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Design of Cost-Effective Fe-Based Amorphous Coating Alloys Having High 
Amorphous Forming Ability by Thermodynamic Calculation
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In this study, new cost-effective Fe-based amorphous coating alloys having high amorphous forming abil-
ity were developed by varying the Fe content, while their microstructure, hardness, and corrosion resis-
tance were also evaluated. Chemical compositions that have the lowest driving force of formation of
crystalline phases such as Fe3P, Fe3C, and α-Fe were obtained from thermodynamically calculated phase
diagrams of the representative FexAl2(P10.83C7.47B1.7)98-x alloy system at a crystallization temperature of 443 °C.
Considering the intersections of driving force curves of Fe3P and Fe3C, Fe3P and α-Fe, and Fe3C and α-Fe,
the Fe contents were found to be 77.8, 76.2, and 75.8 at.%, respectively. The microstructural analysis results
of 1.5-mm-diameter suction-cast Fe-based alloys indicated that the Fe76.5Al2(P10.83C7.47B1.7)21.5 alloy had a
fully amorphous microstructure, whereas crystalline phases were formed in other alloys. This alloy showed
a better hardness and corrosion resistance than conventional thermal spray coating alloys, and its produc-
tion cost could also be reduced by using less expensive alloying elements, which could provide a good
way to practically apply this alloy to Fe-based amorphous thermal spray coatings. 
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1. INTRODUCTION

In general, amorphous alloys have excellent properties of
strength, stiffness, and corrosion resistance because of their
distinctive liquid-like structure [1,2]. However, the manufac-
turing cost is still high because of the relatively high expense
of alloying elements and the requirement of a vacuum envi-
ronment during the casting. The size and shape of alloy prod-
ucts are also quite restricted [3,4]. When amorphous alloys
that do not have dislocations inside are deformed, shear bands
play an important role in initiating deformation and fracture,
thereby leading to an abrupt fracture in a shear mode [5].
This brittle fracture works as an obstacle to good reliability
in the life of high-performance components. If amorphous/metal
coatings, in which the surface consists of an amorphous alloy
and the interior substrate consists of a ductile metal, can be
successfully developed, these problems of high manufactur-
ing cost and brittle fracture can be solved simultaneously. 

A number of ferrous amorphous coatings have been fabricated
by thermal spraying methods such as high velocity oxyfuel

(HVOF) because of the ready formation of amorphous phases
when completely molten ferrous amorphous powders are
contacted with a substrate at very fast cooling rates [6,7].
According to the recent results of ferrous Fe-Cr-based amor-
phous coatings [8], the coatings could be successfully fabri-
cated by the low-pressure plasma spraying technique by
applying them to the surface treatment of various parts such
as boilers, pumps, impellers, and pulleys in power generation
industries. However, these coating alloys were somewhat
expensive because they contained a considerable amount of
expensive alloying elements of Co, Ni, or Cr. Thus, the fab-
rication idea of ferrous amorphous coating alloys that are
cost-effective and have sufficiently high amorphous forming
ability is quite useful for applications of their thermal spray
coatings in various industrial areas, while fully taking advan-
tage of amorphous alloys. 

In this study, new cost-effective Fe-based amorphous coat-
ing alloys that have high glass formability were developed.
Chemical compositions of super-cooled liquid that have the
lowest driving force for forming crystalline phases such as
Fe3P, Fe3C, and α-Fe were obtained from thermodynamically
calculated phase diagrams of the Fe-Al-P-C-B five-compo-
nent system [9,10]. In order to match these driving force data
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with the experimental data of actual phase formation, the
experiments of casting and phase analysis were performed,
and then the microstructure, hardness, and corrosion resis-
tance of the cast alloys were investigated. The appropriate
compositions of cost-effective Fe-based amorphous alloys
for thermal spray coatings were suggested. 

