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Abstract

Fe–B ultrafine amorphous alloy particles (UFAAP) were prepared by chemical reduction of Fe3+

with NaBHO4 and confirmed to be ultrafine amorphous particles by transmission electron micros-

copy and X-ray diffraction. The specific heat of the sample was measured by a high precision adia-

batic calorimeter, and a differential scanning calorimeter was used for thermal stability analysis. A

topological structure of Fe–B atoms is proposed to explain two crystallization peaks and a melting

peak observed at T=600, 868 and 1645 K, respectively.
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Introduction

Fe–B amorphous alloys are used as catalysts for many chemical reactions and have
been found to be active and selective for the hydrogenation of olefins and organic
functional groups [1, 2]. Furthermore, they can be used as ferrofluids and magnetic
recording materials [3]. Many studies have focused on the preparation and character-
ization of Fe–B ultrafine amorphous alloy particles (UFAAP) produced by the reduc-
tion of metal salts with borohydride in an aqueous solution [4–6]. However, little at-
tention has been devoted to the thermodynamic properties of Fe–B UFAAP. Due to
the ultrafine grain size, there are a great number of grain boundaries which make up
as much as 50 vol% in a 5 nm nanocrystalline material [7], and the heat capacity of
nanocrystalline Pd with particle size of 6 nm increases 55% compared to the coarse
crystalline Pd [8]. The sintering temperature of ultrafine particles is also much lower
than that of the coarse particles, for example, nanocrystalline Al2O3 can be sintered at
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a temperature of 1423 K, while the normal one can only be sintered at temperature of
2073–2173 K [9]. Since Fe–B UFAAP has wide fields of application, and ultrafine
particles may exhibit novel and improved properties, it is of interest to investigate
their thermodynamic properties.

This paper reports a first attempt to measure the low temperature specific heat of

Fe–B UFAAP as well as the thermal stability associated with applications of the material.

Experimental

Sample preparation and chemical analysis

Fe–B UFAAP sample was prepared by adding 6.6255 g NaBH4 powder slowly into

500 mL 0.3 mol L–1 FeCl3 solution under vigorous stirring for 2 h at room temperature.

The black precipitate was washed thoroughly with distilled water in order to remove re-

sidual ions from the reaction mixture, and followed by washing with acetone for drying.

The chemical composition of the prepared sample was determined by chemical

analysis with dimethylglycine and ethylenedinitrilotetra-acetic acid (EDTA) which

has been reported previously in detail [4].

Sample characterization

A Shimadzu X-ray diffractometer (XRD-6000) with CuKα radiation was used for

X-ray diffraction to identify the structure of the sample. The morphology and particle

size of the sample was determined by a transmission electron microscopy (TEM,

Philips-EM420). The sample was dispersed by ultrasonic vibrations, and ethanol was

used as dispersant.

Specific heat measurement

The specific heat of the sample at low temperature was measured with an adiabatic

calorimeter with the volume of 6 cm3 for small samples. The construction of the calo-

rimeter has been described in detail elsewhere [10]. Briefly, the construction of the

calorimeter included a sample cell, a thermometer, a heater, two adiabatic shields,

two sets of 8-junction chromel-copel thermocouples, and a high vacuum system. The

calorimeter cell was made of gold-plated copper with internal capacity of 6 cm3. A

miniature platinum resistance thermometer made by Shanghai Institute of Industrial

Automatic Meters, China, was used to measure the temperature of the calorimeter

cell. The thermometer with an uncertainty of about 1 mK (in absolute) was calibrated

on the basis of ITS-90 by the station of low temperature metrology, Chinese Acad-

emy of Sciences. The thermometer was placed in the copper sheath at the bottom of

sample cell. After loading the sample into the cell, the up-cover and body were sealed

with a special kind of cycleweld. The cell was evacuated, and then a small amount of

helium gas was introduced through a copper capillary on the up-cover to promote the

heat transfer. Finally, the cell was sealed by pinching off the tube. Two adiabatic

shields surrounded the cell and controlled its temperature. The whole calorimetric
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system was kept in a high vacuum with residual pressure of 10–3 Pa to obtain good

adiabatic conditions. In order to verify the reliability of the calorimeter, the molar

heat capacity of α-Al2O3 were measured in the temperature range of 60–350 K. Devi-

ations of the experimental results from the smoothed curve lie within ±0.2%, and the

inaccuracy is within ±0.5%, as compared with those of the National Bureau of Stan-

dards [11] over the investigated temperature range. The mass of the Fe–B UFAAP

sample used for the adiabatic calorimetric study is 2.3622 g.

Thermal analysis

The thermal stability analysis was performed by a differential scanning calorimeter

(DSC, Netzsch 409). Pure argon (99.999%) was used for purging the sample holders

in the DSC. An Al2O3 pan was used as sample container and an empty Al2O3 pan

served as the reference material. The sample of about 10 mg was measured with a

heating rate of 10 K min–1.

