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Abstract

�e Fe30Co20Ni20Mn20 (Al,Ti,Sn)10  high-entropy alloy was synthesised by high-energy ball  milling,  and its  structural,  mi-
crostructural,  and  thermal  evolution  was  investigated  as  a  function  of  milling  time.  X-ray  di�raction  combined  with  Ri-
etveld re�nement reveals a progressive dissolution of the constituent elements into a nanocrystalline face-centred cubic (FC-
C) solid solution between 10 and 50 h of milling. At longer milling times, weak di�raction peaks associated with Al- and Ti-
rich intermetallic phases begin to emerge, indicating the onset of local chemical ordering or precipitation. Scanning electron
microscopy shows pronounced particle re�nement accompanied by repeated cold welding and fracture, leading to powders
predominantly below 50 µm with occasional agglomerates reaching larger sizes. �is evolution re�ects the strong competi-
tion between plastic deformation and brittle fragmentation during mechanical alloying.

Di�erential scanning calorimetry reveals two dominant thermal events at approximately 490 °C and 665 °C. �e �rst is at-
tributed to recovery and relaxation of stored lattice defects,  while the second is  associated with ordering reactions and/or
the formation of intermetallic compounds. Overall, the results highlight the critical role of Al, Ti, and Sn additions in con-
trolling phase stability, defect accumulation, and thermal response in Fe-based high-entropy alloys, providing insights for
tailoring nanostructured HEAs via mechanical alloying.

Keywords: High-entropy alloys; mechanical alloying; X-ray di�raction; nanostructure; thermal analysis; DSC; FCC solid so-
lution
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1. Introduction

High-entropy alloys (HEAs), �rst proposed by Yeh et al. [1], represent a new class of multi-principal element materials com-
posed of �ve or more elements in near-equiatomic or concentrated compositions. Unlike conventional alloys based on one prin-
cipal element, HEAs are designed to maximize con�gurational entropy, which can stabilize simple solid-solution phases such
as face-centred cubic (FCC), body-centred cubic (BCC), or dual-phase (FCC + BCC) structures. In some cases, metastable or
amorphous  phases  may  also  form depending  on  processing  conditions  and  chemical  complexity  [2].  Owing  to  their  unique
compositional �exibility, HEAs o�en exhibit a combination of attractive properties, including high strength, good thermal sta-
bility, wear resistance, and in some systems, so� magnetic behaviour. �ese properties have made them promising candidates
for structural and functional applications under extreme environments [3].

�e mechanical alloying process facilitates the formation of HEAs primarily through the in�uence of entropy, which drives the
mixing reaction. �is process signi�cantly lowers the free Gibbs energy (∆Gmix = ∆Hmix − T ∆Smix), even at relatively low
temperatures. As a result, super-saturated solid solutions are o�en produced instead of ordered phases, necessitating high tem-
peratures for their formation. For example, the binary Fe–Co alloy is known for its so� magnetic properties, while the addition
of Ni to Fe improves both electrical resistivity and permeability [4].

High-entropy alloys (HEAs) have been synthesised through powder metallurgical processes, deposition techniques, and melt-
ing and casting methods [5]. �e broad compositional range and intricate dimensions of HEAs are further enhanced by incor-
porating a nanocrystalline structure. Moreover, studies have shown that nanostructured HEAs exhibit excellent magnetic prop-
erties  [6],  improved  thermal  stability  [7],  and  superior  mechanical  performance  [8].  Mechanical  alloying  (MA)  is  a  widely
adopted method for producing nanoscale solid solution structures with unique properties, serving as an alternative to arc melt-
ing and traditional foundry techniques for creating high-entropy alloys [9,10]. MA o�ers the advantage of extended solid solu-
bility even in systems that are typically immiscible, likely re�ecting the prolonged di�usion times associated with the nanoscale
size of the powder components before alloying. Consequently, MA enhances the phase stability of HEAs while also increasing
their con�gurational entropy.