2. EXPERIMENTAL PROCEDURE

Since Fe-based amorphous alloys are of a disordered phase
that consists of metal and metalloid elements in atomic lev-
els, the ratio of metallic and metalloid elements is important
in determining the amorphous forming ability. P, C, and B
were added as main metalloid elements in this study. The
addition of C and P was inevitable for improving the amorphous
forming ability without adding expensive alloying elements
[11]. A small amount (about 2 at.%) of Al was also added to
improve the amorphous forming ability because Al expands
the supercooled liquid zone [12]. The amount of B was deter-
mined to be 1.7 at.%, considering the high price of the Fe-B
alloy. The representative alloy composition having a Fe-Al-
P-C-B component system was Fe78Al2P10.83C7.47B1.7 according to
the previous research [13]. Furthermore, in order to improve the
amorphous forming ability, Fe and metalloid elements of P,
C, and B were varied to determine the better alloy composi-
tion of FexAl2(P10.83C7.47B1.7)98-x. In addition, the formation
behavior of Fe3C and Fe3P having a high driving force for
formation was analyzed in detail by thermodynamic calcula-
tions [14]. 

Master alloys (weight: about 25 g) were made by arc-melting
appropriate amounts of pure metals of Fe (99.9%), Al (99.99%),
and C (99%) and ferroalloys of Fe-B (99.2%) and Fe-P (99.8%)
in a water-cooled copper crucible under a Ti-gettered argon
atmosphere. Rods of 1.2 mm or 1.5 mm in diameter and 50
mm in length (weight: about 0.4 g or 0.5 g) were fabricated
in a water-cooled copper mold by suction casting under an
argon atmosphere. The suction-cast alloys were polished in
diamond pastes (size: 0.25 mm), etched by a Vilella’s solu-
tion (45 ml Glycerol, 15 ml HNO3, and 30 ml HCl), and
observed by a scanning electron microscope (SEM, model:
JSM-6330F, Jeol, Japan). Phases present in the alloys were
analyzed by X-ray diffraction (XRD, Cu radiation, scan rate:
2 deg·min-1; scan step size,: 0.02 deg; angle range: 20 deg 
2θ  100 deg). Hardness was measured by a Vickers hard-
ness tester under a 100 g load. 

Open circuit potential (OCP) measurements and potentio-
dynamic polarization tests were conducted in an aerated 1%
NaCl solution at room temperature. A saturated calomel
electrode (SCE) was used as a reference electrode, and two
parallel high-density graphite rods were served as counter
electrodes for the current measurement. Suction-cast Fe-base
amorphous alloy specimens (rod shape) were mounted by a
nonconductive macromolecule resin so that they could be

connected to electrodes [14]. The OCP was measured after a
delay of 30 minutes for the specimens to reach a steady state.
Then, the specimen was potentiodynamically polarized at a
scan rate of 0.0004 V/s from -0.25 V below the OCP to +1.2 V
above the SCE potential. 

3. RESULTS AND DISCUSSION

3.1. Thermodynamic calculation of driving force of for-
mation of crystalline phases

Thermodynamic calculations were conducted to find alloy
compositions with high amorphous forming ability. Here, a
composition of super-cooled liquid with the lowest driving
force of formation for other crystalline phases was selected.
The ThermoCalc software was used for calculation, and the
upgraded version of TCFE2000 was used for the thermody-
namic database [16-18]. In this database, Fe3P was consid-
ered as a stoichiometric compound [18], but the experimental
information showed a non-negligible solubility of B replac-
ing P sites [19]. Thus, the thermodynamic model for Fe3P was
extended to Fe3(P,B) to represent the solubility of B [19]. 

The differential scanning calorimetry (DSC) analysis was
conducted on the representative alloy composition (Fe78Al2P10.83

C7.47B1.7) to determine the temperature, which is one of the
important parameters for calculating the driving force of
phase formation. Figure 1 shows a thermogram of the alloy
at a heating rate of 10 °C/min. From this thermogram, the glass
transition temperature (Tg) and crystallization temperature
(Tx,onset) were measured to be 417 °C and 443 °C, respectively. 

