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A B S T R A C T

Eutectic compositions in potentially glass forming binary or ternary alloy systems are usually the starting point to 
identify metallic liquids in search of an increased glass-forming ability (GFA). The Fe-Si-B ternary system has 
great potential if it could be additively manufactured via laser bed powder fusion into large, intricate soft 
magnetic parts for using in highly energy-efficient devices such as motors. However, the GFA of the currently 
available alloys is low to print fully amorphous parts, making alloy development necessary. Therefore, this study 
assesses Fe-rich Fe-Si-B alloys in term of eutectic point, which has not been accurately explored over the past four 
decades. A combination of differential thermal analysis, phase analysis via X-ray diffraction, and microstructural 
characterization through optical microscopy and scanning electron microscopy in the relevant composition range 
reveals that the eutectic composition of the Fe-Si-B system with a high Fe content is found to be at or close to 
Fe77Si11B12 at% with a eutectic temperature of 1388 K (1115 ◦C). Thermal analyses and microstructural studies 
reveal a sharp melting peak and a well-defined phase transition into the distinct eutectic lamellae, composed of 
Fe2B and α-Fe/Fe3Si. Deviations from the eutectic composition either at Si-rich or at B-rich side result in the 
formation of primary simple dendritic (Fe3Si) or faceted dendritic (Fe2B) phases, respectively, which precede 
eutectic solidification. The GFA study using high-energy XRD of the cast plates reveals that the eutectic 
composition does not necessarily exhibit the maximum critical casting thickness and GFA can be enhanced by 
strong glass-forming elements in off-eutectic compositions.

1. Introduction

Iron-silicon-boron (Fe-Si-B) alloys are utilized in a wide range of 
applications, including thermal energy storage systems [1], 
wear-resistant coatings [1], power transformers, efficient electric mo
tors [2], and high-performance electronic devices [3]. Its most notable 
application lies in the electrical industry due to its exceptional soft 
magnetic properties, which are achieved by rapidly quenching 
Fe-B-Si-based alloys into the amorphous state or by producing a very 
fine nanocrystalline microstructure (e.g., Finemet [4]) by annealing of 
the rapidly quenched amorphous alloys. In any case, so far, the critical 
thickness to form a glassy Fe-Si-B alloy has been limited to below 
100 µm. The commercially available ones are industrially produced by 
melt-spinning ribbons with thicknesses of 50 µm or thinner. The limited 

glass forming ability (GFA) of Fe-Si-B-based alloys makes it difficult to 
manufacture larger and intricate parts and restricts industrial applica
bility. Therefore, the development of alloys that are more robust with 
respect to crystallization is desirable.

This becomes especially attractive since in the past decade the 
advancement of additive manufacturing of metals has also led to efforts 
to additively manufacture (AM) glassy alloys by laser powder bed fusion 
(LPBF), in which the fast cooling rate during the LPBF or printing of the 
individual layers is most beneficial to promote glass formation. Indeed, 
in one of the first partially successful efforts, an Fe-based metallic glass 
was printed via LPBF [5]. Later, e.g., Zr- [6], Cu- [7], and Ni-based [8]
alloys were printed fully glassy using the same technique. However, it 
turns out that a critical thickness of 100 µm is not sufficient to print a 
fully glassy part, even though the cooling rate during LPBF is 
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comparable to the rate achieved during melt spinning, as was shown 
during printing of commercially available conventional Fe-Si-B-based 
alloys of the Kuamet-type [9,10] or Finemet-type [11]. Thus, the 
Fe-Si-B-based alloys require rigorous alloy development to improve GFA 
by at least one order of magnitude and make them suitable for 3D 
printing via LPBF.

The earliest criterion for a good GFA dates back to David Turnbull 
[12]. He defined the so-called reduced glass transition temperature (trg=
Tg/Tl), where Tl is the liquidus temperature, and Tg is the glass transition 
temperature. The larger the trg, the better the GFA. In good oxide glass 
formers and very deep eutectics of metallic liquids, trg approaches 
0.6–0.66. The glass transition temperature in an alloy system is rela
tively constant as a function of composition. Thus, it is generally 
accepted that high GFA is found in or close to eutectic alloys, where Tl 
has a minimum and consequently trg becomes larger.

Over the past three decades, many glass-forming alloys have been 
developed to form metallic glass with thicknesses exceeding 1 mm, 
commonly referred to as bulk metallic glasses (BMG). These alloys are 
multicomponent eutectic alloys, generally including 3–5 components, 
where the constituent atoms exhibit a significant size mismatch. This 
results in metallic liquids at judiciously chosen compositions [13] that 
have a very high packing density with pronounced medium- and 
short-range order, bringing them thermodynamically closer to the 
competing crystalline phases, which reduces the driving force for crys
tallization. The high packing density also leads to that these alloys are 
highly viscous [14], slowing down the nucleation and growth kinetics 
[15,16]. All these BMG forming liquids have in common that they were 
developed by starting with one or more deep binary eutectics to find an 
even lower eutectic in the multicomponent composition space. To apply 
this strategy to Fe-Si-B alloys, it is crucial to identify the eutectic point as 
a starting step in developing Fe-based soft magnetic metallic glasses with 
higher GFA for 3D printing [17].

