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Abstract: Nanocrystalline HfB2 powders were successfully synthesized by molten salt synthesis 
technique at 1373 K using B and HfO2 as precursors within KCl/NaCl molten salts. The results 
showed that the as-synthesized powders exhibited an irregular polyhedral morphology with the 
average particle size of 155 nm and possessed a single-crystalline structure. From a fundamental 
aspect, we demonstrated the molten-salt assisted formation mechanism that the molten salts could 
accelerate the diffusion rate of the reactants and improve the chemical reaction rate of the reactants in 
the system to induce the synthesis of the high-purity nanocrystalline powders. Thermogravimetric 
analysis showed that the oxidation of the as-synthesized HfB2 powders at 773–1073 K in air was the 
weight gain process and the corresponding oxidation behavior followed parabolic kinetics governed 
by the diffusion of oxygen in the oxide layer. 
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1  Introduction 

As members of ultra-high temperature ceramics, 
transition-metal borides (TMB2) ceramics have attracted 
considerable attentions for potential applications in 
aircraft, atomic, and astronautic manufacturing industries, 
since they exhibit high melting point, high hardness, 
high thermal conductivity, and excellent chemical 
stability [1–3]. The synthesis of TMB2 powders is critical 
for implementing their extensive applications. Up to 
now, a variety of techniques have been developed to 
synthesize TMB2 powders, such as mechanochemically 
assisted method [4–7], carbo/borothermal reduction 
[8–10], sol–gel method [11–13], and so on. However, 
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the reported techniques for synthesizing TMB2 powders 
have some shortcomings, such as the high synthesis 
temperatures and expensive reaction precursors. In 
addition, the as-obtained powders possess the large 
particle size. Therefore, a low temperature technique 
for synthesizing TMB2 ultrafine powders is of vital 
importance for implementing the extensive applications 
of TMB2 ceramics. Recently, a low temperature molten 
salt synthesis technique has been proposed to synthesize 
TMB2 ultrafine powders including NbB2 [14], TiB2 [15], 
and CrB2 [16]. Nevertheless, the current understanding 
of the molten-salt assisted formation mechanism is yet 
limited, and the synthesis of much more TMB2 ultrafine 
powders by the molten salt synthesis technique has 
rarely been reported until now. In addition, there is 
seldom report so far on the oxidation behavior of 
TMB2 nanopowders, which is a critical property for 
high-temperature applications.  
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HfB2 ceramics, as a member of TMB2 ceramics, have 
recently attracted extensive attentions because they exhibit 
potential applications in high-temperature electrodes 
and thermal protection systems for hypersonic aerospace 
vehicles [17–20]. In this work, we successfully 
synthesized the nanocrystalline HfB2 powders by the 
molten salt synthesis technique at a relatively low 
temperature of 1373 K using the inexpensive HfO2 and 
B powders as reaction precursors within the inexpensive 
KCl/NaCl molten salts. The effect of synthesis 
temperatures and molten salts on the phase compositions, 
morphology, and microstructure of the as-synthesized 
powders was investigated in detail, as well as the 
molten-salt assisted formation mechanism. The oxidation 
behavior of the as-synthesized powders was also 
investigated at different temperatures. 

2  Experimental  

The synthesis of HfB2 powders was conducted by the 
molten-salt assisted borothermal reduction based on the 
reaction between HfO2 powders (99.9% purity, average 
particle size: 1–3 μm, Shanghai Chaowei Nanotechnology 
Co., Ltd., Shanghai, China) and amorphous B powders 
(purity: 99.9%, average particle size < 3 μm, Shanghai 
Chaowei Nanotechnology Co., Ltd., Shanghai, China) 
with the presence of NaCl/KCl molten salts (molar 
ratio: 1:1, eutectic point: 931 K). The molar ratio was 
3:10 for HfO2/B and 1:1 for NaCl/KCl, respectively. 
The weight ratio was 10:1 for NaCl/KCl and HfO2/B. 
Details of the synthesis of HfB2 powders were described 
as follows: The starting materials of HfO2, B, and 
NaCl/KCl were first mixed by hand for 30 min in an 
agate mortal using an agate pastel, and then the mixture 
of raw materials was put into an alumina crucible and 
placed into the horizontal alumina tube furnace. After 
evacuating the furnace for three times, argon carrier 
gas (purity: 99.99%) was introduced into the system 
with a flow rate of 300 sccm (standard-state cubic 
centimeter per minute). The system was heated from 
room temperature to 1273–1373 K at a rate of 10 K/min 
and held for 1 h, followed by furnace cooling to room 
temperature. Afterwards the as-synthesized products 
were taken out and immersed in the deionized water at 
353 K to dissolve the residual NaCl/KCl salts, and 
B2O3 production. Finally, they were filtered and washed 
by the deionized water and the absolute ethanol for 
several times, and dried at 333 K. The products were 

