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Abstract

This study investigated the conditions for self-propagating high-temperature synthesis
(SHS) of FeB. Hematite (Fe2O3) and magnetite (FesO4) powders were used as iron sources,
and phases generated under varied aluminum stoichiometries were identified. The SHS reac-
tions produced loose powder products. Significant levels of impurities were detected in both
experimental sets along with the FeB compounds. XRD analysis of the SHS products revealed
the presence of only FesB and MgO phases. Removal of Mg-based impurities was carried
out through HCI leaching at different concentrations. The targeted FeB structure was ob-
tained as intended in the experiments. Optimal conditions were identified as a reduction of
the hematite-boron oxide mixture with 110 % stoichiometric Mg and subsequent leaching in

8 M HCL
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1. Introduction

FeB alloys, consisting of transition metal borides,
have attracted increasing attention over the past
decade. While FeB and FeB,; stand out as stable
phases in these compounds, unstable phases such as
FesB and FeBy are also formed. The soft ferromag-
netic (Fe, FesOy4, FeNi, etc.) properties of the material
have made it attractive. FeB compounds exhibit su-
perior mechanical, electrical, magnetic, and hardness
characteristics compared to other ferromagnetic mate-
rials. In addition, iron boride compounds possess sig-
nificantly higher magnetic saturation and Curie tem-
peratures than other metal borides [1-8]. The material
also shows a high capacity for microwave absorption.
Additionally, FeB compounds are utilized in Hy ab-
sorption systems and function as electrocatalysts in
O5 evolution reactions. The biomedical industry rep-
resents another application area for Fe-B compounds.
Numerous studies in the literature have focused on
the biomedical applications of Fe-B compounds [9-16].

These studies reported that the material is biocompat-
ible for MRI use and suitable for biomedical applica-
tions due to its magnetic properties and the corrosion
resistance associated with its boron content. The cy-
totoxicity of the material was investigated, and the ef-
fectiveness of FeB nanoparticles encapsulated in lipo-
somes against HeLa cells was determined. In addition,
iron-boron compounds have been proposed as candi-
date materials for alternative magnetic field (AMF)
applications in cancer treatment [1, 17-21]. Wear and
corrosion are the two main mechanisms that degrade
material performance and cause losses; therefore, de-
veloping materials resistant to these effects is cru-
cial. Due to these properties, iron-boron compounds
have recently attracted increased attention. They also
offer higher mechanical and chemical stability than
Fe-Cr alloys used for similar applications. The mate-
rial also exhibits moderate impact resistance. Addi-
tionally, boron-alloyed steels are recognized for their
high neutron absorption capacity and excellent oxida-
tion resistance [22-27].
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Fig. 1. Iron-boron phase diagram.

In carbon steels, boron is used as a microalloying
element to enhance mechanical properties. Accord-
ing to the Fe-B phase diagram (Fig. 1), its solubil-
ity in the iron matrix is extremely limited. The di-
agram indicates that two ferroalloys, FeB and FeBs,
exist as stable phases. Their hardness values are re-
ported in the literature as approximately 1900 HV
and 1500 HV, respectively. Due to their extremely
high hardness, iron-boron compounds are widely used
to enhance wear resistance in boriding applications
[28]. In metallurgical practice, elements with limited
solubility are introduced via prealloying. For exam-
ple, molybdenum (melting point 2623°C) does not
dissolve directly in liquid steel at typical processing
temperatures (~ 1565°C). Adding it as a ferroalloy,
such as FeMo, enables the element to enter the melt
more readily. The density of the components in melt-
ing processes is a critical factor affecting how alloy-
ing elements dissolve. Using ferroalloys provides a
clear advantage by overcoming density-related con-
straints during alloying. Therefore, producing ferroal-
loys via alternative routes can offer clear benefits. In
this study, self-propagating high-temperature synthe-
sis (SHS) is used to produce Fe-B-based ferroalloys
and to evaluate SHS as an efficient alternative pro-
duction route.

Figure 1 shows the stable iron-boron phases formed
by spinodal decomposition: FeBs with 32.5% boron
and FeB with 50 % boron. In this study, the com-
position of FeB — known for its superior mechani-
cal properties — was determined as the stoichiomet-
ric ratio, and the SHS process charges were pre-
pared accordingly. Spinodal decomposition is observed
at 1650°C. Reaching this temperature and solidify-
ing from the melt requires expensive equipment, long
heating times, and high energy use.