In recent years, the use of high-energy ball milling has signi�cantly increased to produce materials with high entropy [11]. �is
surge in interest is this indicates the mechanical action of the balls on the powder during milling, which leads to the formation
of a unique microstructure [11]. �is unique microstructure endows the materials with crucial properties that are highly desir-
able for various advanced applications [12].

Figure 1: �e progress of research articles pertaining to the synthesis of HEAs via MA [11]
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Figure 2: Planetary ball milling and di�erent stages in MA [11]

Consequently, the ternary Fe–Co–Ni alloy has exhibited excellent so� magnetic characteristics, making it suitable for various
technological applications, including magnetic recording media and magnetic �uids [13, 14].

�e present study investigates the e�ect of Al, Ti and Sn additions on the Fe–Co–Ni–Mn system through the synthesis of a Fe30-
Co20Ni20Mn20 (Al,Ti,Sn)10 high-entropy alloy by high-energy ball milling and the evaluation of its structural, microstructural
and thermal evolution.

HEAs based on FeCoNi

�e majority of HEAs currently studied are based on the CoCrFeNi system with various additions or substitutions of elements
such as Al, Ti, and Sn. �e e�ect of di�erent alloying elements on the microstructure and properties of this system is examined
below.

a. E�ect of Aluminum Addition

In metallic alloys, the addition of aluminum can signi�cantly in�uence structural, microstructural, magnetic, and mechanical
properties, especially in high-entropy alloys. Aluminum can alter the alloy's crystalline structure, thereby a�ecting its strength,
ductility, and thermal stability. Additionally, aluminum can impact the magnetic properties of the alloy, which can have impli-
cations for its electrical conductivity and performance in magnetic applications.

E�ect of Al on Microstructure

�e in�uence of aluminium addition directs microstructural characteristics towards the formation of intermetallic phases, re-
sulting  in  impressive  improvements  in  mechanical  properties,  especially  in  refractory  applications,  while  also  reducing  alloy
density [15]. �e addition of Al promotes the formation of BCC phases [16,17], and studies on microstructure in�uence focus
on the e�ect of these properties on enhancing wear resistance, notably through the formation of a protective oxide �lm [16].
�e most commonly studied alloys include those with varying Al content in this base system (CoCrFeNi) with Ti and/or Cu al-
so present. �e variation in Al content is widely studied because it has a clear e�ect on the resulting crystallographic phase. As
mentioned in the section, with increasing Al, the crystallographic structure changes from a complete FCC structure to a combi-
nation of FCC + BCC structures, and with su�cient Al, a complete BCC structure is observed [18].
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E�ect of Al on Mechanical Properties

�e introduction of aluminium into high-entropy alloys (HEAs) brings about notable changes in their mechanical properties
[19]. Indeed, this addition can impart greater strength to HEAs but at the expense of their ability to deform without fracturing.
According to recent studies, such as that conducted by Zhang et al. (2021) [20], the addition of aluminium enhances the tensile
strength of HEAs but decreases their ductility. Similarly, research by Ye et al. (2020) [21] reveals that the incorporation of alu-
minium can improve the corrosion resistance of HEAs while reducing their stress rupture strength. �ese �ndings underscore
the crucial importance of aluminium addition in seeking an optimal balance between the strength and �exibility of HEAs, de-
pending on the speci�c requirements of each application.

E�ect of Al on Magnetic Properties of High-Entropy Alloys

�e addition of aluminium (Al) to high-entropy alloys can in�uence the nature of their magnetic properties. Studies, such as
that by Li et al. (2018) [22] on FeCoCrNiAl alloys, have shown an increase in magnetization, suggesting potential for magnetic
applications. Furthermore, increasing aluminium concentration can contribute to an increase in magnetic saturation (Ms), indi-
cating an enhanced ability of the material to maintain a strong magnetic moment. However, it is important to note that the ef-
fect of Al on magnetic hardness (Hc) may vary depending on the overall alloy composition and heat treatment conditions.

b. E�ect of Titanium Addition

�e addition of titanium to metallic alloys o�ers signi�cant advantages, such as its lightweight nature, corrosion resistance, and
heat resistance. �ese properties make titanium an ideal choice for reinforcing alloys, particularly in high-entropy alloys, where
it can enhance overall alloy performance.

