +
HMR-B), which contain Group B, exhibit approximately 45.9 % and 

59.5 % eutectic Si refinement performance compared to the BA. In 
contrast, (BA + HMR-A), composed solely of Group A, did not exhibit 
eutectic Si spacing refinement. This grain refinement of eutectic Si 
spacing according to HMR compositions also has the same trend in the 
edge part (Supplementary Fig. 6(e–h)). Interestingly, as shown in Figs. 7 
and 8, and Supplementary Fig. 7, the α-Al dendrite structure size of (BA 
+ HMR-B) is coarser than that of (BA + HMR-A) and (BA + HMR-A2B), 
whereas the SDAS and eutectic Si spacing are finer compared to those of 
the other two alloys. According to the general concept of grain growth 

Fig. 9. EPMA mapping and line analysis of BA + HMR-A2B 
(a) EPMA mapping results for the elements Al, Si, Ti, Zr, Nb, Cr, Fe, and Ni. (b) Line scan analysis was performed along the yellow line indicated in the SE image of 
Fig. 9(a), The eutectic region (green box) shows the concentration gradients of Al, Si, Cr, Fe, and Ni.
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restriction with increasing cooling rate, α-Al dendrite structure size, 
SDAS, and eutectic Si spacing should all decrease uniformly. However, 
since the cooling rates of the specimens in this study are nearly identical, 
this phenomenon can be clearly interpreted as the effect of HMR 
composition. As explained through Fig. 2(b) and Equation (3), Group B 
elements have a large maximum concentration and grain restriction 
factor (Q), which increases ΔTC due to the segregation of Group B ele
ments at the L/S interface. To investigate the segregation behavior of 
Group B elements, Fig. 9 presents the results of EPMA analysis per
formed on the BA + HMR-A2B specimen, which exhibited refinement in 
both SDAS and eutectic Si, to investigate the evidence of segregation 
behavior of Group B elements. Fig. 9(a) shows the EPMA mapping re
sults for Al, Si, Ti, Zr, Nb, Cr, Fe, and Ni. The α-Al dendritic structure is 
composed almost entirely of Al, while Si is mainly distributed in the 
eutectic region. Group A elements which form peritectic phases, tend to 
form Al3X (X = Ti, Zr, Nb) phases early during solidification from the 
liquid, and thus are scarcely distributed in either the α-Al dendrite or the 
eutectic region. In contrast, Group B elements are concentrated in the 
eutectic region. Fig. 9(b) shows the results of a line scan conducted along 
the yellow line indicated in the SE image of Fig. 9(a). Cr, Fe, and Ni were 
found to segregate at the interface between the α-Al dendrite and the 
eutectic region, with a clear concentration gradient extending into the 
eutectic region. To validate the segregation behavior of Group B 

elements, additional EPMA analysis was conducted on the BA + HMR-B 
specimen, as shown in Supplementary Fig. 8. Similar to the trend 
observed in BA + HMR-A2B, Cr, Fe, and Ni were found to be enriched at 
the interface between the α-Al dendrites and the eutectic Si phase. Based 
on these theoretical and experimental results, it is inferred that the Cr, 
Fe, and Ni atoms accumulated ahead of the α-Al dendrite front generate 
a strong concentration gradient at the L/S interface, thereby inducing 
localized ΔTC. An increase in ΔTC destabilizes the primary dendrite 
interface and promotes perturbations in the formation of secondary 
dendrites [50]. Additionally, solutes concentrated at the L/S interface 
contribute to the solute drag effect, where part of the driving force 
required for interface migration is consumed by friction between the 
solute atoms and the moving interface. The already formed solute 
enriched layer at the interface also hinders solute-solvent diffusion, 
further reducing the effective driving force for interface movements. As 
a result, this mechanism is effective in refinement SDAS. As a result, 
instead of a few secondary dendrite arms or eutectic Si phases growing 
significantly, multiple secondary dendrite arms are more likely to 
develop, leading to finer spacing between them [37,51]. Through the 
mechanisms of TPRE and IIT, eutectic Si typically grows in plate-like or 
needle-like morphologies. However, due to the influence of Group B 
elements present at the interface between eutectic Si and eutectic Al, 
solute atoms can adsorb onto twin planes or accumulate ahead of the 