The ternary Fe-Si-B alloy system exhibits three eutectic points. Ac
cording to literature, these are a Fe-rich (e.g., Fe74Si8B18 [18]), a B-rich 
(Fe42Si10B48 [19]), and a Si-rich (Fe40Si31.6B28.4 [20]) eutectic. Since the 
soft magnetic properties are the most interesting feature of the Fe-Si-B 
system, this study focuses on the Fe-rich eutectic composition since a 
higher Fe content enhances magnetic properties. The literature review 
of Fe-rich Fe-Si-B alloys reveals widespread data, indicating eutectic 
compositions without definitive consensus on a unique ternary eutectic 
composition. Early studies on the Fe-Si-B system by Smith and Wever in 
the 1930s laid the foundation for understanding its phase equilibria, 
using thermal analysis and metallography [21]. Subsequent advance
ments in experimental techniques, X-ray diffraction (XRD) and electron 
probe microanalysis, refined the findings [22]. Ames et al. introduced a 
compositional eutectic range as a patent aimed at amorphous strip 
production, consisting of 77–79 at% Fe, 5–7 at% Si, and 13–16 at% B 
with an eutectic temperature of 1422 K (1149 ◦C) in 1986 [23]. Gibson 
and Delamore studied the crystallization behavior of the compositions 
Fe78Si9B13 and Fe78Si10B12 in 1990 that the Fe78Si10B12 alloy composi
tion approximates a eutectic trough in the Fe-Si-B phase diagram [24]. 
Yamasaki et al. studied the viscosity of some Fe-Si-B alloys and assumed 
Fe79.5Si12B8.5 as eutectic in 1992 [25]. The development of computa
tional methods, particularly the CALPHAD (Calculation of Phase Dia
grams) approach, further advanced the understanding of the Fe-Si-B 
system, enabling predictions of phase equilibria and enhancing the 
reproducibility of experimental results [19]. Poletti and Battezzati 
proposed the Fe74Si8B18 at% composition as the eutectic point, which 
was computed by CALPHAD at 1334 K (1061 ◦C) in 2013 [18]. 
Furthermore, Huang et al. experimentally investigated the nano-eutectic 
formation of Fe83Si1B16 and Fe83Si2B15 in 2016 [26]. Fan et al. analyzed 
the recalescence process and interface growth of the apparent eutectic 
Fe82Si1B17 alloy in 2018 [27]. Yue et al. discussed the magnetic prop
erties of several Fe-Si-B compositions as eutectics and close-eutectics in 
2019 [28].

The final objective is to identify Fe-Si-B-based alloy compositions to 

form BMGs with critical casting thicknesses exceeding 1 mm. Therefore, 
this study revisits the Fe-rich portion of the Fe-Si-B phase diagram to 
reassess the solidification and melting behavior to determine the Fe-rich 
eutectic point. To pinpoint it, a combination of thermal analysis, X-ray 
diffraction, and microstructural investigations using optical and scan
ning electron microscopy is applied.

2. Materials and methods

2.1. Sample preparation

Alloy ingots (Fig. 1a) were synthesized from high-purity elements: Fe 
(99.97 wt%), Si (99.95 wt%), and B (99.5 wt%). The weighted elements 
were cleaned in an ultrasonic bath using acetone and ethanol and sub
sequently alloyed according to the specific quantities of the desired 
composition in an arc-melting furnace on a water-cooled copper hearth 
under a high-purity Ti-gettered argon atmosphere (99.999 % Ar) to 
minimize oxidation. The ingots were flipped and remelted five times to 
obtain homogeneity. The weight losses during preparation and after arc 
melting were determined to be generally less than 0.2 wt% of the total 
ingot weight of 16 g. Fig. 1 illustrates the prepared Fe-Si-B samples for 
characterizations and microstructural studies.

To study GFA, the Fe-Si-B plates with thicknesses of 140 ± 10 μm, 
250 ± 10 μm, and 350 ± 10 μm were produced by a suction casting 
machine. The master alloy was melted in an arc melter on a water- 
cooled copper hearth and suction-cast into the mold cavity under vac
uum, resulting in rapidly quenched plate-shaped samples.

2.2. Calorimetric analysis

The solidus temperature (Ts) and liquid temperature (Tl) of the 
master alloys were determined using a NETZSCH STA 449 Jupiter dif
ferential thermal analyzer. At the eutectic temperature and composition, 
only the phases of the eutectic microstructure form; the solidus tem
perature equals to the eutectic temperature (Ts = Teut), and no primary 
phase is present. Small samples with a weight of about 100–120 mg cut 
from the ingots were heated to 1573 K or 1623 K in Al2O3 crucibles 
(Fig. 1b) to a fully molten state with a heating rate of 2, 4, 20, and 50 K/ 
min (0.033, 0.067, 0.333, 0.833 K/s, respectively). The molten metal 
was subsequently solidified with a cooling rate of 4 K/min (0.067 K/s) 
to obtain a coarse microstructure that is close to equilibrium. This results 
in spherical samples with an average diameter of 2.5–3 mm (Fig. 1c). 
Lower cooling rates were initially explored to approach equilibrium 
conditions further; however, a rate of 2 K/min led to oxidation in several 
alloy samples. This behavior is attributed to the high oxidation suscep
tibility of Fe-rich Fe-Si-B alloys (Fe > 70 at%), combined with the pro
longed residence time in the molten state and possible interactions with 
the crucible at elevated temperatures. Consequently, a cooling rate of 
4 K/min was selected as a practical compromise, ensuring oxidation-free 
solidification while maintaining sufficiently slow cooling to allow reli
able assessment of near-equilibrium eutectic microstructures.

All DTA experiments were performed in multiple repetitions, 
depending on the alloy composition and the analysis purpose. Mea
surements of key alloy compositions (alloys #4, #10, and #16) excee
ded four times, the microstructurally investigated ones at least three 
times, and all remaining alloys at least twice. Thermal values are re
ported as mean values with an experimental uncertainty of ±3 K, 
especially in Table 1, accounting for both measurement variability and 
the limitations of the tangent method.