E�ect of Ti on Microstructure

�e controlled introduction of titanium (Ti) into high-entropy alloys (HEAs) is of increasing interest due to its signi�cant in�u-
ence on the microstructure of these materials. Previous research, such as that conducted by Zhang et al. [23], has demonstrated
that  the  incorporation of  Ti  can  signi�cantly  modulate  phase  formation and the  distribution of  constituent  elements  within
HEAs.  For  example,  increasing  Ti  content  o�en  promotes  the  precipitation  of  intermetallic  phases,  resulting  in  discernible
changes in texture and stability of the microstructure. �is observation is crucial in understanding grain growth mechanisms
and the morphology of phases present in HEAs. �ese microstructural aspects are essential for evaluating the mechanical and
thermal properties of alloys and for designing HEAs with optimized performance.

E�ect of Ti Addition on Mechanical Properties

�e addition of titanium to high-entropy alloys strengthens these materials by promoting the formation of dispersed interme-
tallic phases, making them more resistant to traction. For example, in a study by Chen et al. in 2020, the incorporation of titani-
um into a FeCrNiMn alloy signi�cantly improved its tensile strength [24]. Additionally, titanium helps increase the hardness of
these alloys by promoting the formation of hard and dispersed phases, as observed in a study by Tong et al. in 2019 on a Fe-
CoCrNi alloy [25].  Finally,  titanium also enhances  the  toughness  of  high-entropy alloys  by promoting the  formation of  me-
tastable phases and re�ning the microstructure, as demonstrated by Li et al. in 2018 in their study on a FeCoCrNiCu alloy [26].
�ese studies highlight the mechanical advantages of adding titanium to these alloys.

E�ect of Ti on Magnetic Properties of High-Entropy Alloys

�e incorporation of titanium (Ti) can also a�ect the magnetic properties of high-entropy alloys. For example, in studies on Fe-
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CoCrNiTi  alloys,  a  decrease  in  magnetization  and  coercivity  (Hc)  has  been  observed,  suggesting  a  suppressive  e�ect  on  the
"hard" nature of alloys. However, speci�c values of Hc and Ms may vary depending on the titanium concentration and other al-
loying  elements.  A  decrease  in  Hc  may  indicate  a  reduction  in  the  material's  ability  to  maintain  an  external  magnetic  �eld,
while a decrease in Ms may re�ect a reduction in magnetic saturation [23].

c. E�ect of Tin Addition

�e addition e�ect, also known as the alloying e�ect, refers to changes in the physical and chemical properties of a metal when
alloyed with another metal or metallic alloys. In the case of high-entropy alloys, the presence of tin can have several e�ects. It
can stabilize phases and guide phase formation along well-de�ned pathways with precise control. Additionally, it can enhance
corrosion resistance and mechanical properties such as tensile strength and hardness.

In�uence on Microstructural and Mechanical Properties

�e addition of Sn to high-entropy alloys modi�es their microstructure and mechanical properties. At low Sn content, the crys-
talline structure remains FCC, but as the amount of Sn increases, intermetallic compounds appear. �is transition results in im-
proved alloy strength and ductility. In summary, the incorporation of Sn strengthens high-entropy alloys, thereby improving
their robustness and ductility [27]. �e use of high-entropy alloys in extreme environments requires exceptional corrosion re-
sistance properties. �e addition of Sn to CoCrFeNiSn alloys appears to play a crucial role in enhancing this resistance, especial-
ly under chloride attack. By forming stable protective �lms of Cr2O3 and SnO2 on the alloy surface, and promoting the forma-
tion of bene�cial phases such as Ni-Sn, this addition of Sn o�ers promising prospects for applications where corrosion protec-
tion is essential, such as marine environments [28].