Fig. 10. Comparison of intermetallic compound fraction depending on HMR compositions 
SEM-BSE mode images of the (a1) (BA + HMR-A), (a2) (BA + HMR-A2B), (a3) (BA + HMR-B), and (a4) BA (without HMR), showing the distribution of intermetallic 
compounds as bright area, (b1–4) Thresholding images reconstructed from the SEM-BSE images using the ImageJ program. The dark areas correspond to the coarse 
intermetallic compounds, and the measured fractions of these compounds are indicated, (c) EDS elemental mapping images of intermetallic compounds in (b1) and 
(b3). EDS elemental mapping images exhibit needle-like intermetallic compounds in (b1) image and Chinese script like intermetallic compounds in (b3) image.
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interface. This results in significant suppression of interface migration 
due to friction between the solute and the moving front, as well as 
restricted solute-solvent diffusion, ultimately leading to the formation of 
fine fibrous Si. [52–54]. Based on the above experimental results and 
theoretical evidence, it was confirmed that (BA + HMR-A2B) and (BA +
HMR-B), which contain Group B, exhibit superior SDAS and eutectic Si 
spacing refinement performance compared to (BA + HMR-A) and BA 
without HMR, which does not contain Group B. In particular, HMR-A2B 
demonstrates the simultaneous refinement of α-Al dendritic structure 
size, SDAS, and eutectic Si spacing. On the other hand, the Group A and 
Group B elements utilized in this study may form intermetallic com
pounds that cause stress concentration during deformation when added 
above a certain content level, potentially leading to a deterioration of 
mechanical properties. Therefore, Fig. 10 indicates the results 
comparing the fraction of intermetallic compounds according to the 
HMR composition. Fig. 10(a) shows the SEM-BSE mode images of (BA +
HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA, while Fig. 10(b) is 
the thresholding image reconstructed from Fig. 9(a) images using the 
ImageJ program. The relatively bright areas in the BSE mode images and 
the dark areas in the thresholding images represent the coarse inter
metallic compounds, and their measured fractions are noted. Compared 
to BA, the fractions of intermetallic compounds in (BA + HMR-A), (BA +
HMR-A2B), and (BA + HMR-B) increased by +1.04 %, +0.43 %, and 
+4.00 %, respectively. As shown in the EDS results in Fig. 10(c), (BA +
HMR-A) forms needle-like TiZrNb intermetallic compounds, while (BA 
+ HMR-B) predominantly forms a network of CrFeNi compounds. In 
contrast, in (BA + HMR-A2B), where both Group A and Group B are 
added simultaneously, the fraction and size of intermetallic compounds 

significantly decrease. This indicates that the type and fraction of 
intermetallic compounds vary significantly depending on the composi
tional ratio of the HMR. In particular, HMR-A2B minimizes the forma
tion of additional compounds within the matrix while simultaneously 
refining both the α-Al dendritic structures and eutectic Si phases, 
demonstrating that it is a high-performance refiner capable of syner
gistic multi-phase microstructure refinement.

3.4. Grain refinement performance of high entropy microstructure refiner

Fig. 11 shows the results comparing the grain refinement perfor
mance of HMR and reported refiners. Fig. 11(a) shows a comprehensive 
evaluation of the microstructure of the BA and the (BA +HMR) alloys. In 
the case of (BA + HMR-A), which is composed of only Group A elements, 
it demonstrates superior α-Al dendritic structure grain refinement 
compared to the BA. In the case of (BA + HMR-B), which is composed 
solely of Group B elements, it shows a superior refinement effect on the 
secondary dendrite arm spacing and eutectic Si spacing compared to the 
BA. Notably, (BA + HMR-A2B), which is composed of both Group A and 
Group B elements, demonstrates excellent refinement effects on the α-Al 
dendritic structures, SDAS, and eutectic Si spacing compared to the BA, 
while also exhibiting a significantly lower fraction of intermetallic 
compounds compared to (BA + HMR-A) and (BA + HMR-B). Interest
ingly, HMR-A2B exhibits a more pronounced refinement effect on the 
α-Al dendritic structure compared to HMR-A, despite containing a lower 
amount of Group A elements. This is likely because the BA + HMR-A2B 
composition does not lead to the formation of additional intermetallic 
compounds (Fig. 10(a2) and (b2), while containing an optimized 