also prepared by the similar borothermal reduction 
method without NaCl/KCl molten salts for comparison.  

Thermogravimetric analysis (TGA) of the 
as-synthesized powders was performed using a Metter 
Toledo Star TGA/SDTA 851 thermal analyzer to 
investigate their isothermal oxidation behaviors at 
different temperatures. Before the isothermal oxidation 
tests, the surface area of the as-synthesized HfB2 
powders was first measured to be about 3.5 m2·g–1 by 
Brunauer–emmett–teller Test method. Afterwards the 
samples were heated to the desired temperatures (773, 
873, 973, and 1073 K) for the isothermal oxidation 
tests in air. The fast heating stage with a heating rate of 
50 K/min prior to the isothermal period was applied to 
minimize oxidation effects before reaching the target 
temperatures in flowing nitrogen (purity: 99.99%) with 
a flow rate of 50 sccm. Finally, they were cooled naturally 
to room temperature in flowing nitrogen with a flow 
rate of 50 sccm. Weight changes of the as-synthesized 
powders related to the oxidation time were recorded 
with thermogravimetric mode. 

The samples were analyzed by X-ray diffraction 
(XRD, X’pert PRO; PANalytical, Almelo, the Netherlands), 
scanning electron microscopy (SEM, Supra-55; Zeiss, 
Oberkochen, Germany), and transmission electron 
microscopy (TEM, Tecnai F30G2; FEI, Eindhoven, the 
Netherlands) equipped with energy dispersive 
spectroscopy (EDS).  

3  Results and discussion  

XRD patterns of the as-synthesized products at various 
conditions are shown in Fig. 1. Clearly, after incorporating 
molten salts, it can be seen that the products 
synthesized at 1273 K consist of a dominant HfB2 
phase and a minor HfO2 impurity phase, as displayed 
in Fig. 1(a). However, when the synthesis temperature 
rises to 1373 K, the diffraction peaks of HfO2 impurity 
phase disappear and only the diffraction peaks of HfB2 
phase can be detected in the as-synthesized products, 
as shown in Fig. 1(b). This indicates that HfB2 products 
can be successfully synthesized at 1373 K with molten 
salts. Before incorporating molten salts, the products 
synthesized at 1373 K are composed of HfB2 phase 
and HfO2 impurity phase, as presented in Fig. 1(c). 
Obviously, a high content of HfO2 impurity phase is 
present in the as-synthesized products. This suggests 
that HfB2 products cannot be synthesized at 1373 K  
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Fig. 1  XRD patterns of the as-synthesized products at 
different conditions: (a) 1273 K with molten salts, (b) 
1373 K with molten salts, and (c) 1373 K without molten 
salts.  

 
without molten salts, which clearly demonstrates that 
the presence of molten salts induces the synthesis of 
HfB2 products.  

SEM images of HfB2 products synthesized at 1373 K 
with molten salts are displayed in Fig. 2. From Fig. 2(a), 
it is evident that the as-synthesized products consist of 
a large amount of small particles. The high magnification 
SEM image shows that these small particles possess an 
irregular polyhedral morphology with the relatively 
uniform particle sizes, as shown in Fig. 2(b). In addition, 
SEM image can be examined to determine their particle 
sizes. A total of 100 individual particles were measured 
to get the average value of particle sizes and a Gaussian 
fitting to these data yields an average particle size of 
155 nm (Fig. 2(c)). Therefore, the nanocrystalline HfB2 
powders can be successfully synthesized at 1373 K 
with molten salts.  

