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A B S T R A C T   

The present work is focused on developing amorphisation capability criteria to predict regions with high 
amorphous forming ability (AFA) in the Fe-Si-B phase diagram. First, the AFA of Fe-Si-B alloy powders was 
evaluated by conventional empirical glass forming parameters, which eventually did not guide to the best AFA 
alloy. Then, AFA analysis was extended to the ternary phase diagram, calculated using CALPHAD, along with 
superimposed mathematical model based on topological instability factor (λ), estimated critical cooling rate (RC) 
and critical particle size (dC), to confine the phase diagram regions with larger AFA. The alloy with the highest 
AFA shows optimum atomic size mismatch when λ = 0.204. Furthermore, the optimal region in the phase di-
agram to design alloys with high AFA is where Fe2B is the first solid phase under equilibrium solidification. 
Within these two limits, the alloys with lower liquidus temperatures show the highest AFA for the gas-atomised 
powders.   

1. Introduction 

Since the discovery of disordered alloys by Duwez et al. [1] in the 
1960s, amorphous metals have been extensively investigated for 
fundamental as well as technological applications, including structural, 
biomedical, aerospace, and energy conversion [2]. Amorphous metals 
are metastable materials, conventionally solidified in ~20 – 30 µm thick 
ribbons at ultra-high cooling rates (~106 K/s) to maintain short-range 
order atomic structure. If the short-range atomic order of amorphous 
alloys is similar to the precursor melt and concurrently reveals a distinct 
glass transition temperature (Tg) well below the crystallisation temper-
ature (TX), the alloys are known as “metallic glasses (MGs)” [3,4]. 
Contrary to amorphous metals, MGs can sometimes be solidified at 
phenomenally low cooling rates (as low as natural cooling) [5,6]. The 
functionality of MGs can be remarkably augmented if the glass forming 
ability (GFA) (i.e., ease of glass formation, which determines the critical 
cooling rate) is substantially increased. Glass formation involves the 
thermal stability of the liquid phase and the suppression of crystal-
lisation kinetics upon the cooling of melts [7]. To synthesise MGs at 

modest cooling rates, the kinetics of phase transformation and the 
mechanism of glass formation has emerged as an intriguing subject [8]. 
Why only specific alloys retain significant amorphisation capability, 
while others show a high degree of crystallisation during solidification, 
remains an open question to the material science community [8,9]. 

A large number of empirical glass forming parameters have been 
proposed to predict the GFA of alloys, though the origin of the majority 
criteria relies on the classical nucleation and growth theory [7]. For 
example, Turnbull demonstrated that when the reduced glass transition 
temperature (Trg = Tg/Tl, being Tl the liquidus temperature) is higher 
than 2/3, the homogenous crystal nucleation rate decreases and, as a 
result, the crystallisation kinetics becomes more sluggish [10,11]. 
Similarly, Donald & Davies [12] proposed a simple way to estimate the 
GFA of alloys with two or more elements using the rule of mixture liq-
uidus temperature (ΔT*). Furthermore, Inoue formulated three empir-
ical rules to predict the GFA, stating that: (i) the alloy must contain at 
least three elements, (ii) the constituents should include a significant 
atomic size difference (≥12 %), and (iii) a negative heat of mixing 
among the major constituents is preferable [13,14]. Several other GFA 
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parameters have been proposed, including ΔTX [15], S [16], γ [17], δ 
[18], Ø [19], γm [20], ω [21] and new β [22]. All these parameters use Tg 
to estimate the GFA. Despite that all these parameters have been 
demonstrated to be sufficiently accurate to measure the GFA of alloys, 
the critical cooling rate, Rc, and critical diameter, Dmax, are still the most 

direct and quantifiable parameters. Since Rc and Dmax are challenging to 
be measured, other criteria like Ṕ [23], σ [24], λ [25], α (= TX/Tl) and β 
(= 1 + α) [26] have been developed, which can be applied even for 
conventional amorphous alloys where Tg is not obvious. However, none 
of these criteria is valid for a broad range of MGs. Conventionally, the 
design of amorphous metals is frequently based on empirical rules, that 
is, a trial-and-error approach, which is time-consuming and costly, 
hence designing alloys with a high amorphous forming ability (AFA) 
using thermodynamic modelling would be a step forward [27,28]. 