Fig. 11. Comparison of grain refinement performance among HMRs and previously reported refiners 
(a) Summary of the microstructural evaluation in the (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA, Comparison of (b) α-Al dendrite refinement ef
ficiency [16,17,28–30,51,60–62], (c) secondary dendrite arm spacing refinement efficiency [28,35,36,51,65] and (d) eutectic Si refinement efficiency among 
developed HMRs in this study and previously reported refiners [34,36,62–65]. The star mark indicated HMR-A, HMR-A2B and HMR-B in this study.
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amount of Group A elements that maximizes the formation of hetero
geneous nucleation sites. Furthermore, during solidification, certain 
Group B elements are locally segregated at the L/S interface (Fig. 9), and 
the resulting drag effect is believed to impede grain growth and move
ment. This phenomenon may contribute not only to the refinement of 
SDAS and eutectic Si but also enhances the refinement of the α-Al den
dritic structure. Fig. 11(b)–(d) respectively compare (b) the α-Al den
dritic structure refinement efficiency, (c) SDAS refinement efficiency, 
and (d) the eutectic Si refinement efficiency of the reported refiners and 
the HMRs in this study. The star marks indicate HMR-A, HMR-A2B, and 
HMR-B in this study. The values indicated by the dashed lines represent 
the refinement efficiency of HMR-A2B. Notably, HMR-A2B exhibits α-Al 
dendritic structures refinement efficiency, SDAS refinement efficiency, 
and eutectic Si refinement efficiency of 89.02 %, 64 %, and 59.02 %, 
respectively. These results demonstrate HMR addition in Al alloys cause 
to excellent simultaneous refinement efficiency of complex microstruc
tures compared to those of reported refiners.

3.5. Mechanical properties

Fig. 12 shows the uniaxial tensile properties of (BA + HMR-A), (BA 
+ HMR-A2B), (BA + HMR-B), and BA, along with a comparison of the 
tensile properties of previously reported refined alloys. Fig. 12(a) and 
(b) presents the engineering stress-strain curve and uniaxial tensile 
properties of (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA. 
(BA + HMR-A) exhibited a similar yield strength, while (BA + HMR- 
A2B) and (BA + HMR-B) showed increases of approximately 9.1 % and 
5.9 %, respectively, compared to BA. Notably, (BA + HMR-A2B) 
demonstrated the finest α-Al dendritic structures and secondary dendrite 
arm spacing (SDAS) among the alloys.

The ultimate tensile strength of (BA + HMR-A) and (BA + HMR-A2B) 
increased by approximately 2 % and 9.6 %, respectively, compared to 

that of BA, while (BA + HMR-B) showed a value nearly similar to that of 
BA. In terms of elongation, (BA + HMR-A) and (BA + HMR-A2B) 
exhibited increases in ductility of approximately 0.1 % and 14.8 %, 
respectively, compared to that of BA, whereas (BA + HMR-B) showed a 
reduction in ductility of about 35 %. The refinement of both α-Al den
drites and eutectic Si leads to an increased interfacial area between the 
α-Al dendrite and the eutectic regions, which acts as an effective barrier 
to dislocation motion. As a result, strength enhancement occurs via the 
well-known Hall–Petch mechanism [55]. In addition, finer dendritic 
structures reduce the size and connectivity of shrinkage pores and 
micro-voids, thereby decreasing the likelihood of void coalescence 
during deformation and ultimately improving ductility [56,57]. 
Furthermore, reducing the size and thickness of eutectic Si particles 
minimizes potential crack initiation sites and delays crack propagation, 
which has also been reported to enhance ductility [58,59]. Despite 
exhibiting the finest SDAS, the primary reason for the significant 
reduction in ductility observed in (BA + HMR-B), compared to the other 
alloys, is the presence of coarse intermetallic compounds with a volume 
fraction exceeding 5 %, as shown in Fig. 10(a3) and (b3). These inter
metallic act as multiple stress concentration sites under uniaxial tensile 
loading, which can readily trigger crack initiation at the interfaces be
tween the intermetallic phases and the matrix, ultimately leading to 
reduced ductility. Although the (BA + HMR-A2B) contains an approxi
mately 0.43 % higher fraction of intermetallic compounds compared to 
the BA alloy, this increase is significantly lower than those observed in 
the (BA + HMR-A) and (BA + HMR-B) (1.04 % and 4 %, respectively), 
and thus did not critically affect ductility. Overall, the simultaneous 
refinement of α-Al dendrites, secondary dendrite arm spacing (SDAS), 
and eutectic Si effectively mitigates the conventional trade-off between 
strength and ductility, enabling concurrent improvements in both 
properties.