E�ect of Sn on Magnetic Properties of High-Entropy Alloys

�e addition of tin (Sn) can also alter the magnetic properties of high-entropy alloys. For example, studies on FeCoCrNiSn al-
loys have shown a decrease in magnetization and coercivity (Hc), suggesting a trend towards a so� nature of the material. How-
ever,  the  precise  mechanisms  behind  these  observations  and  how  they  interact  with  other  alloying  elements  require  further
study for a comprehensive understanding of the magnetic properties of these alloys [29].

Study of the Formation and Stability of High-Entropy Alloys

�e stability of compounds formed during mechanical alloying can be hypothesized based on the study of parameters related
to the electronic structure of each starting element, which may in�uence the phases formed, such as Valence Electron Concen-
tration (VEC) Valence Electron Concentration (VEC) quanti�es the electrons per formula unit and signi�cantly in�uences the
structural, thermodynamic, and mechanical properties of binary and ternary compounds. In high-entropy alloys, VEC predicts
phase stability and structural transitions. It is calculated using the equation:

Where Ci represents the molar quantity of the i-th component and (VEC)i denotes the valence electron concentration of the i-
th component.

Speci�cally, VEC < 6.67 favors stability in body-centred cubic (BCC) structures, VEC > 8 favors face-centred cubic (FCC) struc-
tures, and 6.87 < VEC < 8 re�ects stable mixed phases [30]. �e objective of this study is to produce FeCoNiMn (Al,Ti,Sn) high-
-entropy alloys (HEAs) and analyses how milling duration during mechanical alloying a�ects their properties. �e investiga-
tion utilizes X-ray di�raction (XRD) and scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectros-
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copy (EDS) to examine microstructure and di�erential scanning calorimetry (DSC) to study phase formation and thermal prop-
erties. �e alloy samples are mechanically alloyed for 100 hours to explore these aspects comprehensively.

2. Experimental procedure

Elemental powders of Fe, Co, Ni, Mn, Al, Ti, and Sn with a purity higher than 99.5% and particle sizes ≤ 30 µm (Alfa Aesar)
were used as starting materials. �e powders were weighed to obtain the nominal composition Fe30Co20Ni20Mn20(Al,Ti,Sn)10
(at.%) and mechanically alloyed using a high-energy planetary ball mill (Fritsch Pulverisette P7, Fritsch GmbH, Germany) un-
der an argon atmosphere to minimise oxidation.

Mechanical alloying was performed in a hardened steel vial at a rotational speed of 600 rpm. �e ball-to-powder weight ratio
was �xed at 0.47. To limit excessive cold welding and powder adhesion to the vial walls, a discontinuous milling режим was
adopted, consisting of alternating cycles of 10 min milling followed by 5 min rest. Powders were collected a�er selected milling
times up to 100 h to investigate the evolution of structure and properties as a function of processing duration.

Phase identi�cation and structural  analysis were performed by X-ray di�raction (XRD) using Cu Kα radiation on a Siemens
D500 di�ractometer operating in Bragg–Brentano (θ–2θ) geometry. �e di�raction data were analysed using full-pattern Ri-
etveld re�nement to quantify phase evolution, lattice parameter variation, and crystallite size reduction [32]. �e morphology
and particle evolution were examined using scanning electron microscopy (SEM, ZEISS DSM960A) operated in secondary elec-
tron mode at an accelerating voltage of 15 kV. Elemental composition was qualitatively analysed using energy-dispersive X-ray
spectroscopy (EDS) (TESCAN VEGA system). Particle size distribution was evaluated using ImageJ so�ware based on SEM mi-
crographs.

�ermal behaviour was investigated by di�erential scanning calorimetry (DSC) using a Mettler Toledo DSC 822 system. Mea-
surements were carried out from room temperature to 700 °C at a heating rate of 10 °C/min under continuous argon �ow to
prevent oxidation. Alumina crucibles were used for reference and sample holders. �e heat �ow signal was recorded as a func-
tion of temperature to identify phase transformations, recovery processes, and possible ordering reactions during heating [33].