Figure 2 shows the driving force curves of formation of
Fe3P, Fe3C, α-Fe, Fe23C6, and γ-Fe and in the FexAl2 (P10.83

C7.47B1.7)98-x alloy system at 443 °C as a function of atomic

Fig. 1. Differential scanning calorimetry (DSC) thermogram of the
representative alloy (Fe78Al2P10.83C7.47B1.7 (at.%), 78Fe alloy) at a
heating rate of 10 °C/min. The glass transition temperature (Tg) and
crystallization temperature (Tx,onset) are 417 °C and 443 °C, respec-
tively. 
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fraction of Fe. The driving forces of formation of Fe3P, Fe3C,
and α-Fe are relatively high, while those of Fe23C6 and γ-Fe
are low. This indicates that the possibility of forming Fe3P,
Fe3C, and α-Fe phases is high in the FexAl2(P10.83C7.47B1.7)98-x

alloy system. 
In order to match these driving force data with the experimen-

tal data of actual phase formation, the preliminary experiments
of casting and phase analysis were performed. Five Fe-based
alloys, whose Fe contents were varied at 76, 77, 78, 78.5,
and 79 at.%, were made into a rod shape (diameter: 1.2 mm;
length: 50 mm) by suction casting. Figure 3 shows the X-ray
diffraction (XRD) analysis data of the five alloys. Many peaks
of crystalline phases can be observed in the 78.5Fe-Al-P-C-
B and 79Fe-Al-P-C-B alloys, but disappear as the Fe content
decreases. These XRD data indicate that only phases of Fe3P,
Fe3C, and α-Fe are formed without Fe23C6 and γ-Fe phases in
the FexAl2(P10.83C7.47B1.7)98-x alloy system. This is because the
actual driving forces for forming Fe23C6 and γ-Fe phases
might have been reduced below the calculated driving forces
by some reasons or factors that were not considered in the
thermodynamic calculation [20]. For example, Fe23C6 carbides
kinetically need a long time for their precipitation because
they have a large and complicated unit cell of a square anti-
prism shape [21,22]. Thus, driving force curves for the for-
mation of Fe23C6 and γ-Fe phases are eliminated from Fig. 2,
as shown in Fig. 4. Considering both driving force curves of
Fe3P and Fe3C, the intersection of the two curves indicates
the composition (X = 77.8) at which driving forces of Fe3P and
Fe3C are minimized while the possibility of forming amor-
phous phases is maximized. From the compositions located
at curve intersections, e.g., Fe3P and Fe3C, Fe3P and α-Fe,

and Fe3C and α-Fe, the Fe contents were selected to be 77.8,
76.2, and 75.8 at.%, respectively, as indicated by arrows in
Fig. 4. According to this thermodynamic calculation, together
with the XRD data of Fig. 3, the final alloy compositions at
which the amorphous forming ability is maximized are deter-
mined to be FexAl2(P10.83C7.47B1.7)98-x (76  X  78). 

3.2. Microstructure of Suction-Cast FexAl2 (P10.83C7.47B1.7)98-x

Alloys
The Fe-based alloys having compositions of FexAl2

(P10.83C7.47B1.7)98-x (76  X  78), i.e., Fe76Al2(P10.83C7.47B1.7)22,
Fe76.5Al2(P10.83C7.47B1.7)21.5, Fe77Al2(P10.83C7.47B1.7)21, Fe77.5Al2

(P10.83C7.47B1.7)20.5, and Fe78Al2(P10.83C7.47B1.7)20), were made
in a rod shape (diameter: 1.5 mm; length: 50 mm) by suction
casting. For convenience, Fe-based alloys having compositions
of Fe76Al2(P10.83C7.47B1.7)22, Fe76.5Al2(P10.83C7.47B1.7)21.5, Fe77Al2
(P10.83C7.47B1.7)21, Fe77.5Al2(P10.83C7.47B1.7)20.5, Fe78Al2(P10.83C7.47B1.7)20

are referred to as 76Fe, 76.5Fe, 77Fe, 77.5Fe, and 78Fe alloys,
respectively, according to the Fe content (X). Here, the 78Fe
alloy has a representative alloy composition as forementioned
in the Experimental section. 