2.3. X-ray diffraction

X-ray diffraction was used to study the structure of the solidified 
phases using Cu Kα-radiation (λ = 0.15406 nm) within an angular range 
of 20◦ < 2θ < 80◦ and a resolution of 0.02◦. The required flat sample 
surface for the XRD experiment was obtained by grinding the lateral 
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sides of the spherical sample to provide two parallel sides (Fig. 1d). The 
patterns were analyzed by PANalytical XPert HighScorePro software. 
The experiments were performed in Bragg-Brentano geometry, and the 
underlying principle is the Bragg law of diffraction, nλ= 2dsinθ [31]. 
High-energy synchrotron X-ray diffraction (HEXRD) was performed on 
as-cast plate-shaped specimens in transmission geometry at room tem
perature at the P21.2 beamline of PETRA III Deutsches 
Elektronen-Synchrotron (DESY) in Hamburg. An X-ray energy of 70 keV 
(λ = 0.17715 Å) with a beam size of 500 × 500 μm2 was used. Diffrac
tion patterns were collected using a VAREX XRD 4343CT area detector 
(2880 × 2880 pixels; 150 × 150 μm2 pixel size). The two-dimensional 
diffraction images were azimuthally integrated using PyFAI [32].

2.4. Microstructural study

Optical microscopy (OM) and scanning electron microscopy (SEM) 
utilizing a Zeiss NT Ltd. Sigma VP SEM at 20 kV acceleration voltage 
were used to examine the microstructures. Energy dispersive X-ray 
spectroscopy (EDS) and electron backscatter diffraction (EBSD) were 
used to map the local distribution of alloying elements and analyze the 
chemical compositions of the phases. The EBSD instrument was an 
Apreo 2S (ThermoFisher Scientific) FEGSEM, equipped with an Oxford 
Instruments EBSD detector. Measurements were conducted at a working 
distance of 13 mm, using an accelerating voltage of 20 kV, a beam 
current of 2.7 nA, and a step size of 100 nm.

The samples for OM and SEM examination were prepared using 
standard metallographic procedures by mounting the spherical samples 
in a resin, grinding with successively finer grades of silicon carbide (SiC) 

abrasive papers, and finally polishing using diamond suspensions with 
particle sizes of 3 μm and 1 μm, and 0.05 μm colloidal silica-based 
suspension, followed by thorough cleaning of the surface with ethanol 
and water (Fig. 1e).

3. Results and discussion

To find the eutectic point in the compositional space experimentally, 
DTA measurements were performed on four known alloys of Fe80Si10B10 
[29], Fe78Si13B9 [2], Fe75Si10B15 [30], and Fe74Si8B18 [18], hereafter 
labeled as alloys #1, #2, #3, and #4, respectively. These composi
tionsselected from the literature, are indicated in the ternary Fe-Si-B 
triangle in Fig. 2a. The small gray triangle on the lower right side of 
Fig. 2a shows the explored area in this study and is magnified in Fig. 3 as 
the main investigation map.

The evaluation of the DTA results is based on the obtained melting 
peaks during the heating scans after the samples had been cooled slowly 
at 4 K/min. A eutectic alloy exhibits a sharp and distinct melting peak 
starting at an onset temperature corresponding to the eutectic temper
ature, Teut, where all phases present in the eutectic microstructure melt 
simultaneously. For off-eutectic (non-eutectic) alloys, melting occurs 
over a broader temperature range, whereas the eutectic microstructure 
melts first and the remaining primary phase remelts later, appearing as a 
shoulder in the DTA signal. Therefore, in DTA scans, a sharp peak 
without a melting shoulder indicates that the alloy is close to the eutectic 
composition, while the existence of a shoulder on the melting peak 
shows partial melting, meaning an off-eutectic composition that con
tains a region where liquidus and solidus temperatures spread further 
apart and molten eutectic and still crystalline primary phase are present 
at the same time.

Fig. 2b shows four initial alloys DTA results, along with the de
rivatives of the DTA curves in the inset, highlighting all to be off-eutectic 
compositions as indicated by the pronounced shoulders. These shoulders 
are also identified by the second small minimum in the DTA curves 
derivatives. Alloys #3 and #4 are far from the eutectic because of their 
wide shoulders, while alloys #1 and #2 are closer to the eutectic 
composition due to their shorter shoulders. Between alloys #1 and #2, 
roughly similar thermal behavior, alloy #2 is chosen as the center point 
for the subsequent refinement since alloy #2 (Fe78Si13B9) is the com
mercial alloy with the industrial name of Metglas 2605-SA1 [2]. In the 
first refinement step, the compositional zone of interest is drawn around 
alloy #2 with a circle of a two at% radius. This development results in 
alloys #5, #6, #7, #8, #9, and #10, which are represented by the open 
circles on the ternary triangle in Fig. 3.

The results of DTA measurements on the first set of developed alloys, 
shown in Fig. 4, reveal that alloys #8, #9, and #10 are off-eutectic due 
to the appearance of a pronounced shoulder, while alloys #5, #6, and 
#7 are closer to the eutectic point, suggesting the possibility of eutectic 
formation in their vicinity. Therefore, staying B-rich and moving to
wards the B-richer side, a second set of alloys was prepared as indicated 
in the ternary triangle of Fig. 3, numbered #11, #12, #13, #14, and 
#15, and represented by solid black circles. Table 1 lists the 

Fig. 1. The preparation of iron-silicon-boron samples: a) the homogenized ingot with a weight of about 16 g produced from the high-purity raw elements using an 
arc melter machine, b) the alumina (Al2O3) crucible for DTA experiments, c) the slow-cooled sample by DTA with the rates of 4 and 20 K/min and the average weight 
of 120 mg, forming a spherical shape, d) the prepared two parallel flat sides of the spherical sample through grinding for XRD measurements, e) the polished surface 
of the mounted sample for the microstructural study by OM and SEM.