3. Results and discussion

3.1. SEM-analysis

�e SEM analysis of the mechanically alloyed Fe30Co20Ni20Mn20 (Al,Ti,Sn)10 powder mixture, observed at di�erent magni�ca-
tions (×500,  ×2500,  and ×25000 corresponding to  200 µm, 50 µm, and 5 µm scales,  respectively)  (�g.  3),  reveals  a  heteroge-
neous particle  morphology.  Most  particles  are  smaller  than 50 µm, while  larger  cold-welded agglomerates  reaching approxi-
mately 150 µm are also observed. �e particle morphology evolves from spherical to polygonal shapes, re�ecting the combined
e�ects  of  repeated  plastic  deformation,  cold  welding,  and  fracture  during  high-energy  ball  milling.  �ese  competing  mech-
anisms are characteristic of mechanically alloyed systems and govern the steady-state microstructural evolution of the powder.

�e addition of Al and Ti,  which exhibit relatively high ductility in the early stages of milling, promotes plastic deformation
and enhances cold-welding events between particles. In contrast, harder constituents contribute to repeated fracture, leading to
progressive particle re�nement [34,35]. Sn also participates in the microstructural evolution by in�uencing local deformation
heterogeneity [12]. With increasing milling time, repeated deformation induces severe work hardening and the accumulation
of crystallographic defects, including dislocations and lattice distortions. �is leads to progressive particle re�nement and the
development of a highly strained microstructure, which is a precursor for the formation of a nanocrystalline solid solution.
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Figure 3: SEM photos of the MA Fe30Co20Ni20Mn20 (Al,Ti,Sn)10 powder mixture obtained a�er various MA times: (a) 4 h, (b)
50 h, and (c) 100 h

�e  morphological  evolution  of  mechanically  alloyed  (MA)  powder  mixtures  a�er  100  hours  of  milling  reveals  distinctive
changes among Fe30Co20Ni20Mn20 (Al,Ti,Sn)10 (Fig.4a), Fe30Co20Ni20Mn20Al10 (Fig. 4b), and Fe30Co20Ni20Mn20 (Al,Ti,Sn)10
(Fig. 4c), building upon previous studies conducted on Fe30Co20Ni20Mn20 (Al,Ti,Sn)10 [12] and Fe30Co20Ni20Mn20 (Al,Ti,Sn)10
[31].

�e  SEM  images  at  500x  magni�cation  depict  unique  microstructural  characteristics  for  each  alloy  composition.  Fe30-
Co20Ni20Mn20 (Al,Ti,Sn)10 (scale of 60µm) exhibits a morphology featuring �ne particles and clusters up to 160 µm, attributed
to intense fracturing and a dense network of crystallographic defects facilitated by aluminium and titanium. In contrast, Fe30-
Co20Ni20Mn20  (Al,Ti,Sn)10  (scale  of  60µm)  shows  severely  deformed aluminium particles  bonding  with  harder  counterparts,
forming larger agglomerates through cold welding, alongside the creation of �ne particles this indicates vigorous fracturing and
the  formation  of  supersaturated  solid  solutions  [12].  Meanwhile,  Fe30Co20Ni20Mn20  (Al,Ti,Sn)10  (scale  of  60µm)  displays  a
re�ned microstructure characterized by very �ne particles, indicative of extensive particle fracture and increased hardness from
the dissolution of metallic elements to form supersaturated solid solutions [34, 35]. �ese �ndings underscore the signi�cant in-
�uence  of  alloy  composition  on  the  morphological  variations  observed  a�er  prolonged  milling,  highlighting  distinct  mech-
anisms of microstructural evolution and providing valuable insights into the e�ects of composition on mechanical alloying pro-
cesses.

Figure 4: SEM photos of the MA powders mixtures obtained a�er MA time: 100 h, a) Fe30Co20Ni20Mn20 (Al,Ti,Sn)10 10 b)
Fe30Co20Ni20Mn20Al10 , c) ) Fe30Co20Ni20Mn20Ti10
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3.2. XRD-analysis

Figure 5: XRD patterns of the ) Fe30Co20Ni20Mn20 powdered specimens collected a�er selected MA times.