By contrast, the SHS setup (variac, copper cable,
resistance wire, and a crucible) sidesteps these issues:
once ignited, the compact supplies the necessary heat
through its own exothermic reaction, without external
energy input [29].

The thermodynamic basis of this method is the
Ellingham diagram of oxides. This diagram presents
the AG values for the reactions between metals and
oxygen. Accordingly, if the Gibbs free energy of the
total reaction is negative, the reaction is exothermic.
When the positions of the materials in the diagram
are examined, it is observed that Mg, Ca, Si, and Al
appear near the bottom of the diagram. Consequently,
these materials are capable of reducing all other ox-
idized compounds. Therefore, the oxygen affinity of
these materials, known as reductants, is higher than
that of other elements, and when they react with oxy-
gen, they form stable compounds, enabling the reduc-
tion of other oxides into their metallic forms [30-34].

While no direct studies have focused on the syn-
thesis of iron-boron compounds via the SHS method,
compounds such as WFeB and NdFeB have been
successfully synthesized using this technique. In this
study, the synthesis conditions of Fe-B compounds via
the SHS method were examined, with a particular fo-
cus on the effects of different reductants (Al, Mg) and
stoichiometric ratios on the production process. Fur-
thermore, the effects of hematite (FeaO3) and mag-
netite (Fe3O4) as iron sources on the synthesis process
were investigated. Unwanted phases generated in the
experiments using magnesium as a reductant were re-
moved through HCI leaching, and the leaching condi-
tions were optimized by varying the HCI molarity. Fol-
lowing the experiments, the products obtained from
both SHS and leaching processes were characterized
using XRD and SEM.

Table 1. Chemical compositions of reactant materials

Material %Fe %Cr %Ni %Zn %Mn %Mg %Al %Mo %Si %Ca %Co
Fe203 Bal. 0.083 0.006 0.015 0.009 0.002 0.02 0.03 0.1 - -
FesO4 Bal. 0.002 0.006 0.005 0.004 - 0.005 - - 0.0035
B20Os3 0.01 - 0.004 - - 0.051 - - 0.15 0.06
Al 0.028 0.24 0.04 0.56 0.45 4.65 Bal. Rare 0.12 — —
Mg 0.02 0.001 0.001 - Bal. 2.96 - - -
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Table 2. Purity and grain size of the raw materials

Raw materials Purity (%) Grain size

Al > 96.0 < 150 micron
Fes0O3 > 99.0 < 100 micron
Mg > 99.0 < 250 micron
Fe3zO4 > 98.0 < 200 micron
B2Os > 97.0 < 250 micron

2. Materials and method

In this study, FeoO3 and FesO,4 powders were em-
ployed as oxidized iron sources; BoO3 powder served
as the boron source, and Al and Mg powders were
used as reductants. Raw materials were supplied by
the Nanokar company. The impurities of the mate-
rials are presented in Table 1, and the particle sizes of
the raw materials are given in Table 2.

Fe-B synthesis began with an assessment of alu-
minothermic reduction conditions using Fe;Og3 as the
initial iron source; stoichiometric ratios followed (Eq.
(1)). Subsequently, Fe3sOy4 served as the Fe source; the
corresponding reaction is given in Eq. (2). The magne-
siothermic reduction of FeoO3 was also investigated,
and its stoichiometry was determined as in Eq. (3).
The codes used throughout the study to represent dif-
ferent mixtures, stoichiometric ratios, and synthesis
methods are summarized in Table 3.

F6203 + B203 4+ 4A] — 2FeB + 2A1203, (1)
2F€304 + 3B203 + 11.3A1 — 6FeB + 56AA12()37 (2)
Fe; O3 + B2O3 + 6Mg — 2FeB 4 6MgO. (3)

As can be seen from Egs. (1)—(3), FeB was deter-
mined as the target alloy in the study. In the alu-
minothermic experiments, the stoichiometric amount
of Al (100 %) was determined based on Egs. (1) and
(2), after which the Al content was varied up to 115
in 5 % increments. As a result, the optimum Fe source
and reductant stoichiometry were determined. In the
magnesiothermic experiments, FeoO3 was used as the
iron source and reduced with 105 % of the stoichio-

Fig. 2. Flowchart of experiments.