Fig. 12(c) compares the tensile properties of the HMR alloys with 

Fig. 12. Comparison of tensile properties in Al alloys adding HMR refiners and previously reported refiners 
(a) Engineering stress-strain curves and (b) Uniaxial tensile properties of the (BA + HMR-A), (BA + HMR-A2B), (BA + HMR-B), and BA (c) Comparison of the tensile 
properties in as-cast, T6 treated and T5 treated Al alloys adding HMRs and previously reported refiners [17,35,36,51,60,61,64–69]. The T5 treated (BA + HMR-A), 
(BA + HMR-A2B), and (BA + HMR-B) in this study represented by pentagon-shaped markers.
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those of previously reported refined alloys. The reported refiners were 
added to Al–7Si wt% and Al–10Si wt% alloys, with circular markers 
representing the as-cast condition and empty star markers representing 
T6 heat treatment. (BA + HMR-A), (BA + HMR-A2B), and (BA + HMR-B) 
are represented by pentagon-shaped markers. Despite undergoing T5 
heat treatment, the alloy developed with (BA + HMR-A2B) exhibits 
almost the same strength as the alloy with the Al–9Zr-0.9Sr refiner 
(black star), which has the highest strength among the refined alloys 
subjected to T6 heat treatment. However, compared to the Al–9Zr-0.9Sr 
refiner alloy, the ductility of (BA + HMR-A2B) appears to be approxi
mately 2.5 % lower, which can be attributed to the difference in heat 
treatment. Generally, T5 heat treatment omits the solution treatment 
and quenching process, leaving a coarse microstructure and uneven 
precipitates formed during casting, which results in lower ductility 
compared to T6 heat treatment [7,8]. Furthermore, this study focused 
intensively on the development of a new multifunctional refiner and the 
analysis of the refinement mechanism; however, there was a lack of 
investigation into the optimization of the heat treatment and 
manufacturing process. Thus, the optimization of the heat treatment and 
manufacturing processes for the developed HMR merits further inves
tigation to achieve significantly superior mechanical properties in Al–Si 
alloys.

4. Conclusion

In the present study, we successfully developed a novel high-entropy 
microstructure refiner (HMR) that allows for synergistic multi-phase 
microstructure refinement of hypoeutectic Al–Si alloys even in T5 heat 
treatment. We systematically analyzed the microstructure refinement 
effects and mechanisms according to the HMR compositions and 
investigated the resulting mechanical properties. Among developed 
HMR, the HMR-A2B addition of 0.5 wt% in base alloy (BA) demonstrated 
the most outstanding synergistic microstructure refinement perfor
mance. HMR-A2B incorporates Group A elements (Ti, Zr, Nb) to promote 
heterogeneous nucleation, thereby reducing the nucleation under
cooling (ΔTN), as quantitatively validated by DSC in relation to the 
refinement of α-Al dendrite size. Concurrently, Group B elements (Cr, Fe, 
Ni) induce constitutional undercooling (ΔTC) via segregation at the 
liquid/solid interface, with this segregation behavior experimentally 
verified through EPMA, providing clear evidence for the underlying ΔTC 
driven mechanism. As a result of these effect HMR-A2B addition in BA 
leads to significant refinement of α-Al dendrites (89.1 % reduction), 
secondary dendrite arm spacing (64 % reduction), and eutectic Si 
spacing (45.95 % reduction), while maintaining minimal precipitation 
of intermetallic compounds compared to hypoeutectic Al–Si BA. This 
synergistic multi-phase microstructure refinement allowed for simulta
neous 9.1 % increases in yield strength and a 9.6 % improvement in 
ultimate tensile strength compared to the BA, along with an elongation 
improvement of 14.8 %. In conclusion, we have developed an HMR with 
high potential, exhibiting excellent synergistic microstructure refine
ment performance, which enables simplified refinement processing and 
simultaneous improvement in both strength and ductility. The simpli
fication of the refinement process is expected to greatly contribute to the 
development of streamlined post-processes in the industry, which will 
be directly linked to cost efficiency. Moreover, in the development of T5 
heat-treated Al–Si alloys where microstructure control through post- 
treatment is nearly impossible, the HMR from this study not only 
demonstrated excellent refinement efficiency but also proved its corre
lation with mechanical properties. Therefore, the development of this 
HMR provides a promising guideline for developing high-performance, 
cost-effective T5-treated Al–Si alloys.
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[46] Höhne GWH, Hemminger W, Flammersheim H-J. Differential scanning 
calorimetry. Springer; 2003.