�e �gure shows the XRD diagrams of ) Fe30Co20Ni20Mn20 HEA powders a�er di�erent milling times. All characteristic peaks
of elemental powders can be observed in the XRD pattern of the unmilled powder. �ere is CC-Fe (Im-3m ; a0=2,8667(1) Å),
HCP-Co (P63/mmc ; a0=2,5071(1) Å et c=4,0713(1) Å), CFC-Ni (Fm-3m ; a0=3,5260(1) Å), CC-Mn (I-43m ; a0=8,9125 (1) Å
and CFC-Al (Fm-3m ; a0=4,0478(4) Å. HCP-Ti (P63/mmc; a = 2.9064(1) Å and c=4.6667(1) Å) and Tetra-Sn (P4/nmm; a =
5.87(1) Å and c=3.18(1) Å). �e high-entropy alloy ) Fe30Co20Ni20Mn20 undergoes signi�cant structural evolution as a function
of mechanical milling time. �e X-ray di�raction pattern of the 100 h milled sample exhibits main re�ections at 43.12°, 50.04°,
and 69.28° (2θ), corresponding to the (111), (200), and (220) planes of an FCC solid solution.

During the �rst 10 h of milling, di�raction patterns reveal distinct peaks associated with the elemental constituents, indicating
a multiphase structure. Between 10 and 50 h, progressive peak broadening is observed, re�ecting the gradual dissolution of Fe,
Co, Ni, Mn, Al, Ti, and Sn into a supersaturated FCC solid solution. �is transformation is driven by severe plastic deforma-
tion and enhanced atomic mixing induced by repeated cold welding and fracture events. From 50 to 100 h, a well-developed
FCC Fe(Co,Ni,Mn) solid solution is formed, characterized by pronounced peak broadening, which is attributed to signi�cant
grain re�nement down to the nanometric scale and high microstrain levels associated with defect accumulation [36]. Peak broa-
dening therefore results from the combined e�ects of crystallite size reduction and lattice strain. Weak di�raction features ob-
served at extended milling times suggest the possible formation of Al- and Ti-rich ordered clusters or intermetallic compounds.
However, their low intensity re�ects that these phases remain minor compared to the dominant FCC matrix. A slight increase
in their intensity between 50 and 100 h may be associated with local compositional �uctuations and partial  saturation of the
solid solution.

�e progressive re�nement of crystallites during milling leads to a substantial increase in grain boundary volume fraction, re-
sulting in signi�cant storage of strain energy within the nanocrystalline structure. �is stored energy, together with high defect
density  and lattice  distortion,  enhances atomic mobility  and facilitates  further solid solution formation [36,  37].  In addition,
nanoscale lattice distortion induced by severe plastic deformation contributes to improved solubility of alloying elements. �e
microstructural evolution is therefore characterized by continuous grain re�nement and progressive accumulation of crystal-
line defects such as dislocations and stacking faults, particularly between 10 and 50 h, reaching a maximum level between 50
and 100 h, which is responsible for the observed di�raction peak broadening.

Overall, the structural evolution of ) Fe30Co20Ni20Mn20 is governed by the formation of a stable FCC solid solution enriched in
Fe, Co, and Ni, while minor residual chemical heterogeneities may lead to localized Al- and Ti-rich ordering or intermetallic
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formation. �e continuous reduction in grain size and increase in defect density are typical features of intensive mechanical al-
loying processes [36, 37].

3.3. DSC-analysis

Figure 6: DSC curves of the ) Fe30Co20Ni20Mn20 powdered specimens collected a�er selected MA times.