Table 1 
The list of investigated Fe-Si-B compositions and the thermal parameters at a 
heating rate (qH) of 20 K/min.

Name 
Number

Composition 
(at%)

Temperature 
(qH: 20 K/min)

Comment

Teut 

(±3 K)
Tl 

(±3 K)

#1 Fe80 Si10 B10 1394 1493 Ref. [29]
#2 Fe78 Si13 B9 1390 1484 Ref. [2].
#3 Fe75 Si10 B15 1386 1515 Ref. [30]
#4 Fe74 Si8 B18 1389 1550 Ref. [18]
#5 Fe78 Si11 B11 1382 1471 ​
#6 Fe76 Si13 B11 1389 1471 ​
#7 Fe76 Si15 B9 1387 1470 ​
#8 Fe80 Si11 B9 1388 1511 ​
#9 Fe80 Si13 B7 1388 1551 ​
#10 Fe78 Si15 B7 1386 1516 ​
#11 Fe74 Si15 B11 1388 1467 ​
#12 Fe74 Si13 B13 1387 1489 ​
#13 Fe76 Si11 B13 1382 1479 ​
#14 Fe78 Si9 B13 1388 1473 ​
#15 Fe80 Si9 B11 1389 1478 ​
#16 Fe77 Si11 B12 1388 1464 Eutectic composition of this 

study
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compositions with the measured eutectic temperature, Teut, and the 
liquidus temperature, Tl.

Among the DTA results of the second set of developed alloys, pre
sented in Fig. 4, only alloy #15 shows a visible shoulder, indicating its 
off-eutectic behavior, while the absence of a shoulder in the melting 
curves of alloys #11, #12, #13, and #14 indicates that they are close to 
the eutectic point. Consequently, a more sensitive approach to deter
mining the eutectic point involves analyzing the first derivative of the 
heat flow curve, which enables the detection of subtle changes in the 
melting curve pinpointing the eutectic composition more accurately. 
The derivative is obtained by calculating the slope of the tangent line to 
the curves, representing the rate of change in the heat flow at each 

temperature.
Fig. 5a shows the heat flow curves as well as the derivatives of the 

heat flow for a close-eutectic and a clearly off-eutectic composition. For 
the alloy that is close to the eutectic composition (alloy #6), the heat 
flow remains nearly constant in the crystalline state (below Teut), 
resulting in a first derivative close to zero. At Teut, the heat flow rapidly 
increases as the material absorbs heat, causing the first derivative to rise 

Fig. 2. Selected alloys #1, #2, #3, and #4 from literature as starting points to 
explore the eutectic composition. a) Position of the four compositions on the Fe- 
Si-B ternary phase diagram. The gray triangle represents the explored zone 
based on sixteen studied compositions. b) DTA scans of alloys #1 to #4. The 
inset shows the corresponding derivatives. All four alloys exhibit off-eutectic 
behavior as indicated by the presence of shoulders caused by the remelting of 
the primary phase.

Fig. 3. Position of the investigated Fe-Si-B compositions in the ternary triangle. 
The squares are the starting compositions extracted from literature. The circles 
represent the developed compositions from the 1st and 2nd rounds of investi
gation, depicted by hollow and solid circles, respectively. The star symbol 
shows the eutectic point identified in this study. The elliptical region (dashed) 
shows the compositions considered in the XRD and microstructural analyses.

Fig. 4. DTA up scans for the melting events of the twelve developed alloys, 
arranged from alloys #5 to #16. The hollow circles and the solid circles 
represent the developed alloys in the 1st and 2nd investigation rounds, 
respectively. Melting peaks with a pronounced shoulder depict an off- 
eutectic behavior.
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with a gentle slope. This rise remains relatively constant, reflecting a 
steady rate of heat absorption until reach the peak of the melting event. 
Beyond the peak, the heat flow decreases, and the first derivative drops 
sharply, signaling the high rate of change in heat flow associated with 
the eutectic phase transition. The inflection point in the melting peak of 
the heat flow is represented as the minimum point in the derivative, as 
shown in the inset of Fig. 5a. The heat flow, past the inflection point, 
continues to decrease at a slower rate until it reaches the baseline again. 
At this stage, the derivative approaches zero, indicating that there are no 
further changes in the heat flow. This temperature is formally labeled Tl, 
as it signifies when the alloy has completely melted. For a true eutectic 
alloy, this temperature would approach Teut as the heating rate of the 
DTA experiment is continuously decreased. The peak would become 

increasingly sharp, and Tl would merge with Teut for a hypothetical 
quasi-static, infinitely slow heating experiment. For the off-eutectic 
alloy (#15), the shoulder of the melting peak leads to a second mini
mum in the derivative with its minimum corresponding to the inflection 
point of the shoulder, and here Tl roughly corresponds to the liquidus 
temperature of the off-eutectic alloy. In our experiments with a heating 
rate of 0.333 K/s (20 K/min), the melting event is rather broad, e.g., is 
approximately 80 K wide for alloy #6 in Fig. 5a. This means that if the 
alloy is slightly off-eutectic, the re-melting of a small amount of primary 
phase that has formed upon initially cooling the melt might be hidden in 
the single melting peak. This means thermal analysis alone is insufficient 
to pinpoint the eutectic composition. This is the case for alloy #6, which 
distinctly displays a minor proportion of primary dendrites, as seen in 
Fig. 8.