Among the broad range of amorphous metals, Fe-based alloys are of 
significant importance for their high demand in power conversion ap-
plications [29–31]. One of the most investigated systems is Fe-Si-B, 
thanks to its unique capability to retain exceptional soft magnetic 
properties, high corrosion resistance, and excellent mechanical proper-
ties [32]. Fe-Si-B alloys are generally melt-spun into amorphous ribbons 
of ~20 µm in thickness at ultra-high cooling rates (~106 K/s) [33]. One 
of the fundamental drawbacks of melt-spun ribbons is their shape; the 
very thin thickness and long length limit the fabrication of devices with 
complex geometries. Contrary to that, amorphous powders provide the 
flexibility to make complex shapes and, after coating with an electrical 
insulator layer, are considered an excellent material for high-frequency 
technological applications [34–36]. Amorphous powders are usually 
produced by gas-atomisation, which is a well-industrialised mass pro-
duction technique to produce micron size powders. This process consists 

Table 1 
DSC results of the as-atomised and sieved powdersa.  

Alloy 
# 

Composition (at. 
%) 

TX 

(◦C) 
ΔHC (J/ 
g) 

ΔH (J/g) (as- 
atomised powder) 

AF 
(%) 

1 Fe70Si15B15 557 161.0 132.0 82 
2 Fe70Si18B12 547 166.0 91.0 55 
3 Fe72.5Si12.5B15 547 170.0 170.0 100 
4 Fe75Si5B20 530 178.8 95.5 54 
5 Fe75Si7.5B17.5 542 178.0 113.0 63 
6 Fe75Si10B15 553 179.0 146.0 82 
7 Fe75Si12.5B12.5 547 164.0 134.0 82 
8 Fe75Si15B10 528 184b 49.4 27 
9 Fe77.50Si7.5B15 525 173.0 111.0 64 
10 Fe80Si5B15 489 — 70.6 <27 
11 Fe80Si12B8 — — — 0  

a TX: crystallisation temperature; ΔHC: crystallisation enthalpy; ΔH: area of 
exothermic peak of partially amorphous powders (as-atomised); AF: amorphous 
fraction calculated with Eq. (A.2) shown in Appendix A. 

b Value obtained from Ref [49,50]. 

Fig. 1. XRD patterns of the as-atomised powders of alloys #1 to #11. Dashed grey lines correspond to the peaks positions of the phase α-Fe(Si).  
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Fig. 2. a) XRD patterns of the sieved powders (<20 µm) of alloys #1 to #11 and (b) XRD patterns of the sieved powders (<10 µm) of alloys #2, #4, #5 and #8 
to #10. 
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of breaking the liquid melt stream into droplets by using a supersonic gas 
flow. However, one of the fundamental limitations of gas-atomisation is 
the relatively low average cooling rate (~104 – 105 K/s) as compared to 
melt-spinning [37]. If the GFA of the alloys is not sufficiently high, the 
powders could exhibit a crystalline structure, deteriorating the soft 
magnetic performance and making them unsuitable for power conver-
sion applications. Therefore, designing Fe-based alloys with high AFA 
that can be atomised as amorphous powders is essential to take advan-
tage of the capabilities of these novel materials. 

The present work is focused on establishing amorphisation capability 
criteria for Fe-Si-B powders by combining the CALPHAD (CALculation of 
PHAse Diagram) methodology with the topological instability factor (λ). 
The new criteria were confirmed by selecting Fe-Si-B alloys within the 
high GFA region of the ternary phase diagram (Fe-rich). These alloys 
were gas-atomised into powders. Initially, the amorphisation capability 
of the alloys was evaluated using conventional empirical parameters, 
such as enthalpy of mixing, ΔHmix, α-, and β-parameters, but the trends 
predicted by these parameters were inconsistent with the experimental 
observations. Finally, the CALPHAD methodology was combined with 
λ-factor to obtain the highest amorphisation capability region inside the 
ternary Fe-Si-B system. 