Fig. 2. Driving force curves of formation of Fe3P, Fe3C, α-Fe, Fe23C6,
and γ-Fe in the FexAl2(P10.83C7.47B1.7)98-x alloy system at 443 °C as a
function of atomic fraction of Fe. These curves were calculated by an
analysis program of ThermoCalc on the basis of the upgraded version
of TCFE2000 [18].

Fig. 3. X-ray diffraction (XRD) patterns of the five Fe-based alloys,
whose Fe contents were varied at 76, 77, 78, 78.5, and 79 at.%, in the
FexAl2(P10.83C7.47B1.7)98-x alloy system, showing peaks of Fe3P, Fe3C,
and α-Fe as well as hallow patterns of amorphous phase. The Fe-
based alloys were made in a rod shape (diameter; 1.2 mm, length; 50
mm) by suction casting. 
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Figure 5 shows the XRD analysis data of the five alloys.
Peaks of Fe3P and Fe3C, as well as hollow patterns of amor-
phous phase, are found in the 76Fe and 77Fe alloys, but only
broad patterns are observed in the 76.5Fe alloy. In the 77.5Fe
and 78Fe alloys containing a high content of Fe, peaks of
Fe3P, Fe3C, and α-Fe appear together with hallow patterns.
These XRD data are different from the XRD data shown in
Fig. 5 because the cooling rate of 1.5-mm-diameter suction-
cast rods is slower than that of 1.2-mm-diameter suction-cast
rods. In the case of the 78Fe alloy, for example, peaks of crystal-
line phases are not found in the XRD data of the 1.2-mm-
diameter rods (Fig. 3), but they are found in the XRD data of
the 1.5-mm-diameter rods (Fig. 5). This indicates that the
1.5-mm-diameter rods need a higher amorphous forming
ability than 1.2-mm-diameter rods. 

Fig. 4. Driving force curves of formation of Fe3P, Fe3C, and α-Fe in
the FexAl2(P10.83C7.47B1.7)98-x alloy system at 443 °C as a function of
atomic fraction of Fe. From the compositions located at curve inter-
sections, e.g., Fe3P and Fe3C, Fe3P and α-Fe, and Fe3C and α-Fe, the
Fe contents are selected to be 77.8, 76.2, and 75.8 at.%, respectively,
as indicated by arrows.

Fig. 5. X-ray diffraction (XRD) patterns of the five Fe-based alloys,
whose Fe contents were varied at 76, 76.5, 77, 77.5, and 78 at.%, in the
FexAl2(P10.83C7.47B1.7)98-x alloy system, showing peaks of Fe3P, Fe3C,
and α-Fe as well as hallow patterns of amorphous phase. The Fe-based
alloys were made in a rod shape (diameter; 1.5 mm, length; 50 mm)
by suction casting. 

Fig. 6. SEM micrographs of the (a) 76Fe alloy (Fe76Al2(P10.83C7.47B1.7)22),
(b) 76.5Fe alloy (Fe76.5Al2(P10.83C7.47B1.7)21.5), and (c) 78Fe alloy (Fe78Al2

(P10.83C7.47B1.7)20)), showing crystalline phases in the amorphous matrix
of the 76Fe and 78Fe alloys.
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SEM microstructures of 1.5-mm-diameter suction-cast rods
of the 76Fe, 76.5Fe, and 78Fe alloys are shown in Fig. 6(a)
through (c). In the 76Fe and 78Fe alloys, crystalline phases
are found in a dendritic shape (Fig. 6(a) and Fig. 6(c)), whereas
they are not observable in the 76.5Fe alloy (Fig. 6(b)). This
indicates that the amorphous forming ability is improved in
the 76.5Fe alloy in comparison with the 76Fe or 78Fe alloy.
It is also noted that the amorphous microstructure of the
76.5Fe alloy matches the thermodynamically calculated data
at 443 °C of Fig. 4, i.e., the composition (X=76.2) located at
the curve intersections of Fe3P and α-Fe, whereas those of
the 76Fe and 78Fe alloys are not matched because the 76Fe
and 78Fe alloys contain crystalline phases. The main reason
for the unmatched microstructure with the thermodynami-
cally calculated data is due to the importance of the forma-
tion of crystalline phases because the actual driving forces
for formingFe3P and α-Fe phases might be quite above the
calculated driving forces. Thus, the driving force for the for-
mation of Fe3P and α-Fe is useful for estimating the amor-
phous forming ability of the present alloy system. 