Fig. 5b shows the normalized derivatives of the DTA heat flows for 
the twelve new alloys. Based on their microstructures shown in Fig. 8, 
alloys #6 and #14 are determined to be closest to the eutectic point, as 
they exhibit no shoulders in the heat flow and no secondary dip in their 
derivatives. Consequently, alloy #16 was prepared between the two 
alloys, noting that adjacent compositions numbers 5 and 13 are slightly 
off-eutectic. The DTA heat flow of alloy #16 and its derivative are shown 
in Fig. 4 and Fig. 5b, respectively. The derivative of alloy #16 displays a 
single sharp dip, similar to that of alloys #6 and 14, indicating that these 
three are located in a eutectic trench. Therefore, microstructural ana
lyses are employed to further clarify the eutectic point between alloys 
#6, #14, and #16 by detecting the primary phases and the fraction of 
eutectic microstructure (lamella formation).

The potential solidified phases of the studied alloys are predictable 
by the isothermal section of the Fe-Si-B ternary phase diagram at 1273 K 
(1000 ◦C), as shown in Fig. 6, which was calculated by the CALPHAD 
method [18]. According to the position of the studied compositions on 
the phase diagram for 1273 K (about 115 K below the eutectic temper
ature), most of the studied compositions are located within a large 
two-phase region, [(bcc + B2) + Fe2B]. Therefore, according to the 
tie-lines, these alloys are anticipated to predominantly exhibit a mixture 
of body-centered tetragonal (BCT) iron boride (Fe2B) and Fe-Si phases. 
The Fe-Si phases correspond to the body-centered cubic (BCC) α-Fe solid 
solution (labeled 'bcc' in Fig. 6, capable of dissolving Si) and potentially 
the ordered BCC-based iron silicide Fe3Si (associated with the B2 phase 
field indicated on the diagram). Additionally, due to the proximity of 

Fig. 5. Derivatives of the heat flows: a) The illustration of the DTA heat flows 
(blue scan) and the corresponding normalized derivatives (red scan) of the close 
to eutectic (#6) and off-eutectic (#15) compositions as a function of temper
ature. b) Normalized derivatives of the heat flow for alloys #5 to #16, showing 
alloys #6, #14, and #16 to be the closest to the eutectic due to the single and 
sharp dip (downward peak). The study of the microstructure identifies #16 as 
the final closest composition to the eutectic point.

Fig. 6. The position of the sixteen investigated Fe-Si-B compositions on an 
isothermal section of the stable phase diagram at 1273 K (1000 ◦C) [18].
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alloys #7, #11, and #12 to the relevant phase field boundary, a small 
amount of an additional phase, Fe2Si0.4B0.6, could be present for these 
specific compositions. The XRD analyses presented in Fig. 7 were used to 
verify the presence of predicted phases in the studied alloys.

Fig. 7 illustrates the XRD results of eight selected alloys to show 
which crystalline phases formed upon solidification, spanning the 
compositional range from the Si-rich side (alloy #10) to the B-rich side 
(alloy #4). At the bottom of the figure are included the reference 
diffraction patterns of α-Fe, Fe3Si, and Fe2B phases expected based on 
the Fe-Si-B ternary system and the phase diagram of Fig. 6, which fa
cilitates phase identification and peak indexing [33–35]. The XRD pat
terns confirm the presence of solidified phases, α-Fe, Fe3Si, and Fe2B in 
the investigated alloys. A prominent diffraction peak observed consis
tently across all measured compositions is located in the 2θ range of 
44–46◦. This strong reflection corresponds predominantly to the over
lapping main peaks of α-Fe ([110]) and Fe3Si ([220]), indicating the 
presence of the Fe-based matrix phase throughout the compositional 
series. The relative intensities of the diffraction peaks associated with 
the different phases exhibit systematic variations as the alloy composi
tion varies, reflecting the differing phase proportions in each sample 
[36]. Specifically, as the composition shifts from Si-rich (#10) towards 
B-rich (#4), signifying an increasing boron content relative to silicon, 
distinct trends are observable. The intensity of reflections associated 
with the Fe3Si phase, such as the peak identified in the source text as the 
[110] reflection located near 2θ= 65◦ (within the cluster also containing 
Fe(α) [200] and Fe3Si [400] indices marked on the figure), demonstrates 
a discernible decrease. This trend is consistent with the reduced volume 
fraction of the Si-rich Fe3Si phase as the overall silicon content decreases 
across the series. Conversely, the characteristic diffraction peaks 
belonging to the Fe2B phase, indexed at 2θ positions approximately 
equal to 25◦ ([110]), 35◦ ([020]), 42.5◦ ([002]), 50◦ ([112]/[220]), and 
57◦ ([022]/[130]), show a progressive increase in intensity moving 
from alloy #10 towards alloy #4, which directly correlates with the 
increasing boron concentration in the alloys. Notably, the XRD patterns 
for the B-richer alloys #13, #3, and #4 exhibit particularly pronounced 
Fe2B reflections. This increased intensity indicates a substantial volume 
fraction of the Fe2B phase in these alloys, corroborating microstructural 
observations (shown in Fig. 8), which reveal significant amounts of 
primarily solidified Fe2B phase in these B-richer compositions. In 
contrast, the Fe2B reflections in the Si-richer alloys (#10 and #2) are 
considerably weaker. This is attributed to their lower overall boron 

content, resulting in a smaller overall volume fraction of the Fe2B phase. 
According to the accompanying microstructural analysis and phase di
agram considerations, Fe2B primarily forms as part of the eutectic 
microstructure and not as a primary solidification phase in these Si-rich 
compositions, where Fe3Si is the dominant primary phase.

Fig. 8 presents a comprehensive overview of the evolving micro
structures across selected Fe-Si-B alloys with varying compositions, so
lidified under controlled near-equilibrium conditions employing a slow 
cooling rate of 4 K/min. This figure systematically documents the evo
lution of solidification microstructures as a function of composition, 
shifting progressively from the Si-rich corner towards the B-rich side of 
the investigated Fe-Si-B alloys. The optical micrographs are arranged in 
the figure, with compositions indicated by alloy numbers (#) corre
sponding to the ternary diagram. The boron content is increasing from 
the top left to the bottom right.