Figure 3(a) shows a typical TEM image of HfB2 
powders synthesized at 1373 K with molten salts, from 
which it can be clearly observed that the as-synthesized  

 

powders involve a large number of individual 
nanocrystalline particles. Clearly, their particle sizes 
can also be determined based on TEM images. A total 
of 50 individual particles were measured to get the 
average value of particle sizes. A Gaussian fitting to 
these data yields an average particle size of 155 nm, as 
shown in the inserted histogram in Fig. 3(a), which is 
in good agreement with the measured results from SEM 
images (Fig. 2(c)). Figure 3(b) shows a representative 
selected area electron diffraction (SAED) pattern along 
zone axis [111] of the as-synthesized powders. It 
clearly exhibits that the as-synthesized powders are the 
single crystal and hexagonal structure of HfB2 due to 
the well-arranged diffraction spots with the symmetry. 
The high-resolution transmission electron microscopy 
(HRTEM) image of the as-synthesized powders in Fig. 
3(c) shows a periodic lattice structure and a set of 
fringes with the d-spaces of 0.272 nm, corresponding 
to the (110) plane of HfB2 (JCPSD Card No. 12-0234), 
which further confirms that the as-synthesized powders 
are single-crystalline hexagonal HfB2. In addition, an 
obvious amorphous B2O3 layer of ~4 nm can be seen 
on each particle surface (marked by dotted red lines in 
Fig. 3(c)), which could account for the presence of O 
element in EDS spectrum, as displayed in Fig. 4(d). The 
scanning transmission electron microscopy 
(STEM)–EDS analysis was further performed at an 
acceleration voltage of 200 kV and a collection time of 
230 s. Besides O element, EDS spectrum also reveals that 
the as-synthesized powders contain Hf, B, and Cu 
elements. The presence of Hf and B elements verifies 
that the as-synthesized powders are composed of HfB2 
phases. The detected Cu element should be attributed to 
the copper grids used to support TEM samples.  

On the basis of the aforementioned experiment  

 
 

Fig. 2  SEM characterizations of HfB2 products synthesized at 1373 K with molten salts: (a) low magnification SEM image and 
(b) high magnification SEM image. (c) Histogram of each measured data for the particle sizes with a Gaussian fitting to the data. 
The Gaussian peak is centered at 155 nm.  
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results, it can be concluded that the presence of molten 
salts is crucial for the synthesis of the nanocrystalline 
HfB2 powders in our work. Similar conclusions have 
also been reported previously in other TMB2 ultrafine 
powders synthesized by the molten-salt assisted 
method, such as NbB2 [14], TiB2 [15], and CrB2 [16]. 

However, the molten-salt assisted formation mechanism 
is not well understood. To better understand this 
mechanism, we establish two simple schematic diagrams 
of formation mechanisms associated to the as-synthesized 
HfB2 powders without molten salts and with molten 
salts, as shown in Fig. 4.  

 

 
 

Fig. 3  TEM analysis of HfB2 products synthesized at 1373 K with molten salts: (a) TEM image, (b) SAED pattern, (c) 
HRTEM image, and (d) EDS spectrum.  

 

 
 

Fig. 4  Schematic diagrams of formation mechanisms associated to the as-synthesized HfB2 powders: (a) without molten salts 
and (b) with molten salts.  
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In our case, the reaction precursors of the system 
involve HfO2 powders and amorphous B powders. 
NaCl/KCl is only used as molten salts. As a result, 
before incorporating molten salts, the synthesis of 
HfB2 powders is a traditional solid–solid reaction 
process, in which B reactant will first diffuse to the 
surface of HfO2 reactant and then it reacts with HfO2 
to generate HfB2 product at synthesis temperatures, as 
displayed in Fig. 4(a). The reaction as well as the 
correlation between the standard Gibbs free energy 
( ,R TGθ∆ ) of this reaction and the oxidation temperature 
(T) can be described as follows [21]: 

 
2 2 2 3

,

3HfO +10B 3HfB +2B O

236,634 3R TG Tθ

→

∆ = − −  (1) 

where R is the gas constant. It is evident that the 
standard Gibbs free energy of Reaction (1) is so 
negative that this reaction can occur spontaneously at 
synthesis temperatures. After incorporating molten salts, 
the synthesis of HfB2 powders is a new molten-salt 
assisted liquid–solid reaction process, as presented in 
Fig. 4(b). In this process, the molten salts will be first 
melted into isotropic liquid at elevated temperatures, 
and then the B and HfO2 reactants are rapidly dissolved 
into the molten salts. This finally leads to the uniformly 
distributions of B and HfO2 in the molten salts. 
Afterwards HfB2 product is generated by Reaction (1) 
between the B and HfO2 reactants at synthesis 
temperatures by Eq. (1). With the reaction continuing, 
the dissolved reactants are constantly consumed, but at 
the same time the undissolved reactants are continuously 
dissolved into molten salts to participate in the reaction 
until the end. In general, the total reaction rate (V) of 
the system depends on the diffusion rate (VD) of the 
reactants and the chemical reaction rate (VR) of the 
reactants, which can be calculated by the following 
equations [22]: 