3.3. Hardness and Corrosion Resistance of Suction-Cast
FexAl2(P10.83C7.47B1.7)98-x Alloys

The Vickers hardness values of the 76Fe, 76.5Fe, 77Fe, 77.5Fe,
and 78Fe alloys are 1084, 1099, 1081, 1060, and 1061 VHN,
respectively. These hardness values show higher hardness than
those of conventional thermal spray coating alloys [8,23]. The
76.5Fe alloy composed of amorphous phase shows slightly
higher hardness than the other alloys containing crystalline
phases. The hardness of the five alloys is higher than 1000

VHN, and the hardness difference between the alloys is not large
because the crystalline phases of Fe3P and Fe3C are hard.

Figure 7 shows potentiodynamic polarization curves of the
76.5Fe alloy, 78Fe alloy, Fe-Cr-P-C-based alloy (composition:
Fe-10Cr-13P-7C (at.%)) [8], and hastelloy C22 alloy (com-
position: Ni-22Cr-13Mo-3.0Fe-3.0W-2.5Co-0.5Mn-0.35V-0.08Si-
0.01C (wt%)), which are commercially used as thermal spray
coating alloys [24]. The test specimen of the 76.5Fe alloy was
obtained from a 1.5-mm-diameter suction-cast rod, whereas
those of the 78Fe alloy and Fe-Cr-P-C-based alloy were obtained
from 1.2-mm-diameter suction-cast rods. Thus, both the 76.5Fe
and 78Fe alloy specimens consist of amorphous phases (Fig.
3 and Fig. 5), but the Fe-Cr-P-C-based alloy contains some
crystalline phases because of its low amorphous forming
ability [8]. 

The corrosion potential (Eo) and corrosion current density
(io) were obtained from the polarization curves, and the results
are shown in Table 1. These results do not represent the absolute
values because the modified potentiodynamic polarization
test is not a standard corrosion test. However, this test pro-
vides a relative comparison of corrosion resistance [25]. The
corrosion current density was measured from the intersect-
ing points of two Tafel lines of polarization curves. io of the
76.5Fe alloy is lower than that of the 78Fe alloy, Fe-Cr-P-C-
based alloy, and the hastelloy C22. Eo is also the highest of
the 76.5Fe alloy. It can be concluded from the data of io and
Eo that the corrosion resistance of the 76.5Fe alloy is the best
among the alloys. This can be attributed to the full amorphous
microstructure, in which grain boundaries do not exist [1].
When the 76.5Fe and 78Fe alloys composed of amorphous
phases are compared, the 76.5Fe alloy has a better corrosion
resistance than the 78Fe alloy. These results imply that the
better amorphous forming ability leads to a better corrosion
resistance, even in amorphous alloys. 

The relative price percentages of alloying elements con-
tained in the alloys were estimated on the basis of the price
of the 76.5Fe alloy, and the results are shown in Table 1.
These standard prices were estimated by prices of ferroal-
loys of the LME (London Metal Exchange) daily price (date:
June 25th, 2013) [26,27]. The price of alloying elements con-
tained in the 76.5Fe alloys is lower than that contained in the
Fe-Cr-P-C-based alloy, while it is similar to that of the 78Fe
alloy. It is also much lower than that contained in the hastel-

Fig. 7. Potentiodynamic polarization curves of the 76.5Fe alloy, 78Fe
alloy, Fe-Cr-P-C-based alloy (composition; Fe-10Cr-13P-7C (at.%)),
and hastelloy C22 alloy (composition; Ni-22Cr-13Mo-3.0Fe-3.0W-
2.5Co-0.5Mn-0.35V-0.08Si-0.01C (wt.%)). The test specimen of the
76.5Fe alloy was obtained from a 1.5-mm-diameter suction-cast rod,
whereas those of the 78Fe alloy and Fe-Cr-P-C-based alloy were
obtained from 1.2-mm-diameter suction-cast rods. The specimens
were immersed in a 1% NaCl solution at room temperature.