2. Materials and methods 

The compositions of Fe-Si-B alloys were selected within the glass- 
forming region of the ternary phase diagram, as reported in the bibli-
ography [38–40]. The gas atomisation experiments were carried out 
using a convergent-divergent, close-coupled atomiser in an atomisation 
unit PSI model Hermiga 75/3VI. Eleven different compositions of the 
ternary Fe-Si-B system were atomised (see compositions in Table 1). 
Regarding the raw materials, iron (supplied by Allied Metal Corp.), sil-
icon (supplied by Cometal S.A.), and boron (supplied by H.C. Starck) of 
commercial purity were melted in an induction furnace. First, the 
chamber was purged with helium in order to evacuate the oxygen and 
avoid oxidation. Then, the temperature was increased by induction 
heating up to 1700 ◦C. The amount of powder produced per batch was 
nearly 2.5 kg. Helium at a pressure of 60 bar was used as atomising gas. 

Thermal transitions were analysed by Differential Scanning Calo-
rimetry (DSC). The powders were analysed using a TA Instrument DSC 
2920. The experiments were performed using a sample of about 10 mg 

on a copper pan with a lid, at a heating rate of 10 ◦C/min up to 700 ◦C 
and under an argon atmosphere. The crystallisation temperatures (TX), 
crystallisation enthalpies (∆HC), and energy released by partially 
amorphous powders (as-atomised, ∆H) were obtained from these 
experiments. 

The structural characterisation of the powders was carried out via X- 
ray diffraction (XRD), using a diffractometer (Philips PW1825) and the 
characteristic wavelength of the Kα line for Cu (λ = 1.542 Å). The 
diffraction angle (2Ɵ) varied from 25 ◦ to 90 ◦ at a scanning rate of 0.005 
◦/s, in steps of 0.02 ◦ with a holding time of 4 s at each diffraction angle. 
The particle size distribution of the powders was measured by laser 
diffraction in an instrument Sympatec Helos (H0852). The true density 
was measured in a He pycnometer Micrometrics Accupyc 1330. 

Thermodynamic calculations and modelling have been carried out 
using PANDATTM version 2019, using the thermodynamic database for 
multi-component Fe-rich alloys, PanIron. PANDATTM is an integrated 
computational tool developed based on CALPHAD (CALculation of 
PHAse Diagram) approach for multi-component phase diagram calcu-
lations and materials properties simulations. The Fe-Si-B equilibrium 
phase diagram, including the liquidus temperatures (Tl) and the solidi-
fied phases form the melt under equilibrium conditions were calculated 
using this software. 

3. Results and discussion 

3.1. Structural analysis of the powders 

XRD patterns of the as-atomised powders, presented in Fig. 1, show 
the precipitation of different crystalline phases during the solidification 
process, which were identified as α-Fe(Si), Fe2B, and Fe3Si. As can be 
seen in Fig. 1, α-Fe(Si) and Fe3Si have similar XRD patterns. However, 
there are two additional diffraction peaks at 2θ ≈ 27 and 31 ◦ corre-
sponding to (111) and (200), which distinguish Fe3Si [41] from α-Fe(Si). 
In addition, as the lattice parameter of Fe3Si [41] is twice that of α-Fe(Si) 
[42], Fe3Si shows diffraction peaks at slightly higher 2θ. A broad peak 
between 2θ = 35 and 55 ◦ along with sharp Bragg’s peaks indicate the 
simultaneous formation of amorphous and crystalline phases on 
gas-atomisation of alloys #1 to #10. Nevertheless, alloy #11 shows only 
sharp Bragg’s peaks without a broad halo, demonstrating the full crys-
talline state of the powder. Interestingly, the relative area of the broad 

Fig. 3. Fe-rich corner of the ternary Fe-Si-B system showing the limits for the formation of the phases α-Fe(Si) (∎) and Fe3Si (▴), according to the XRD results shown 
in Fig. 1 of the as-atomised alloys (alloys #1 to #11). 
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halo and the broadening of the crystalline peaks is different in each 
alloy, indicating the varying weight fraction of amorphous and crys-
talline structures in each composition. For instance, alloy #3 shows a 
single broad peak at 45 ◦ (2θ) with a little shoulder kink, demonstrating 
the highest weight fraction of the amorphous phase in the investigated 
alloys. The small peak in alloy #3 is due to surface crystallisation in the 
largest particles (i.e., >100 µm) due to the nature of the production 
process [43,44]. 