�e  Di�erential  Scanning  Calorimetry  (DSC)  analysis  of  the  FeCoNiMnAlTiSn  high-entropy  alloy  processed  for  di�erent
milling durations (2 h, 10 h, 20 h, 50 h, and 100 h) reveals a strong dependence of thermal response on the mechanical alloying
history. �e DSC curves, recorded between room temperature and 700 °C, exhibit distinct thermal events whose position and
intensity evolve with milling time.For the 2 h milled sample, a weak thermal peak is observed around 280 °C, which can be asso-
ciated with early-stage structural relaxation and minor rearrangement of the as-milled heterogeneous powder mixture. �is re-
�ects limited atomic mixing and a still incomplete development of a solid solution. At 10 h of milling, a more pronounced peak
appears  at  approximately  420  °C,  re�ecting  enhanced atomic  mobility  and the  onset  of  signi�cant  structural  reorganization.
�is behaviour is consistent with increased defect formation and the progressive development of chemically driven transforma-
tions within the mechanically activated system. For the 20 h sample, a thermal event is detected around 350 °C, suggesting on-
going structural evolution. �e intermediate intensity of this peak re�ects partial overlap between defect recovery and progres-
sive phase reorganization, rather than a single well-de�ned transformation. At 50 h of milling, a broader and more pronounced
exothermic response is observed near 455 °C. �is feature is attributed to the release of accumulated lattice strain and internal
stresses induced by severe plastic deformation. A weaker exothermic contribution is also detected, indicating overlapping recov-
ery processes and progressive structural stabilization. �ese thermal events are consistent with continuous strain energy release
and defect annihilation during heating [37].

For the 100 h milled sample, the thermal response becomes more complex and better de�ned. A dominant endothermic peak
appears at approximately 490 °C, which is attributed to the recovery and relaxation of the high density of lattice defects accumu-
lated during mechanical alloying, together with the onset of recrystallisation of the nanocrystalline FCC matrix. �is event cor-
responds to the release of stored deformation energy within the heavily deformed structure. In addition, a secondary thermal
event is observed near 665 °C, which may be associated with ordering reactions and/or precipitation of Al- and Ti-rich interme-
tallic phases from the supersaturated FCC solid solution. �is re�ects that prolonged milling enhances chemical metastability,
enabling thermally activated decomposition processes at elevated temperatures [38]. �e evolution of DSC signals with milling
time demonstrates a clear transition from weak, di�use thermal features at short milling durations to well-de�ned transforma-
tion  peaks  at  extended  milling.  �is  evolution  re�ects  the  progressive  increase  in  defect  density,  strain  energy  storage,  and
chemical supersaturation induced by mechanical alloying. �e results highlight the strong in�uence of milling time on the ther-
mal stability and phase transformation behaviour of the FeCoNiMnAlTiSn high-entropy alloy.
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4. Phase Formation Hypothesis and Golden Ratio Considerations

�e formation of phases in high-entropy alloys (HEAs) is governed by a complex interplay of atomic size, valence electron con-
centration  (VEC),  chemical  interactions,  and atomic  packing  e�ects.  In  the  Fe30Co20Ni20Mn20(Al,Ti,Sn)10  system,  the  di�er-
ences in atomic radii (rFe = 126 pm, rCo = 125 pm, rNi = 124 pm, rMn = 127 pm, rAl = 143 pm, rTi = 147 pm, and rSn = 145
pm) generate signi�cant local lattice distortions that promote the formation of a supersaturated FCC solid solution during me-
chanical alloying. In addition, local atomic rearrangements may favor the formation of highly packed con�gurations and con-
tribute to the nucleation of  minor Al- and Ti-rich phases.  Such considerations are consistent with the e�cient packing con-
cepts commonly associated with the ideal HCP c/a ratio (~1.633) and related geometric principles [41].

�e Golden Ratio (φ ≈ 1.618),  frequently discussed in quasicrystals,  metallic  glasses,  and complex atomic arrangements,  has
been proposed in the literature as a possible geometric descriptor in complex atomic arrangements for interpreting local atom-
ic organization in compositionally complex alloys [42, 44]. Although direct evidence of φ-governed ordering is not available in
the present work, the proximity between φ and characteristic packing ratios suggests that local atomic con�gurations approach-
ing e�cient packing conditions may contribute to reducing local strain energy and enhancing structural stability during me-
chanical alloying.