Observing the alloys positioned in the Si-rich regime (first four mi
crographs), the microstructure is characteristically hypereutectic with 
respect to Si content relative to the ternary eutectic point. The dominant 
microstructural feature is the presence of a primary solidification phase 
exhibiting a distinct dendritic morphology [37,38]. As confirmed by 
subsequent EDS analysis (detailed in Fig. 9) and consistent with the 
equilibrium phase diagram, these dendrites correspond to the BCC α-Fe 
phase supersaturated with Si, commonly designated as the Fe(Si) solid 
solution [39]. Depending on the precise Si concentration and thermal 
history, this phase can exhibit atomic ordering, potentially forming the 
Fe3Si intermetallic compound within the dendrites [39]. These primary 
dendrites, appearing as intricately branched tree-like structures, often 
display crystallographically preferred growth orientations, representing 
the first solid phase to nucleate and grow from the parent liquid upon 
cooling below the liquidus temperature. The complex branching pattern 
is a consequence of growth instabilities at the solid-liquid interface, 
driven by thermal and constitutional undercooling gradients inherent 
during solidification [37].

As dictated by the lever rule applied to the relevant two-phase 
[Liquid + α-Fe(Si)/Fe3Si] or potentially a three-phase field on the liq
uidus projection of the phase diagram [39], the volume fraction occu
pied by these primary α-Fe(Si)/Fe3Si dendrites progressively diminishes 
as the alloy composition shifts towards the eutectic point, i.e., moving 
compositionally from alloy #10 towards #16. This trend is visually 
apparent in micrographs across alloys #10 to #2, #6, #5, and #16, 
respectively. The interdendritic regions, representing the space sur
rounding these primary dendrites, are subsequently filled with the 
eutectic matrix. This eutectic matrix solidifies when the remaining 
liquid composition reaches the eutectic composition and undergoes the 
eutectic reaction. It typically displays a finer microstructural scale than 
the primary dendrites [40]. The presence of these primary dendrites, 
formed prior to the final eutectic solidification, are also directly corre
lated with thermal analysis data (DTA scans, see Figs. 4 and 5), where 
the Si-rich alloys characteristically exhibit a distinct shoulder on the 
melting peak or a broadened melting range occurring at temperatures 
above the main eutectic melting peak, corresponding precisely to the 
melting of these α-Fe(Si)/Fe3Si dendrites upon reheating.

Alloy #16 (Fe77Si11B12) exhibits a different microstructure from its 
Si-richer neighbors. It is predominantly, if not entirely, composed of a 
fine, intimately intergrown, and well-defined lamellar morphology. This 
morphology, characterized by thin alternating lamellae of the constit
uent phases (well-demonstrated in Figs. 9c, 9d, and 9e), is the hallmark 
of a eutectic reaction, where the liquid phase transforms simultaneously 
into two solid phases growing cooperatively. The near-complete absence 
(or significant suppression) of discernible primary phases, neither α-Fe 
(Si) dendrites nor faceted Fe2B, strongly supports the identification of 
alloy #16 as representing, or being very close to, the ternary eutectic 
composition within this system under a 4 K/min cooling rate. This 
microstructural observation aligns well with thermal analysis data, 
Figs. 4 and 5b, which revealed a sharp, single endothermic melting peak 
for alloy #16 upon heating, indicative of the simultaneous melting 

Fig. 7. X-ray diffractograms of the investigated Fe-Si-B slow-cooled samples 
span from the Si-rich side, alloy #10, toward the B-rich side, alloy #4. The 
reference patterns of the solidified phases are provided for comparison and 
indexing the reflections.
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characteristic of a well-defined eutectic point, with minimal or no post- 
melting signals (no-shoulder).

Finally, examining the alloys situated on the B-rich side of the 
eutectic composition (including alloys #13, #3, and #4), the primary 
phase changes. These compositions are hypereutectic with respect to 
boron. Here, the primary phase solidifying from the liquid is Fe2B. 

Unlike the α-Fe(Si) phase, which exhibits non-faceted dendritic growth, 
Fe2B possesses a distinct BCT crystal structure and exhibits anisotropic 
growth kinetics [41,42]. This leads to the formation of characteristically 
faceted primary crystals, clearly visible in the micrographs of alloys #3 
and #4. These primary Fe2B particles typically appear as blocky, 
angular, or somewhat rhombic shapes with flat interfaces and sharp 

Fig. 8. Optical micrographs of Fe-Si-B alloys illustrating the evolution of solidification microstructures with a near-equilibrium cooling rate of 4 K/min. The figure 
demonstrates the transition from primary dendritic α-Fe(Si)/Fe3Si solidification in Si-rich alloys (#10, #2), through eutectic structure near the ternary eutectic 
composition (#16), to primary faceted Fe2B solidification in B-rich alloys (#3, #4). The inset ternary diagram indicates the alloy compositions (#). Scale 
bars: 500 µm.
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Fig. 9. Microstructure and phase identification in Fe-Si-B alloys at a 4 K/min cooling rate. (a, b) SEM/BSE images of the Si-richer alloy #10. (c, d) SEM/BSE images 
of the eutectic alloy #16, showing lamellar structure, confirmed by (e) EBSD phase map identifying α-Fe/Fe3Si (light blue) and Fe2B (green). (f) SEM/BSE image of B- 
richer alloy #4, showing primary faceted Fe2B, confirmed by (g) composite EDS map and (h-j) individual Fe, Si, and B EDS maps.
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corners. These faceted crystals nucleate and grow within the liquid 
phase once the temperature drops below the corresponding liquidus 
surface for these compositions. Subsequently, upon further cooling, the 
remaining liquid reaches the eutectic temperature and solidifies as the 
eutectic matrix, surrounding and embedding these primary Fe2B crys
tals. Similar to the trend observed on the Si-rich side, but now driven by 
increasing boron content, the volume fraction and the average size of 
these primary faceted Fe2B crystals become progressively larger as the 
composition moves further away from the eutectic composition towards 
the B-rich corner (compare #13, #3, and #4). This is particularly 
evident in alloy #4, where the large Fe2B crystals dominate the micro
structure. This observation is again a direct consequence of the lever rule 
applied within the two-phase region of the phase diagram (Liquid +
Fe2B) [43,44]. Correspondingly, the DTA scans for these B-richer alloys 
exhibit a distinct shoulder (Fig. 2) associated with the melting of the 
primary Fe2B phase after the main eutectic melting peak upon reheating.