The cooling rate in gas atomisation is inversely proportional to the 
particle size (see Appendix A) [37], suggesting that the amorphisation is 
more likely in the smallest particle size fraction in each alloy. Accord-
ingly, the as-atomised powders were sieved to separate the fraction <20 
µm. The XRD patterns of the sieved powders (<20 µm) of alloys #1, #3, 
#6 and #7 show only a broad halo between 35 and 55 ◦ (2Ɵ) (Fig. 2(a)), 
confirming the amorphous nature of these alloys. Contrary to that, the 
other alloys (alloys #2, #4, #5, #8, #9, and #10) reveal Bragg’s peaks 
of the crystalline phases, identified as α-Fe(Si), Fe2B, and Fe3Si. Inter-
estingly, the relative intensity of the crystalline peaks in the sieved 
powders (<20 µm) was significantly smaller than in the as-atomised 
powders (see Fig. 1), confirming the higher weight fraction of amor-
phous phase in the fraction <20 µm as compared to as-atomised powder. 
The higher amorphous fraction of sieved powders can be utilised as an 
“amorphisation capability indicator” for the alloys. On the other hand, 
the absence of the broad peak between 35 and 55◦ (2Ɵ) in the fraction 
<20 µm of alloy #11 confirms its fully crystalline structure. 

Furthermore, in order to find the particle size below which fully 
amorphous structure can be found, the partially crystalline powders in 
the fraction <20 µm (Fig. 2(a)) were further sieved to separate the 

fraction <10 µm. As can be seen in the XRD patterns shown in Fig. 2(b), 
the absence of Bragg’s peaks in the fraction <10 µm of alloys #2, #4, 
#5, and #9 confirms the amorphous nature of the particles below 10 µm. 
Conversely, alloys #8 and #10 exhibit crystalline structure even in the 
particles <10 µm, which indicates the low amorphisation capability of 
these alloys. 

Fig. 3 presents the nature of the crystalline phases formed as a 
function of Si and B content. The Fe-rich corner of the ternary Fe-Si-B 
system has been divided into three regions: below the dotted line (re-
gion-I), between dotted and dashed line (region-II) and above the 
dashed line (region-III). It is evident that the crystallisation of the α-Fe 
(Si) (B2) phase takes place in region-I, and the ordered Fe3Si (DO3) 
phase crystallises in region-II, which agrees with a previous report [45]. 
Even if this work does not include any composition in region-III, it has 
been demonstrated that the phase Fe4.9Si2B precipitates when Si and B 
contents exceed 30 at.% [45,46]. Consequently, it can establish an upper 
and lower limit for the formation of α-Fe(Si) and Fe3Si considering the 
amount of Si and B. In addition, Fe2B phase precipitates in some 
as-atomised alloys (see Fig. 1), though no correlation between the Fe2B 
and Si and B content can be established. 

3.2. Amorphous fraction (AF) of as-atomised powders 

The thermal transitions in the as-atomised powders were analysed 
using DSC presented in Fig. 4. The crystallisation starts in a broad 
temperature range, i.e., TX is comprised between 489 and 553 ◦C, as 
summarised in Table 1. The powders reveal one, two, or three 
exothermic events, depending on the crystallisation mode of the alloys 

Fig. 4. DSC traces of the as-atomised powders of alloys #1 to #11.  
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(i.e., polymorphous, primary, or eutectic crystallisation [14]). Although 
alloy #1 exhibits only one crystallisation peak, the multi-crystallisation 
peak characteristic observed in alloys #2 to #10 can be attributed to the 
primary crystallisation mode [14,47]. Moreover, overlapped exothermic 
peaks in some alloys show that the crystallisation of the second and/or 
third phase starts even before the completion of the precipitation of the 
previous phase. The sharp peak characteristic observed in alloys #1, #3 

and #7 indicates the compositional homogeneity of the crystallites 
precipitated during heating. Finally, it can be noted that the DSC trace of 
alloy #11 does not show any measurable crystallisation peak, confirm-
ing the fully crystalline microstructure of this alloy. 

The heat released during crystallisation, i.e., the area under the 
crystallisation peaks, was used to calculate the amorphous fraction of 
the powders in the as-atomised state [48]. The crystallisation enthalpy 

Table 2 
Amorphisation capability parametersa.  