[47] Ferreira EB, Lima ML, Zanotto ED. DSC method for determining the liquidus 
temperature of glass-forming systems. J Am Ceram Soc 2010;93(11):3757–63.

[48] Schmid-Fetzer R, Kozlov A. Thermodynamic aspects of grain growth restriction in 
multicomponent alloy solidification. Acta Mater 2011;59(15):6133–44.

[49] Vandersluis E, Ravindran C. Comparison of measurement methods for secondary 
dendrite arm spacing. Metallogr Microstruct Anal 2017;6:89–94.

[50] Easton M, Davidson C, St John D. Effect of alloy composition on the dendrite arm 
spacing of multicomponent aluminum alloys. Metall Mater Trans 2010;41: 
1528–38.

[51] Zhang J, Qiao Z, Li Q, Wang K, Ma J, Lan Y. Effects of new grain refiner AlCrNiTi 
on the microstructure and mechanical properties of Al–7Si-Based alloy. Int J 
Metalcast 2024;18(1):445–56.

[52] Sivarupan T, Caceres CH, Taylor JA. Alloy composition and dendrite arm spacing 
in Al-Si-Cu-Mg-Fe alloys. Metall Mater Trans 2013;44:4071–80.

[53] Li Q, Zhao S, Li B, Zhu Y, Wang C, Lan Y, Xia T. A novel modifier on the 
microstructure and mechanical properties of Al-7Si alloys. Mater Lett 2019;251: 
156–60.

[54] Li Q, Zhang Y, Zhang X, Zhao S, Lan Y, Xia T, Hu X. Microstructure evolution and 
nano-phases strengthening of Al-5% Cu alloy by adding trace AlSiTiCrNiCu high 
entropy alloy. Mater Char 2021;175:111100.

[55] Yajjala RK, Inampudi NM, Jinugu BR. Correlation between SDAS and mechanical 
properties of Al–Si alloy made in sand and slag moulds. J Mater Res Technol 2020; 
9(3):6257–67.

[56] Koutiri I, Bellett D, Morel F, Augustins L, Adrien J. High cycle fatigue damage 
mechanisms in cast aluminium subject to complex loads. Int J Fatig 2013;47: 
44–57.

[57] Houria MI, Nadot Y, Fathallah R, Roy M, Maijer DM. Influence of casting defect and 
SDAS on the multiaxial fatigue behaviour of A356-T6 alloy including mean stress 
effect. Int J Fatig 2015;80:90–102.

[58] Jiang B, Ji Z, Hu M, Xu H, Xu S. A novel modifier on eutectic Si and mechanical 
properties of Al-Si alloy. Mater Lett 2019;239:13–6.

[59] Zheng Q, Zhang L, Jiang H, Zhao J, He J. Effect mechanisms of micro-alloying 
element La on microstructure and mechanical properties of hypoeutectic Al-Si 
alloys. J Mater Sci Technol 2020;47:142–51.

[60] Jing L, Pan Y, Lu T, Chai W. Refinement effect of two rare earth borides in an Al- 
7Si-4Cu alloy: a comparative study. Mater Char 2018;145:664–70.

[61] Wang T, Chen Z, Zheng Y, Zhao Y, Kang H, Gao L. Development of TiB2 reinforced 
aluminum foundry alloy based in situ composites–Part II: enhancing the practical 
aluminum foundry alloys using the improved Al–5 wt% TiB2 master composite 
upon dilution. Mater Sci Eng, A 2014;605:22–32.