Results and discussion

Composition, structure and grain size

Chemical analysis showed that the fraction of Fe and B are 52 and 48% in mass, re-

spectively. XRD measurement revealed that the sample is a typical amorphous sub-

stance, as no sharp crystalline reflections were observed. Transmission electron mi-

crograph (TEM) indicated that the reaction product consists of highly dispersed

nanometer sized particles with uniform shape. The average diameter of the particles

measured by TEM is 31 nm and the distribution of the diameters conforms to a

Boltzmann distribution.
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Fig. 1 Specific heat of Fe–B UFAAP as a function of temperature



Specific heat

The experimental data of specific heat for the Fe–B UFAAP are listed in Table 1 and

plotted in Fig. 1. The temperature dependence of specific heat for 80–350 K can be

described by the following relations:

Cp(J g–1 K–1)= –0.34194+0.01342T–1.22630⋅10–4 +6.34782⋅10–7T 3+

+1.64834⋅10–9T 4+1.55683⋅10–12T 5

in which T represents the measurement temperature.

Table 1 Experimental specific heat of Fe–B UFAAP (Fe52B58 in mass)

T/K Cp/J g–1 K–1 T/K Cp/J g–1 K–1 T/K Cp/J g–1 K–1

83.142 0.2846 165.937 0.6314 244.470 0.9891

86.223 0.3008 169.004 0.6463 247.859 1.0090

89.194 0.3130 172.034 0.6580 251.217 1.0160

92.072 0.3255 175.031 0.6741 255.503 1.0206

94.865 0.3391 177.992 0.6880 260.132 1.0312

97.585 0.3512 180.921 0.7016 261.170 1.0384

100.239 0.3678 183.820 0.7152 263.624 1.0417

103.056 0.3810 186.687 0.7286 267.588 1.0467

106.026 0.3904 189.529 0.7421 271.018 1.0491

108.924 0.4024 192.337 0.7615 274.283 1.0557

112.022 0.4191 195.118 0.7678 277.527 1.0679

115.316 0.4319 197.879 0.7845 280.859 1.0749

118.538 0.4466 200.617 0.7965 284.371 1.0796

121.695 0.4589 203.472 0.8044 288.047 1.0896

124.795 0.4694 206.445 0.8174 292.657 1.1044

127.841 0.4818 209.400 0.8352 296.385 1.1204

130.836 0.4924 212.336 0.8500 299.957 1.1612

133.789 0.5022 215.245 0.8591 304.741 1.1886

136.699 0.5185 218.145 0.8697 308.470 1.1991

139.86 0.5344 220.982 0.8803 312.339 1.2030

143.269 0.5454 223.818 0.9009 316.681 1.2071

146.628 0.5559 226.635 0.9111 321.081 1.2158

149.945 0.5692 230.434 0.9158 326.082 1.2198

153.234 0.5713 232.223 0.9340 330.711 1.2253

156.483 0.5872 235.148 0.9525 336.303 1.2325

159.677 0.6048 237.826 0.9735 342.796 1.2361

162.828 0.6210 240.655 0.9851 348.388 1.2368
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The specific heat curve of the sample rises with increasing temperature in a

smooth and continuous mode, indicating that no phase transition and thermal anom-

aly have taken place over this temperature range.

Thermal stability

Differential scanning calorimetry (DSC) was carried out to characterize the crystalli-

zation temperature and thermal stability of the Fe–B UFAAP. As shown in Fig. 2,

two exothermic peaks and one endothermic peak were observed at 600, 868 and

1645 K respectively. Obviously, the endothermic peak is responsible for melting and

the two exothermic peaks should be corresponding to crystallization. To explain the

crystallization process, a topological structure of the atoms in the Fe–B UFAAP sam-

ple is suggested similarly to that proposed by Shen et al. in a Ni–P–B UFAAP system
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Fig. 2 Differential scanning calorimetric curve of the Fe–B UFAAP

Fig. 3 X-ray diffraction patterns for Fe–B UFAAP annealed in Ar at the following dif-
ferent temperatures: a – as-prepared; b – 600 K; c – 868 K



[12]. According to this mode, the metalloid element B in the sample is not homoge-

neously distributed. The iron atoms with fewer nearest-neighbor metalloid atoms

crystallize first. The iron atoms richer in metalloid neighbors are relatively stable and

crystallize only at high temperatures with the formation of iron boride. This sugges-

tion has been proved by further XRD experiments.

XRD pattern of amorphous Fe–B UFAAP and samples annealed at T=600 and

868 K for 1 h in pure argon atmosphere was shown in Fig. 3. Figure 3 (b) indicates

that heat treatment at 600 K leads mainly to the formation of crystalline iron metal,

which evidenced by the α-Fe2O3 (110) peak, because Fe–FeO oxygen partial pressure

is quite low and thus was oxidized by trance oxygen in argon. Further heat treatment

at 868 K suggests that the other peaks appearing in Fig. 3 (c) can be assigned to the

crystalline phase of iron boride [13].

It is worth pointing out that Fe–B UFAAP are good catalysts, while no catalytic ac-

tivities have been observed for Fe–B crystals. Accordingly, it is reasonable to conclude

that the upper limit of effective temperature is 600 K for Fe–B to be used as catalyst.

* * *
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