metric amount of magnesium. Impurities arising from
the magnesiothermic SHS experiments were removed
by leaching in 6, 8, and 10 M HCI to investigate op-
timal conditions for impurity removal. After SHS and
leaching, microstructures were examined with a Carl
Zeiss Sigma 300 VP scanning electron microscope
(SEM). Crystal structures were analyzed by PANalyt-
ical X’Pert3 Powder XRD, and the patterns were pro-
cessed with X’Pert HighScore software. For particle
size analysis (PSA, Malvern™ Mastersizer 2000) was
used. The experimental flowchart is shown in Fig. 2.
An identical protocol was followed during the ex-
periments; initial weighing was conducted accord-
ing to the determined stoichiometries, as illustrated
in Fig. 2. Subsequently, the powder mixtures were
blended in a Turbula mixer for one hour to achieve
homogenization. Samples were oven-dried (ETUV) at
105°C for 1h to remove residual moisture. Subse-
quently, the dried mixtures were transferred into a Cu
crucible, and a W wire was positioned at its upper sur-
face to serve as a trigger. The current supplied from
the variac via a copper cable was obstructed by the
W wire, leading to its heating, which in turn initi-
ated the reaction. The combustion process concluded
spontaneously within approximately 15 seconds, yield-

Table 3. Sample codes and synthesis routes of the Fe-B compounds

Code Iron Source Reductant Stoichiometry (%) Method
H100-H115 FexO3 Al 100-115 Aluminothermic
M100-115 Fe304 Al 100-115 Aluminothermic
Mgl10 Fe203 Mg 110 Magnesiothermic
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Table 4. Detected phases and their corresponding PDF reference numbers (identified using X’ Pert HighScore software).

Formula Al Fe3BOg Fe3zO4 FesB

Pdf no. 00-001-1180 98-000-8068 98-006-2197 96-151-1092 03-065-2693
Formula Al,O3 FeBO3 MgO FeB

Pdf No. 00-050-0741 01-076-0701 01-075-1525 01-076-0092

ing a reaction product as a loose, powdery substance.
The SHS samples underwent characterization. Subse-
quently, the magnesiothermically reduced sample was
treated with HCI at 80°C for 1hour under magnetic
stirring at 450 rpm.

3. Results and discussion

In experiments aimed at developing Fe-B alloys,
initial aluminothermic reductions were conducted us-
ing magnetite as the Fe source, with the aluminum
stoichiometry varied at 5% intervals. Samples were
coded accordingly. Figure 3 shows the XRD analysis
results of the samples obtained from the experiments.
Accordingly, the M100 sample corresponds to the sto-
ichiometric amount of Al (100 %), whereas M110 rep-
resents a composition containing 110 % of the required
stoichiometric amount. Figure 3 shows that Al appears
as the main peak in all mixtures. Following aluminum,
ferroborate and magnetite phases are predominantly
observed. The presence of significant amounts of mag-
netite and aluminum indicates that the reduction was
not efficient. Based on this observation, magnetite and
Al did not react at the expected rate. Additionally,
two low-intensity peaks and the Fe;B phase are ob-
served. However, the dominance of ferroborates indi-
cates that, if the reaction proceeds, the resulting phase
is likely to be FesBOg. In the initial set of experiments,
Fe-B alloys were not obtained efficiently. All reference
codes of the detected phases obtained from XRD anal-
yses were identified using X’Pert HighScore software
and are collectively listed in Table 4.

In the experiments conducted for the production
of Fe-B compounds, the reduction conditions of the
magnetite, boron oxide, and aluminum system were
first investigated. In the second stage, hematite was
used as the Fe source, and the procedures applied in
the first set were repeated. In this stage, the samples
were labeled with H instead of M, and variations in
Al stoichiometry were shown. Figure 4 presents the
XRD patterns of the samples obtained from the ex-
periments. Accordingly, AlO3 and Al were predomi-
nantly detected. According to Eq. (1), the presence of
the Al,O3 phase was expected; however, a significant
amount of unreacted Al was also detected in the struc-
ture. Additionally, FesB and FeBO3 were detected at
all mixing ratios. Among the SHS products, the 110 %
stoichiometry samples (M110 and H110) showed the
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Fig. 3. XRD patterns of magnetite used in aluminothermic
reduction for the synthesis of Fe-B compounds.
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Fig. 4. XRD patterns of hematite used in the aluminother-
mic reduction for Fe-B compound production.

strongest, sharpest XRD peaks, indicating the most
effective formation of Fe-B compounds. A noticeable
decrease in the intensity of the formed structures was
observed at 115 % stoichiometry in both sets of experi-
ments. This is attributed to the reduction of Al;O3 by
excess aluminum, which lowers the specific heat and
consequently reduces the overall efficiency.
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Fig. 5. Adiabatic temperature values as a function of Mg
amount.