Alloy # Composition (at.%) AF (%) ΔHmix (kJ/mol) А (= TX/Tl) В (= 1 + α) dC (µm) RC (K/s) Tl (◦C) λ-factor 

1 Fe70Si15B15 82 -268800 0.469 1.469 43.6 3.0E+05 1188 0.220 
2 Fe70Si18B12 55 -275856 0.480 1.480 16.7 2.1E+06 1139 0.214 
3 Fe72.5Si12.5B15 100 -250475 0.452 1.452 96.1 6.3E+04 1210 0.204 
4 Fe75Si5B20 54 -214100 0.411 1.411 21.5 1.2E+06 1290 0.197 
5 Fe75Si7.5B17.5 63 -222600 0.431 1.431 30.9 6.0E+05 1257 0.193 
6 Fe75Si10B15 82 -230400 0.453 1.453 43.3 3.1E+05 1220 0.188 
7 Fe75Si12.5B12.5 82 -237500 0.465 1.465 55.4 1.9E+05 1177 0.183 
8 Fe75Si15B10 27b -243900 0.447 1.447 8.8b) 7.6E+06b) 1180 0.179 
9 Fe77.50Si7.5B15 64 -208575 0.431 1.431 31.8 5.8E+05 1217 0.172 
10 Fe80Si5B15 <27 -185000 0.407 1.407 <10.0 >5.8E+06 1202 0.156 
11 Fe80Si12B8 0 -206336 — — — — 1261 0.143  

a AF: amorphous fraction calculated with Eq. (A.2) shown in Appendix A; ΔHmix: enthalpy of mixing calculated by the procedure shown in Ref. [51]; α and β: GFA 
parameters [26]; dC: critical particle size calculated following the procedure shown in Appendix A; RC: critical cooling rate estimated with Eq. (A.3) shown in 
Appendix A; Tl: liquidus temperature calculated by PANDATTM; λ-factor: calculated by Eq. (1). 

b Values calculated based on the crystallisation enthalpy obtained from amorphous wires from Ref [49,50] (see also Table 1). 

Fig. 5. a) Liquidus surface projection (blue dotted line) of the ternary Fe-Si-B diagram in the Fe-rich zone showing the investigated alloys (numbered black dots), 
eutectic point E1(red dot), and the first equilibrium solid phase formed upon solidification; b) Amplified region showing λ-factor lines (solid magenta straight lines), 
AF (%) of all the investigated alloys and isotherms every 25◦C (green curved lines); c) RC for all the investigated alloys; d) Estimated locus of constant RC for 1.0 × 105 

K/s (red dashed line), 5.0 × 105 K/s (red dash-dotted line) and 1.0 × 106 K/s (red two-dashed line). 
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(ΔHC) of the amorphous phase of each alloy was obtained from the DSC 
trace of fully amorphous particles, separated by sieving and whose 
amorphous structure was confirmed by XRD (see Fig. 2). A partially 
amorphous structure results in the reduction of the energy released 
during crystallisation and, consequently, the area of the exothermic 
peaks is reduced. This area is proportional to the weight fraction (%) of 
the amorphous phase existing in the sample. The area of the exothermic 
peaks of partially amorphous as-atomised powders (∆H) was divided by 
the crystallisation enthalpy (ΔHC) to obtain the amorphous fractions 
(AF) in the as-atomised powders, as shown by Eq. (A.2) (see 
Appendix A). Since alloys #8 and #10 exhibited Bragg’s peaks even in 
the fraction <10 µm (see Fig. 2(b)), ΔHC could not be measured for these 
compositions. The ΔHC of alloy #8 was obtained from the literature [49, 
50], while for alloy #10, ΔHC was approximated by the area of the 
exothermic peak of partially amorphous particles of the fraction <10 
µm; consequently, AF of alloy #10 is not an exact value, but an upper 
boundary. The amorphous fraction (AF) in the as-atomised powders is 
summarised in Table 1. Alloy #3 reveals a 100% of amorphous fraction, 
which is in good agreement with XRD results (see Fig. 1). Furthermore, 
alloys #1, #6, and #7 revealed AF = 82%, which is the second-highest 
AF among the investigated alloys. The AF of alloys #2, #4, #5, and #9 
remained in the range of 54 to 64%. On the other hand, the AF of alloys 
#8 and #10 were estimated as 27% and <27%, respectively, denoting 
the low amorphisation capability of these alloys. The AF of alloy #11 
was found zero, since it did not show any measurable exothermic peak 
(see Fig. 4). 