Table 1. Potentiodynamic polarization test results and relative 
price percentage of the 76.5Fe alloy, 78Fe alloy, Fe-Cr-P-C-based 

alloy, and hastelloy C22

Alloy
E0

(VSCE)
i0

(μA/cm2)
Relative Price 
Percentage (%)

76.5Fe Alloy 0.598 0.108 100
78Fe Alloy -0.108 0.156 96

Fe-Cr-P-C-based Alloy -0.366 2.497 115
Hastelloy C22 -0.220 0.720 1632
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loy C22. This implies that the commercially used Fe-Cr-P-
C-based alloy or hastelloy 22 can be sufficiently replaced by
the 76.5Fe alloy. 

The present study on the development of cost-effective Fe-
based amorphous alloys by modifying conventional Fe-based
alloys can be a good way to apply these alloys to amorphous
thermal spray coatings. It can also be useful to understand
the behavior of amorphous forming ability and to suggest
optimal alloy compositions for improving amorphous forming
ability. The 76.5Fe alloy consists of a full amorphous phase,
and shows the best hardness and corrosion resistance. Its
wear resistance could be excellent when its high hardness
was considered, although the wear test was not conducted in
this study. These results are outstanding ones, which have been
hardly reported in previous studies on Fe-based amorphous
alloys, and the improvement of amorphous forming ability is
explained by thermodynamically calculated phase diagrams
that achieve an alloy composition having the lowest driving
force for forming crystalline phases. In order to further improve
the microstructures and properties of Fe-based amorphous
alloys, intensive studies to select or develop new alloy com-
positions for enhancing the amorphous forming ability and
to clarify mechanisms involved in improved hardness and
resistance to wear or corrosion should continue.

4. CONCLUSIONS

In this study, cost-effective Fe-based amorphous alloys used
for thermal spray coatings were developed by varying the Fe
content, and their microstructure, hardness, and corrosion
resistance were investigated. 

(1) Based on the representative FexAl2(P10.83C7.47B1.7)98-x alloy
system at the crystallization temperature of 443 °C, the Fe
content was varied to calculate the driving force of the for-
mation of crystalline phases of Fe3P, Fe3C, α-Fe, Fe23C6, and
γ-Fe by using the thermodynamic database. The preliminary
calculation results showed that only phases of Fe3P, Fe3C,
and α-Fe were formed in this alloy system. Considering the
intersections of driving force curves of Fe3P and Fe3C, Fe3P
and α-Fe, and Fe3C and α-Fe, the Fe contents were selected
to be 77.8, 76.2, and 75.8 at.%, respectively.

(2) The microstructural analysis results of 1.5-mm-diameter
suction-cast Fe-based alloys indicated that the Fe76.5Al2

(P10.83C7.47B1.7)21.5 alloy (76.5Fe) had a fully amorphous micro-
structure, whereas crystalline phases such as Fe3P, Fe3C, and
α-Fe were formed in the Fe76Al2(P10.83C7.47B1.7)22 alloy (76Fe)
and Fe78Al2(P10.83C7.47B1.7)20 alloy (78Fe). These results were
well matched with the thermodynamically calculated data.
Thus, the calculated driving force for the formation of crys-
talline phases was useful for estimating the amorphous form-
ing ability of Fe-based alloys. 

(3) The 76.5Fe alloy had a completely amorphous micro-
structure with a maximum thickness of 1.5 mm at least, and

showed better hardness and corrosion resistance than con-
ventional thermal spray coating alloys. The improvement in
amorphous forming ability was explained by thermodynam-
ically calculated phase diagrams to achieve an alloy compo-
sition that has the lowest driving force in the formation of
crystalline phases. Its production cost could also be reduced
by using less expensive alloying elements, which could pro-
vide a good way to practically apply Fe-based amorphous
thermal spray coatings. 
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