Comparison of Figs. 3 and 4 shows that the use of
hematite as the Fe source resulted in a greater forma-
tion of Fe-B compounds. In both sets of experiments,
the 110 % stoichiometric mixture yielded the highest
amount of Fe-B compounds. Therefore, hematite was
selected as the Fe source in the magnesiothermic ex-
periment, and the reductant stoichiometry was deter-
mined to be 110 %. Thermodynamic modeling, con-
ducted using FactSage 7.1 software for the magnesio-
thermic system before the experiments, is presented in
Figs. 5 and 6. In both sets of aluminothermic experi-
ments using different iron oxide sources, the targeted
phase FeB could not be obtained; however, another
stable Fe-B compound, the FesB structure, could be
formed.

Figure 5 illustrates the variation in adiabatic tem-
perature with increasing amounts of Mg. In SHS pro-
cesses, a minimum adiabatic temperature of 1527°C is
required for the initiation of the reaction. According
to Fig. 5, this threshold was reached with the addition
of 2 moles of Mg. When 4 moles were used, the tempe-
rature exceeded 2200°C and remained above this level
up to 8 moles. This indicates that, based on Eq. (3),
in the system where 100 % stoichiometric Mg corre-
sponds to 6 moles, no drop in adiabatic temperature
occurs at 105 and 110 % stoichiometric levels.

In addition to the adiabatic temperature, possible
phase formations were simulated using FactSage soft-
ware, and the results are presented in Fig. 6. Magne-
sium borate phases were formed in significant amounts
up to 2moles but did not remain stable beyond this
point. The Fe phase exhibits a high yield with an Mg
input of 4 mol; the B phase attains its highest con-
centration when the Mg input exceeds 6 mol. This
indicates that more than 6 mol of Mg is required to
form Fe-B compounds. The 110 % stoichiometric Mg
used here exceeds 6 mol and is therefore appropri-
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Fig. 7. XRD patterns of 110 % stoichiometric samples used

in the synthesis of Fe-B compounds (Mg110: magnesiother-

mic sample, H110: hematite-based aluminothermic sample,
M110: magnetite-based aluminothermic sample).

ate; at this level, both Fe and B reach their maxi-
mum concentrations. Considering the thermodynamic
modeling results and data from aluminothermic exper-
iments, hematite and boron oxide were reacted using
110 % stoichiometric Mg. Subsequently, the resulting
structures were characterized by XRD, and the find-
ings were compared with those from aluminothermic
experiments using 110 % Al, as shown in Fig. 7. As
a result of using magnesium as the reducing agent,
the phases formed had a lower intensity compared
to those observed with aluminum. The gas phase ob-
served just above boron with increasing Mg amounts
in Fig. 6 is considered the reason for this outcome.
On the other hand, Fig. 7 shows that only the phases
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Fig. 8. XRD graphs of leached samples.

represented by the square (FesB) and triangle (MgO)
symbols were detected, confirming the success of the
reaction according to Eq. (3). This indicates that the
reaction proceeded as intended when compared to the
aluminothermic experiments.

This study addressed the synthesis of Fe-B com-
pounds. The 110 % Mg condition yielded Fe;B along
with MgO, so the product contained MgO-derived im-

purities. Purification toward FeB was carried out by
leaching in 6, 8, and 10 M HCI. The results are pre-
sented in Fig. 8. As shown in Fig. 8, impurities were
removed at all acid concentrations; however, the most
intense peaks were observed in the 8 M solution. Ac-
cording to the XRD pattern, no phase other than FeB,
which was targeted in this study, was detected. When
the acid concentration reached 10 M, the FeB phase
dissolved into the solution, resulting in a significant
loss of the target material. Accordingly, the optimum
HCI concentration was determined to be 8 M based on
the leaching experiments.

After the SHS (Self-propagating High-temperature
Synthesis) reaction, the product mainly consists of
Fe;B and MgO phases. The subsequent leaching pro-
cess in hydrochloric acid (HCl) induces a phase trans-
formation, which can be explained in two steps:

1. Dissolution of MgO:

MgO + 2HCI — MgCl, + H,OMgO + 2HCL  (4)

In this step, MgO is completely dissolved, leaving be-
hind the boride-containing phase.