3.3. Evaluation of amorphisation capability of the alloys 

The AF is a good indicator of the amorphisation capability of the 
alloys, and other parameters can be derived using AF, such as the critical 
particle size, dC, and the critical cooling rate, RC (see Appendix A for the 
calculation procedure). AF, dC, and RC can be used to gauge how useful 
conventional empirical criteria are to predict the amorphisation capa-
bility of gas-atomised powders. Different conventional amorphisation 
capability parameters of the investigated alloys were calculated and are 
summarised in Table 2. Since some of the alloys were amorphous and 
did not reveal any glass transition (or supercooled liquid region), only 
parameters that do not use Tg were analysed to estimate the AFA. Alloy 
#3 (Fe72.5Si12.5B15) has the highest amorphisation capability within the 
series of investigated alloys since it has the largest AF ~ 100%, the 
largest dC ~ 96 µm, and the lowest RC ~ 6.3 × 104 K/s. 

According to Inoue’s empirical rules [13], the enthalpy of mixing, 
ΔHmix, significantly favours the formation of the amorphous structure 
and is a good indicator of the AFA. The more negative the ΔHmix is, the 
higher the AFA of an alloy. The enthalpy of mixing of the alloys is 
summarised in Table 2; the detailed calculation procedure is reported 
elsewhere [51]. Interestingly, ΔHmix does not correlate with the AF; the 
most negative ΔHmix was observed for alloy #2, which was partially 
amorphous (AF = 55%). In addition, the most negative ΔHmix coincides 
with the alloys showing the lowest Tl and, consequently, is the closest 
one to the deepest eutectic point (see Table 2). Similarly, no correlation 
was identified for α- and β-parameters with the AF of the alloys [26], 
being the largest values of α ~ 0.480 and β ~ 1.480 for the alloy #2, 
which has low AF = 55%, along with a small dC ~ 16.7 µm and a high RC 
~ 2.1 × 106 K/s. 

3.4. Establishing the amorphisation criteria for the alloys 

The AFA was evaluated by combining thermodynamic modelling and 
the topological instability factor (λ) of the Fe-Si-B alloys. The liquidus 
surface projection (blue dotted lines) of the Fe-Si-B phase diagram in the 
vicinity of the Fe-rich zone is presented in Fig. 5(a). Isothermal lines 
(solid green) are drawn to show how Tl decreases towards the eutectic 
point E1 (red dot). In addition, it displays the primary stable phases just 
below the liquidus temperature. The position of the Fe-Si-B alloys 

investigated in the present study is indicated with numbered black spots. 
The λ-factor of the Fe-Si-B alloys was calculated using Eq. (1), which 

only considers topological aspects and was initially proposed for binary 
alloys [25] and later extended to multi-component systems by Yan et al. 
[52]. This parameter describes the minimum solute concentration 
needed for producing material as amorphous and is defined as: 

λ =
∑Z

i=B
Ci⋅

⃒
⃒
⃒(ri/rA)

3
− 1

⃒
⃒
⃒ (1)  

where Ci is the solute atomic concentration (at. %), ri is the solute atomic 
radius (nm), and rA is the solvent atomic radius (nm). Assuming that the 
structure of amorphous metals can be modelled as an arrangement of 
icosahedral clusters, it has been proven that the optimal glass structure 
for numerous multi-component alloys is acquired when λ ≃ 0.18 [52]. 
Recently, the use of λ-factor, along with CALPHAD methodology, was 
reported to predict the glass forming ability of ternary Zr-Fe-Al [53], 
Fe-Nb-B [54] and Co-Fe-B [55] bulk metallic glasses produced by 
Cu-mould casting and melt spinning, showing that the optimal value of λ 
can change from 0.14 to 0.22 depending on the composition. Conse-
quently, in order to determine the optimal λ-factor for a given ternary 
system, this parameter should be validated experimentally. 