 

D R

1
1 1V

V V

=
+

 (2) 

 0
D 0 exp C CQV D

RT δ
−  = × −    

 (3) 

 
2

3 10
R HfO BV KC C=  (4) 

where Q is the diffusion activation energy, D0 is the 
constant of coefficient of diffusion, C0 is the reactant 
concentration at the beginning of diffusion, C is the 
reactant concentration at the end of diffusion, δ is the 

diffusion distance, K is the chemical reaction constant,  

2HfOC  and CB are the HfO2 and B concentrations,  
respectively. From Eq. (3), it can be found that the 
diffusion rate of the reactants is closely related to the 
diffusion distance and the diffusion activation energy. 
Before incorporating molten salts, there is a long diffusion 
distance in the reactants due to their agglomerations, as 
shown in Fig. 4(a). After incorporating molten salts, 
the B and HfO2 reactants are uniformly dispersed into 
the molten salts, and thereby a short diffusion distance 
is presented in the reactants, as displayed in Fig. 4(b). 
In addition, as a rule, the diffusion activation energy of 
the reactants in the liquid phase is much less than that 
in the solid phase. As a consequence, both the short 
diffusion distance and the reduced diffusion activation 
energy result in the presence of a large diffusion rate in 
the molten-salt assisted synthesis process. From Eq. (4), 
we can see that the chemical reaction rate of the 
reactants is mainly determined by the HfO2 and B 
concentrations. In general, B reactant is very easy to be 
volatilized at elevated temperatures. However, the 
degree of B evaporation in liquid phase is less than that 
in solid phase. Consequently, B reactant possesses a 
high concentration in the molten-salt assisted synthesis 
process, which could significantly enhance the chemical 
reaction rate of the reactants. In brief, the presence of 
molten salts not only accelerates the diffusion rate of 
the reactants by shortening their diffusion distances 
and decreasing their diffusion activation energies, but 
also enhances the chemical reaction rate by reducing 
the evaporation of B. Owing to the high diffusion rate 
and chemical reaction rate, according to Eq. (2), it can 
be clearly observed that the total reaction rate of the 
system will be high in the molten-salt assisted 
synthesis process, which finally results in the synthesis 
of the nanocrystalline HfB2 powders.  

To investigate the isothermal oxidation behavior of 
the as-synthesized HfB2 powders at different temperatures, 
the TGA test was conducted and the results are shown 
in Fig. 5.  

From Fig. 5(a), it can be seen that the oxidation of 
the samples at 773 and 873 K exhibits the weight gain 
process. However, the oxidation rate of the samples at 
873 K is much higher than that of the samples at 773 K. 
After isothermal oxidation for 120 min in air, the weight 
gain of the samples at 773 K is only 0.034 mg/cm2, 
while the weight gain of the samples at 873 K is up to 
0.116 mg/cm2. Figure 5(b) depicts the plots of the 
square of the specific weight change as a function of 
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Fig. 5  Oxidation analysis of the as-synthesized HfB2 powders by TGA tests at different temperatures: (a) weight change per 
unit area (∆w/A, ∆w is the weight change and A is the surface area of samples) as a function of oxidation time (t) at 773 and 873 
K; (b) square of the weight change per unit surface area as a function of oxidation time at 773 and 873 K; (c) weight change per 
unit area as a function of oxidation time at 973 and 1073 K; (d) square of the weight change per unit surface area as a function of 
oxidation time at 973 K; (e) weight change per unit area as a function of oxidation time at 1073 K after 30 min; (f) weight 
change per unit area as a function of oxidation time at 1073 K before 30 min with fitted parabolic and line curves; (g) square of 
the weight change per unit surface area corresponding to the fitted parabolic curve in (f); (h) plot of logarithm parabolic rate kp 
(parabolic rate constant) versus reciprocal of the temperatures. 
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oxidation time for the samples at 773 and 873 K. 
Clearly, there is a good linear relationship (R2 > 0.99) 
between the square of the specific weight change and 
oxidation time, which indicates that the oxidation 
behavior of the samples at 773 and 873 K follows the 
parabolic kinetics. That is to say, the oxidation of the 
samples at 773 and 873 K is governed by a diffusion 
process that oxygen diffused into the oxide layer 
generated in the reaction between HfB2 and O2 by the 
following equation [23,24]:  