�e progressive formation of a nanocrystalline FCC matrix a�er 50–100 h of milling, together with the extensive peak broaden-
ing observed by XRD, re�ects intense grain re�nement and a high density of lattice defects. SEM observations reveal particle
re�nement,  cold  welding,  and  agglomerate  formation  resulting  from  repeated  deformation  and  fracture  events.  �ese  mi-
crostructural  features  suggest  continuous  atomic  rearrangement  processes  that  may  be  in�uenced  by  local  geometric  cons-
traints arising from the signi�cant atomic-size di�erences between Al, Ti, Sn and the transition-metal matrix elements [42, 44].

According to this hypothesis, mechanical alloying initially promotes the dissolution of the constituent elements into a supersat-
urated FCC solid solution, while local packing constraints may contribute to the subsequent formation of minor ordered or in-
termetallic regions enriched in Al and Ti. �is interpretation is consistent with the XRD observations of peak broadening and
weak secondary re�ections, as well as the SEM evidence of re�ned particle clusters. Furthermore, the DSC thermal events ob-
served near 490 °C and 665 °C may be associated with defect relaxation and subsequent ordering or precipitation phenomena,
re�ecting the progressive structural stabilization of the alloy during heating [39, 41 and 43].

Linking Experimental Observations to Geometric Packing Considerations

XRD Analysis: �e FCC re�ections (111), (200), and (220) dominate the di�raction patterns a�er prolonged milling. �e pro-
nounced peak broadening re�ects nanocrystalline grain sizes and high defect densities. Weak re�ections attributed to Al- and
Ti-rich phases suggest local chemical and structural heterogeneities that may develop within highly distorted regions of the al-
loy [41, 43].

SEM Analysis: SEM images reveal particles smaller than 50 μm together with agglomerates reaching 150–160 μm, resulting
from repeated fracture and cold-welding mechanisms. �ese observations indicate extensive microstructural reorganization
during milling and support the existence of localized packing environments generated by severe plastic deformation [42, 44].

DSC Analysis: �ermal events observed near 490 °C and 665 °C are attributed to defect recovery, structural relaxation, and pos-
sible ordering or precipitation reactions. �ese transformations highlight the strong relationship between atomic arrangement,
defect structure, and thermal stability in the mechanically alloyed HEA system [39, 41]
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�e combined e�ects of atomic-size mismatch, VEC, severe lattice distortion, and local geometric packing considerations pro-
vide a plausible framework for understanding the structural, microstructural, and thermal evolution of the Fe30Co20Ni20Mn20
(Al,Ti,Sn)10  alloy  during  high-energy  ball  milling.  �e  possible  role  of  geometric  relationships  related  to  the  Golden  Ratio
should be regarded as a working hypothesis that warrants further investigation through advanced structural  characterization
and atomistic modelling.

5. Conclusion

�e  present  work  demonstrates  that  the  Fe30Co20Ni20Mn20  (Al,Ti,Sn)10  high-entropy  alloy  develops  a  stable  nanocrystalline
FCC solid solution during high-energy ball milling. Its formation is governed by the combined e�ects of severe lattice distor-
tion, progressive defect accumulation, and chemical complexity induced by Al, Ti, and Sn additions. Mechanical alloying pro-
motes rapid elemental mixing and signi�cant grain re�nement, leading to a highly strained supersaturated FCC matrix. With
increasing milling time, the system progressively approaches its solubility limits, resulting in the initial appearance of Al- and
Ti-related  ordering  tendencies  or  incipient  intermetallic  formation.  DSC  analysis  con�rms  that  the  mechanically  activated
structure stores a high level of strain energy, which is progressively released during heating through defect recovery and recrys-
tallisation, followed by higher-temperature ordering and/or precipitation reactions. �is clearly re�ects the metastable nature
of the milled solid solution and its strong dependence on defect structure.

Overall,  the results highlight the e�ectiveness of mechanical  alloying as a powerful route for tailoring the phase stability and
thermal response of Fe-based high-entropy alloys. �e studied system exhibits a high degree of structural tenability, making it a
promising candidate for applications requiring controlled transformation behaviour and enhanced thermal stability.
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