Table 2 shows the λ-factor calculated for all the investigated alloys. 
The values range between 0.143 and 0.220. On the other hand, Fig. 5(b) 
to (d) display amplified the zone of Fig. 5(a) inside the black rectangle; 
in these enlarged figures, λ-factor lines and isothermal lines have been 
superimposed on the liquidus surface projection. The following infor-
mation has been added in each one of these figures: i) AF (see Fig. 5(b)), 
ii) RC (see Fig. 5(c)), and iii) locus of constant RC for 1.0 × 105 K/s (red 
dashed line), 5.0 × 105 K/s (red dash-dotted line) and 1.0 × 106 K/s (red 
two-dashed line) (see Fig. 5(d)). 

The AFA of Fe-Si-B alloys has been analysed considering the infor-
mation displayed in Fig. 5. The amorphisation criteria have been 
established as follow, depending on the first solid phase formed upon 
equilibrium solidification (i.e., BCC, Fe5SiB2 and Fe2B), Tl and 
λ-parameter:  

i BCC: two alloys were atomised within this region, being one fully 
crystalline (alloy #11) and the other with AF = 27% (alloy #8). 
Lowering the Tl plays a significant role in the amorphisation capa-
bility of alloys in this region; reducing Tl from 1261 ◦C (alloy #11) to 
1180 ◦C (alloy #8) increased AF from 0 to ~27 % (see Table 2). 
Interestingly, it is possible to obtain melt-spun amorphous ribbons of 
compositions belonging to this region, as reported elsewhere 
[38–40]. The lower cooling rates in gas atomisation as compared to 
melt-spinning, however, do not allow producing a high fraction of 
amorphous phase in powders. The low AFA of alloy #11 could be 
attributed to the low λ = 0.143, compared to the optimal value (i.e., λ 
= 0.18), and the high Tl (= 1261 ◦C). On the other hand, alloy #8 
with a good combination of λ = 0.179 and low Tl = 1180 ◦C was 
expected to reveal high AF. Nevertheless, the low AF (= 27%) of alloy 
#8 suggests that the cooling rates in gas atomisation are not high 
enough to synthesise fully amorphous powders within this region. It 
seems that the region of the phase diagram where compositions are 
selected has a significant influence on the AFA. This can be easily 
pointed out by comparing alloy #8 with alloy #7; alloy #7 has 
similar λ-factor (= 0.183) and Tl (= 1177 ◦C), but AF of this alloy is 
82 %, i.e., three times higher than in the case of alloy #8.  

ii Fe5SiB2: only one composition (alloy #2, Fe70Si18B12) was produced 
within this region, corresponding to the lowest Tl = 1139 ◦C (see 
Table 2). According to the bibliography, AFA significantly improves 
when Tl is lower or closer to the eutectic composition [14]. However, 
alloy #2 was only partially amorphous (AF = 55 %), and RC was as 
high as ~2.1 × 106 K/s, suggesting that a low Tl is not enough to 
produce the high AFA. The λ-factor of this alloy was calculated to be 
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0.214, which is significantly higher than the optimal value (i.e., λ =
0.18).  

iii Fe2B: most of the compositions were produced within this region (8 
samples), where AF varied from 54 to 100%. The results showed 
before suggest that this region is highly favourable for the formation 
of amorphous Fe-Si-B alloys. The best combination of Tl and λ-factor 
was found for alloy #7 (i.e., the lowest Tl = 1177 ◦C in the region and 
λ = 0.183 close to the optimal theoretical value). However, alloy #7 
only retained an AF = 82%. Interestingly, alloy #3 revealed 100 % of 
amorphous structure, suggesting that the optimal experimental value 
of λ-factor for Fe-Si-B alloys is approximately 0.204. It seems that the 
AF of Fe-Si-B compositions systematically converges to 100% when 
they approach the composition of alloy #3 (see Fig. 5(b)). For 
instance, alloy #3 is encircled by alloys #1 (λ = 0.220), #6 (λ =
0.188) and #7 (λ = 0.183), which revealed an AF = 82%. More 
interestingly, whereas alloys #9 (Tl = 1217 ◦C) and #6 (Tl = 1220) 
possess similar Tl values and are in the same Fe2B region, AF rose 
from 64% in alloy #9 to 82% in alloy #6. This significant increase in 
AF can be attributed to the rise of λ-factor from 0.172 (alloy #9) to 
0.188 (alloy #6), thus approaching the optimal experimental value 
of 0.204. This suggests that the λ-factor is one of the most critical 
parameters for the amorphisation capability criteria of the Fe-Si-B 
alloys. 