[62] Ahmad R, Asmael M. Influence of cerium on microstructure and solidification of 
eutectic Al–Si piston alloy. Mater Manuf Process 2016;31(15):1948–57.

[63] Tahiri H, Mohamed S, Doty H, Valtierra S, Samuel F. Effect of Sr–grain refining–Si 
interactions on the microstructural characteristics of Al–Si hypoeutectic alloys. Int 
J Metalcast 2018;12(2):343–61.

[64] Ahmad R, Asmael M. Influence of lanthanum on solidification, microstructure, and 
mechanical properties of eutectic Al-Si piston alloy. J Mater Eng Perform 2016;25: 
2799–813.

[65] Fang X, Zhang T, Dong B, Yuan Z, Huang Z, Yan F, Zu F. Simultaneous refinement 
of α-Al and modification of Si in Al–Si alloy achieved via the addition of Y and Zr. 
J Mater Res Technol 2024;30:1822–33.

[66] Ding J, Lu C, Sun Y, Cui C, Zhao E. Refining and modification effects of (Al, Zr, Si)– 
Al4Sr on Al–7Si–0.5 Mg alloy. J Mater Res Technol 2021;15:1604–12.

[67] Cui X, Wu Y, Gao T, Liu X. Preparation of a novel Al–3B–5Sr master alloy and its 
modification and refinement performance on A356 alloy. J Alloys Compd 2014; 
615:906–11.

[68] Colombo M, Gariboldi E, Morri A. Er addition to Al-Si-Mg-based casting alloy: 
effects on microstructure, room and high temperature mechanical properties. 
J Alloys Compd 2017;708:1234–44.

[69] Ding W, Gou L, Hu L, Zhang H, Zhao W, Ma J, Qiao J, Li X. Modification of eutectic 
Si in hypoeutectic Al-Si alloy with novel Al-3Ti-4.35 La master alloy. J Alloys 
Compd 2022;929:167350.

J.K. Kim et al.                                                                                                                                                                                                                                   Journal of Materials Research and Technology 38 (2025) 2408–2422 

2422 

http://refhub.elsevier.com/S2238-7854(25)01992-1/sref18
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref18
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref18
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref19
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref19
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref19
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref19
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref20
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref20
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref20
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref21
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref21
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref22
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref23
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref23
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref23
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref24
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref24
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref25
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref25
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref26
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref26
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref27
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref27
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref28
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref28
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref29
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref29
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref30
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref30
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref30
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref31
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref31
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref31
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref32
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref32
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref33
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref33
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref33
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref34
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref34
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref34
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref35
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref35
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref35
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref36
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref36
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref36
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref37
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref37
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref38
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref38
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref38
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref39
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref39
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref40
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref40
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref40
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref41
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref41
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref41
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref42
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref42
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref43
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref43
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref43
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref44
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref44
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref44
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref45
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref45
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref46
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref46
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref47
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref47
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref48
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref48
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref49
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref49
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref50
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref50
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref50
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref51
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref51
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref51
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref52
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref52
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref53
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref53
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref53
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref54
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref54
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref54
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref55
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref55
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref55
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref56
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref56
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref56
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref57
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref57
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref57
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref58
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref58
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref59
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref59
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref59
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref60
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref60
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref61
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref61
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref61
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref61
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref62
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref62
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref63
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref63
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref63
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref64
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref64
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref64
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref65
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref65
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref65
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref66
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref66
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref67
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref67
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref67
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref68
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref68
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref68
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref69
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref69
http://refhub.elsevier.com/S2238-7854(25)01992-1/sref69

	Synergistic microstructure refinement and enhanced mechanical properties in hypoeutectic Al–Si-based alloys via high-entrop ...
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Microstructure characterization of the base alloy
	3.2 Alloy design of high entropy microstructure refiner
	3.3 Grain refinement effect of the high entropy microstructure refiner
	3.4 Grain refinement performance of high entropy microstructure refiner
	3.5 Mechanical properties

	4 Conclusion
	Data availability
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