 2 2 2 2 32HfB +5O 2HfO +2B O→  (5) 

As the oxidation temperature rises to 973 K, the 
oxidation of the samples is still a weight gain process 
and their oxidation behavior also follows a parabolic 
kinetics (Figs. 5(c) and 5(d)). However, the weight 
gain of the samples is up to 0.8 mg/cm2 after isothermal 
oxidation for 120 min in air, much larger than that of 
the samples at 873 K, suggesting that the oxidation rate 
of the samples at 973 K is quite high. When the 
oxidation temperature increases to 1073 K, the 
oxidation of the samples is a complicated weight gain 
process, as displayed in Fig. 5(c), which can be divided 
into two stages, marked as A and B, respectively. 
During the stage A (0–30 min), the oxidation of the 
samples exhibits a rapid weight gain and the final 
weight gain is up to 0.82 mg/cm2 after isothermal 
oxidation for 30 min in air. As the oxidation time is 
over 30 min (stage B), the oxidation of the samples is 
still a weight gain process, but the weight gain rate is 
negative. Hence, the final weight gain decreases to 0.6 
mg/cm2 after isothermal oxidation for 120 min in air. 
In addition, From Eq. (5), it can be found that the 
oxidation of the samples is a weight gain process. 
Therefore, it can be concluded that the samples have 
been completely oxidized after isothermal oxidation for 
30 min at 1073 K in air. After isothermal oxidation for 
30 min, the weight gain of the samples is a linear decrease 
process (Fig. 5(f)), which should be associated to the 
evaporation of B2O3. On the basis of this linear 
relationship, a constant evaporation rate of B2O3 can be 
calculated to be ~0.026 mg/(cm2∙min–1). Before 
isothermal oxidation for 30 min, it should be noted that 
the oxidation behavior of the samples deviates from 
the parabolic kinetics, as shown in Fig. 5(e). Therefore, 
a simple parabolic law is unable to describe the 
oxidation kinetic behavior. However, the TGA curve 
can be fitted into a linear term and a parabolic term 
based on a multiple-law model, according to the 

following equation [25]: 

 
1 p

w k t k t
A

∆
= +

 
(6) 

where kl is the linear rate constant. The results are 
depicted in Fig. 5(e). Obviously, the dominating term is 
still a parabolic curve (green dotted line), which 
suggests that the oxidation behavior of the samples is 
still a parabolic kinetics before isothermal oxidation 
for 30 min at 1073 K in air. This can be further 
confirmed by the presence of a good linear relationship 
between the square of the specific weight change and 
oxidation time, as depicted in Fig. 5(g). The rest term 
is a linear curve (blue dotted line) and it is negative, 
which is associated with the evaporation of B2O3. This 
is because that the slop of the line can be calculated to 
be ~0.025 mg/(cm2∙min–1), which is consistent with the 
vaporization rate of B2O3 (0.026 mg/(cm2∙min–1)) after 
isothermal oxidation for 30 min. In sum, the oxidation 
behavior of the samples follows the parabolic kinetics 
at 773–1073 K, which is governed by the diffusion of 
oxygen in the oxide layer. As a result, kp at various 
oxidation temperatures can be calculated by the 
following equation [26]:  

 
2

pw k t=
 (7) 

The calculated results are listed in Table 1. On the 
basis of these results, for the oxygen diffusion mode, 
the oxidation activation energy (∆E) of the samples can 
be also calculated by the following equation [27]: 

 
p 0exp Ek A

RT
∆ =  

   
(8) 

where A0 is the constant of preexponential factor. Figure 
5(h) plots the In(kp) as a function of reciprocal 
temperatures, and thereby the oxidation activation 
energy can be calculated to be ~190.8 kJ/mol.  