These results can be used as an instrument to carefully select com-
positions of the ternary Fe-Si-B system with high AFA. For example, 
Fig. 5(c) can be used to select compositions whose critical cooling rate 
(RC) is just below the average cooling rate characteristic of the technique 
used to synthesize the alloy. Furthermore, the proposed methodology to 
establish the optimum AFA region, -combining CALPHAD, the topo-
logical instability factor (λ), and gas atomisation for experimental vali-
dation- could be extended to other systems where the formation of 
amorphous phases is challenging. 

4. Conclusions 

According to the presented results, alloys with high amorphisation 
capability in the Fe-Si-B system can be designed by using the following 

rules: 

i Not all regions of the phase diagram are suitable to obtain amor-
phous alloys. For the Fe-Si-B system, the compositions in the region 
where Fe2B is the first solid phase formed upon equilibrium solidi-
fication have higher AFA as compared to others. 

ii The relative solute/solvent concentration should be such that λ-fac-
tor values vary in the range of 0.18 to 0.22. More specifically, the 
highest AFA is achieved when the λ-factor is approximately 0.204.  

iii Within limits fixed by the two previous criteria, the alloys with lower 
liquidus temperature (i.e., closer to the eutectic composition) will 
have higher amorphisation capability. 

Given a production method with a characteristic average cooling 
rate, these criteria can be used to design ternary Fe-Si-B alloys with a 
high enough AFA (i.e., with a low enough critical cooling rate) to be 
obtained with an amorphous structure. 
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Appendix A 

The average cooling rate of non-crystalline alloy particles during gas atomisation (| ΔTd
Δt |) can be estimated using the following simplified equation 

[56,57]: 
⃒
⃒
⃒
⃒
ΔTd

Δt

⃒
⃒
⃒
⃒ ≈

⃒
⃒
⃒
⃒

12
ρ⋅Cp

⋅
(
Td − Tf

)
⋅
kg

d2

⃒
⃒
⃒
⃒ (A.1)  

where ρ is the density of the alloy, Cp the heat capacity, Td the ambience temperature, Tf the furnace temperature, kg the thermal conductivity of the 
atomising gas, and d the diameter of the particle. 

Eq. (A.1) indicates that the cooling rate of a particle is inversely proportional to the square of its diameter, so small particles experience high 
cooling rates during gas atomisation, which consequently increases the fraction of the amorphous phase. Based on this fact, the fully amorphous 
particles were separated from as-atomised powders using sieves with different opening meshes in order to find a particle size below which the powder 
is completely amorphous according to its XRD pattern. Then, the energy released upon heating by fully amorphous particles (i.e., the crystallisation 
enthalpy, ∆HC) and by the as-atomised powder (i.e., ∆H) were measured by DSC. Finally, the amorphous fraction (AF) was calculated using the 
following equation [46,48,58]: 

AF =
ΔH
ΔHC

(A.2) 

The possibility of amorphisation is higher in the smallest particles, but in general it is not possible to affirm that every particle containing 
amorphous phase is fully amorphous [58]. Particles with a size near the critical diameter may possess a mixture of amorphous and crystalline 
structures. In the particular case of Fe-Si-B powders, the amount of crystallites in the particles with amorphous phase is minimal [44]; therefore, it can 
be neglected. Thus, the fraction of amorphous phase calculated from Eq. (A.2) can be considered equal to the fraction of amorphous particles. The 
critical diameter (dC) was obtained from the cumulative particle size distribution of the as-atomised powder, determined by laser diffraction, using the 
AF calculated with Eq. (A.2), as explained in reference [46]. The critical diameter values are reported in Table 2. The critical cooling rate (RC), also 
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reported in Table 2, was calculated by substituting the critical diameter (dC) into Eq. (A.1): 

RC ≈

⃒
⃒
⃒
⃒
⃒

12
ρ⋅Cp

⋅
(
Td − Tf

) kg

d2
c

⃒
⃒
⃒
⃒
⃒

(A.3) 

The numerical values used in this calculation were Cp = 35 J/(mol∙K) [59], Td = 300 K, Tf = 1973 K, kg = 0.150 W/(m∙K) for He [57] and the 
density of the alloys (ρ) measured by He pycnometry (see Table A1). 
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