Fig. 9 illustrates a higher resolution characterization of microstruc
tures and phase identification in Fe-Si-B alloys solidified at a cooling rate 
of 4 K/min, utilizing SEM, EBSD, and EDS. This figure provides detailed 
insights into the morphology and composition of the constituent phases 
for Fe-richer alloy #10 (Fe78Si15B7) in images a-b, the eutectic alloy #16 
(Fe77Si11B12) in images c-d-e, and B-richer alloy #4 (Fe74Si8B18) in im
ages f-g-h-i-j, complementing the overview presented in Fig. 8. Images a, 
c, and f depict lower magnification views at 500x, whereas images b and 
d provide higher magnification details at 2000x.

In the Si-rich alloy #4, image a, at 500x magnification, clearly shows 
the primary Fe3Si dendrites, previously identified in Fig. 8, embedded 
within a eutectic matrix. The composition of the dendrites is identified 
using EDS analysis and reveals nearly consistent composition of the 
Fe3Si phase across multiple test points. We find Fe79.1Si20.9, with a 
standard deviation of ±3.3 at% for each component. Image b, at 2000x 
magnification, shows the finer details of the interdendritic region, 
confirming that it consists of a lamellar eutectic structure. This eutectic 
comprises alternating thick-bright lamellae and thin-dark lamellae. The 
thick-bright lamellae appear to branch directly and continuously from 
the dendrites, indicating they share the same phase composition Fe3Si. 
Accurately determining the composition of individual thin lamellae with 
average thicknesses around 2.5–3 µm (similar in size to that measured in 
alloy #16) using conventional EDS is challenging due to the interaction 
volume of the electron beam exceeding the lamella width, leading to 
signal contribution from adjacent lamellae [45]. Furthermore, the 
detection of α-Fe and Fe3Si using SEM/EDS presents certain challenges 
due to the overlapping X-ray emission lines in Fe and Si EDS spectra, 
which complicates precise quantification within the Fe-Si phases when 
distinguishing closely spaced elements [46]. Nonetheless, it is deduced 
that the thick-bright lamellae consist of α-Fe/Fe3Si. Consequently, the 
thin-dark lamellae correspond to the Fe2B phase. The EBSD analysis of 
the eutectic alloy (image e) also reveals the thin-dark lamellae as the 
Fe2B phase.

Images c, d, and e illustrate the microstructure of the eutectic alloy 
#16. Image c, at 500x, showcases a remarkably homogeneous micro
structure across the field of view, characterized by the absence of pri
mary phases and consisting entirely of the eutectic microstructure. The 
eutectic exhibits colonies of lamellae oriented in various directions, 
typical of solidification initiated from multiple nucleation points. Image 
d, captured at a higher magnification of 2000x, provides a detailed view 
of the well-arranged lamellar morphology within a single colony. Mea
surements taken over a longitudinal interval revealed approximately 25 
evenly spaced lamellae, yielding an average thickness of about 2.5 µm 
per lamella. This uniformity and well-defined spacing are characteristic 
of stable, coupled eutectic growth occurring under precisely controlled 
slow cooling conditions, ensuring a near-equilibrium solidification 
pathway. Image e presents an EBSD map from a region of alloy #16 
eutectic structure. EBSD analysis, which identifies crystalline phases 
based on their crystallographic structure, clearly distinguishes the two 
constituent phases of the eutectic: the α-Fe/Fe3Si phase (indexed and 

colored green) and the Fe2B phase (indexed and colored light blue).
In the B-rich alloy #4, image f, at 500x magnification using the BSE 

detector, displays the primary faceted Fe2B crystals embedded within 
the surrounding lamellar eutectic matrix. The Fe2B crystals exhibit their 
characteristic blocky and angular morphology with sharp interfaces. 
Notably, the faceted Fe2B phase appears significantly darker in the BSE 
image compared to the surrounding eutectic matrix. This contrast arises 
because the average atomic number of Fe2B is lower than that of the Fe- 
Si-rich eutectic matrix, resulting in a smaller electro backscattered in
tensity being detected from the Fe2B phase [47]. Image g shows a 
composite EDS map overlaid on the SEM image, visualizing the spatial 
distribution of the main elements: Fe (red), Si (blue), and B (green). 
Images h, i, and j present the individual EDS elemental maps for Fe, Si, 
and B, respectively. The EDS analysis shows the enrichment of boron 
within the faceted crystals, while silicon is predominantly located in the 
surrounding eutectic matrix, thus confirming the faceted phase as Fe2B. 
Obtaining a reliable map for boron (image j) using EDS is inherently 
challenging due to its low atomic number, which results in low X-ray 
fluorescence yield and significant X-ray absorption effects. However, 
detection was made possible by optimizing analytical conditions, i.e., 
specifically reducing the accelerating voltage to below 20 kV, meaning 
minimizing excitation volume and matrix fluorescence, and coupling it 
with using a larger spot size or longer acquisition time (increasing signal 
counts) to improve the signal-to-noise ratio and enhance detection 
sensitivity for the light element boron [48,49].