Figure 6 shows that XRD patterns of the as-synthesized 
HfB2 powders after isothermal oxidation tests at 
various temperatures. After isothermal oxidation tests 
at 773 and 873 K, the as-synthesized HfB2 powders are  
 

Table 1  Calculated kp with corresponding R2 (fit 
goodness) for various oxidation temperatures 

Oxidation temperature (K) kp (mg2∙cm–4∙min–1) R2 

773 0.0000116 0.999 

873 0.000105 0.997 

973 0.0054 0.994 

1073 0.0253 — 
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Fig. 6  XRD analysis of the as-synthesized HfB2 powders 
after oxidation tests: (a) XRD patterns of the as-synthesized 
HfB2 powders after oxidation tests at various temperatures; 
(b) high magnification of XRD patterns with 2θ  from 10° 
to 40°. 

 
mainly composed of a dominant HfB2 phase and a 
minor HfO2 phase, as displayed in Fig. 6(a), which 
suggests that only a small number of HfB2 powders are 
oxidized at 773 and 873 K. As the oxidation temperature 
rises to 973 K, the as-synthesized HfB2 powders mainly 
consist of a dominant HfO2 phase and a minor HfB2 
phase, indicating that most of HfB2 powders have been 
oxidized at 973 K. When the oxidation temperature 
increases to 1073 K, the diffraction peaks of HfB2 phase 
have completely disappeared in the XRD pattern and 
all the relatively sharp diffraction peaks in the XRD 
pattern can be indexed to HfO2 phase. These imply that  

 

HfB2 powders have been completely oxidized at 1073 K. 
What’s more, the amorphous B2O3 can also be detected 
by XRD, as depicted in Fig. 6(b). A weak diffraction 
peak near a 2θ value of 28° from the {310} lattice 
plane of the amorphous B2O3 product can be observed 
at 773 and 873 K, while its intensity becomes very 
remarkable when the oxidation temperatures rise to 
973 and 1073 K. This further confirms that only a 
small number of HfB2 powders are oxidized at 773 and 
873 K, while most or all of HfB2 powders have been 
oxidized at 973 and 1073 K.  

Figure 7 shows that the SEM images of the 
as-synthesized HfB2 powders after isothermal oxidation 
tests at various temperatures. After isothermal oxidation 
tests at 773 and 873 K, the powders mainly consist of 
the irregularly HfB2 particles, on which some amorphous 
B2O3 glass and HfO2 nanoparticles can be found, as 
shown in Figs. 7(a) and 7(b). This suggests that the 
powders are only oxidized slightly at 773 and 873 K. 
As the oxidation temperature rises to 973 K, the powders 
are mainly composed of numerous HfO2 nanoparticles 
and amorphous B2O3 glass, and only a few irregularly 
HfB2 particles can be observed, indicating that most of 
HfB2 powders have been oxidized at 973 K. When the 
oxidation temperature increases to 1073 K, the powders 
involve numerous HfO2 nanoparticles, nanorods, and 
amorphous B2O3 glass phase can be found, which 

 
 

Fig. 7  SEM images of the as-synthesized HfB2 powders after oxidation tests at various temperatures in air: (a) 773, (b) 873, (c) 
973, and (d) 1073 K.  
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implies that all of HfB2 powders have been completely 
oxidized at 973 K. 

4  Conclusions  

In summary, the nanocrystalline HfB2 powders had 
been successfully synthesized via a simple molten salt 
synthesis technique. The as-synthesized HfB2 powders 
possessed an irregular polyhedral morphology with the 
average particle sizes of ~155 nm. In addition, they also 
exhibited a single-crystalline structural feature. More 
importantly, from a fundamental aspect, we demonstrated 
why the presence of molten salts could induce the 
synthesis of nanocrystalline HfB2 powders. The oxidation 
results show that the oxidation of as-synthesized HfB2 
powders at 773–1073 K in air is the weight gain process 
and the corresponding oxidation behavior follows 
parabolic kinetics that is governed by the diffusion of 
oxygen in the oxide layer. This work not only may 
provide a new method for the synthesis of HfB2 powders 
and a theoretical guidance for the molten salt synthesis 
method, but also reveal the oxidation behaviors of the 
nanocrystalline HfB2 powders at low temperatures in air.  
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