2. Selective dissolution of Fe from Fe,;B:
FesB is relatively Fe-rich compared to FeB. During
leaching, hydrochloric acid selectively dissolves excess
Fe atoms from the FeoB lattice, especially from Fe-
enriched regions. Since boron is more inert to acidic

Fig. 9. SEM images of SHS-synthesized samples with 110 % stoichiometry: (a) H110, (b) M110, (c) Mgl10, and (d) the
sample leached with 8 M HCI.
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attack, the boron-to-iron ratio in the remaining solid
increases, leading to the stabilization of the FeB phase:

FesB + 2HCI — FeB + FeCly + Hy 1 . (5)

In the overall mechanism, MgO is removed as soluble
MgCls, FesB undergoes partial dissolution, resulting
in the loss of excess Fe, and the residual solid stabi-
lizes as FeB, which is more boron-rich compared to
FesB. Thus, the phase transformation from FesB —
FeB during HCI leaching is driven by selective Fe dis-
solution and boron enrichment of the solid residue.

The stability of FeB against hydrochloric acid
leaching can be attributed to its boron-rich composi-
tion and strong Fe-B bonding. While Fe,B is relatively
iron-rich and thus susceptible to selective dissolution
of excess Fe atoms in acidic media, FeB possesses a
more compact and chemically stable crystal structure.
In addition, boron exhibits high resistance to acidic at-
tack, and the enrichment of boron at the FeB surface
may form a protective layer that passivates the phase
against further dissolution. As a result, FesB is trans-
formed into FeB during leaching, whereas FeB itself
remains stable under these conditions.

The SEM technique was used to characterize the
microstructure of the samples. Figures 9a—d present
the microstructures of SHS-synthesized samples with
110 % stoichiometry: (a) H110, (b) M110, (c¢) Mgl10,
and (d) the sample leached with 8 M HC], identified
as the optimal condition based on XRD analyses.

In the SEM analysis, a comparison of Figs. 9a,b,
in line with the XRD results, revealed that compos-
ite grains formed under experimental conditions us-
ing hematite as the Fe source. In contrast, when mag-
netite was used, no compounds were observed, and Al
structures were found to be distributed over the mag-
netite powders. Figure 9c¢ shows that the reduction of
hematite with magnesium resulted in a bulk structure
composed of grains larger than 10 microns. As shown
in Fig. 9d, after leaching with 8 M HC], the sample was
purified of impurities, and the grain size decreased to
below 5 microns, resulting in a structure more favor-
able for the sintering process. The particle size dis-
tribution of the samples in Figs. 9¢,d was performed,
and the findings are presented in Fig. 10. Accordingly,
the average grain size of the Mg 110 sample was cal-
culated as 12.845 pum, and that of the sample obtained
after 8M HCI leaching was 2.436 pm. These values are
consistent with the SEM images. Accordingly, a sig-
nificant decrease in the grain size of the powders was
observed as a result of the leaching process.

4. Conclusions

In experiments aimed at synthesizing FeB com-
pounds, magnetite was initially used as the Fe source,
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Fig. 10. Particle size distributions (a) Mgl10 and (b) the
sample leached with 8 M HCI.

and the reduction conditions of its mixture with boron
oxide, using aluminum, were investigated. Although
a small amount of the FesB phase was formed, the
target composition was not achieved, and the struc-
ture was mainly composed of Al and Fe30y4. In the
second stage of the experiments, as in the first set,
the effect of varying aluminum stoichiometry on FeB
production was investigated, using hematite as the
Fe source. Although a greater amount of FeB com-
pounds was obtained compared to the first set of ex-
periments, the structure still contained 50 % Al and
Al;O3 phases. In both experimental sets, the highest
amount of FeB phases was observed at an Al stoi-
chiometry of 110 %. Accordingly, the Mg stoichiome-
try was also set to 110 % in the design of the magne-
siothermic experiments. Before the magnesiothermic
experiments, the reduction system was modeled us-
ing the FactSage thermodynamic simulation program,
and it was determined that more than 6 moles of Mg
were suitable for the process based on the reaction in
Eq. (3). In the third stage, the SHS process with 110 %
magnesium was carried out, and XRD indicated that
no phase other than Fe;B and MgO was present. To re-
move MgO structures, the powders obtained after SHS
were leached in 6, 8, and 10 M HCI. It was observed
that high-purity FeB was obtained from the sample
filtered from the 8 M HCI solution after leaching, and
the intended composition was successfully achieved.
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