The onset-to-endset temperature difference of the melting event 
(ΔTm = Tₗ − Tₑᵤₜ) is shown in Fig. 10 for the main studied alloys to assess 
their consistency with the eutectic melting behavior under identical 
experimental conditions. The eutectic (#16) and close-eutectic (#6) 
compositions exhibit a single sharp melting peak in all heating rates of 2, 
4, 20, and 50 K/min (Fig. 10b and c). Their ΔTm increases moderately 
with the heating rate from ~25 K at 2 K/min to ~75 K at 50 K/min, 
which is consistent with kinetic and instrumental broadening effects 
commonly reported for eutectic alloys [50]. In contrast, the B-rich (#4) 
and Si-rich non-eutectic compositions exhibit systematically larger ΔTm 
values and pronounced peak asymmetry at the same heating rates, 
reflecting a multi-stage melting. Despite the similarity in ΔTₘ values 
between alloys #6 and #16, considering the combined experimental 
uncertainties and a temperature tolerance of ±3 K, microstructural in
vestigations support the identification of alloy #16 as the eutectic.”

To investigate the GFA, the high-energy X-ray patterns (HE-XRD) of 
suction-cast Fe-Si-B plates are provided in Fig. 11 for four representative 
compositions (#4: B-rich, #6: near-eutectic, #10: Si-rich, and #16: 
eutectic) across three thicknesses of 140 µm, 250 µm, and 350 µm. The 
diffraction profiles reveal the phase constitution and crystallinity of each 
alloy as a function of both composition and section thickness. Across all 
thicknesses, alloy #10 consistently exhibits sharp and well-defined 
peaks, indicating a high degree of crystallinity and phase stability. In 
contrast, alloys #4, #6, and #16 compositions show broader or less 
intense peaks, suggesting either partial amorphization or the presence of 
multiple phases with lower crystallinity. No significant shift in peak 
positions is observed with varying thickness, indicating that the phase 
structure remains largely unaffected by the studied thickness range. 
However, minor variations in peak intensity may reflect differences in 
texture or preferred orientation due to the cooling rate gradients across 
the plate thickness.

Alloys #6 and #16, due to the proximity to the eutectic, and alloy 
#4, owing to its high B content, exhibit a better GFA than alloy #10. This 
indicates that although the eutectic composition is generally considered 
a favorable point for selecting alloys with high GFA, it is not necessarily 
the optimal composition. In other words, the highest GFA does not arise 
solely from proximity to the eutectic point. The presence of GFA 
enhancer alloying elements, such as boron, can improve it even when 
the alloy composition deviates from the exact eutectic point. Therefore, 
the improvement in GFA arises from a combination of compositional 
effects and not exclusively from eutectic positioning.
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4. Summary and conclusion

This study resolves contradictions in the literature regarding the 
exact composition of the Fe-rich eutectic in the ternary Fe-Si-B alloy 
system through a systematic experimental investigation across a wide 
compositional range. 

− The Fe-rich eutectic Fe-Si-B composition has been investigated and 
determined to be within a narrow eutectic valley centered approxi
mately at Fe77Si11B12 at%, using a synergistic methodology that 
combines sensitive thermal analysis (DTA scans and derivatives) 
with thorough microstructural and phase characterization (XRD, 
OM, SEM, EBSD, EDS).

− The corresponding eutectic temperature was determined to be 
1388 K (1115 ◦C), with most solidus (eutectic) temperatures of the 

sixteen studied compositions measured within a narrow range of ±
2 K relative to this value.

− XRD analysis detected the equilibrium phases (α-Fe/Fe3Si and Fe2B) 
with systematic peak intensity variations reflecting the micro
structurally observed phase fraction changes.

− Microstructural analysis by OM, SEM, EBSD, and EDS under near- 
equilibrium solidification (4 K/min) confirmed the eutectic nature 
of Fe77Si11B12, revealing a well-defined lamellar structure of α-Fe/ 
Fe3Si and Fe2B, devoid of primary phase formation, unlike adjacent 
off-eutectic compositions, exhibiting primary phases of Fe3Si den
drites and Fe2B faceted phases for Si-rich and B-rich compositions, 
respectively.

− The GFA of this system is dominated by both eutectic proximity and 
glass former elements, as B-rich (Fe74Si8B18) and near-eutectic 
(Fe76Si13B11) alloys exhibit superior GFA compared to Si-rich com
positions and even outperform the exact eutectic alloy (Fe77Si11B12). 
This confirms that maximum GFA does not necessarily occur at the 
exact eutectic point and may be enhanced by the glass former 
elements.

The accurate determination of the Fe-rich Fe77Si11B12 eutectic has 
provided a validated starting point for subsequent alloy refinement 
strategies aimed at enhancing GFA and optimizing functional properties, 
e.g., magnetic behavior, through micro-alloying additions (e.g., Nb, Ni), 
exploiting the inherent glass-forming potential demonstrated across the 
investigated compositions. This is confirmed by XRD scans of the pro
duced fully amorphous ribbons presented in the supplementary part 
(Fig. S1). The improvement of alloy properties, particularly in terms of 
GFA, by adding Nb and Ni is currently being investigated. However, this 
is beyond the scope of this work and will be reported in a separate 
publication. The further refinement and verification of the ternary 
eutectic invariant point would benefit from future studies employing 
diffusion couple experiments or CALPHAD-based thermodynamic 
calculations.
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