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Abstract: Fe75Zr3Si13B9 magnetic amorphous powders were fabricated by mechanical alloying. Bulk amorphous and nanocrystalline 
alloys with 20 mm in diameter and 7 mm in height were fabricated by the spark plasma sintering technology at different sintering 
temperatures. The phase composition, glass transition temperature (Tg), onset crystallization temperature (Tx), peak temperature (Tp) 
and super-cooled liquid region (ΔTx) of Fe75Zr3Si13B9 amorphous powders were analyzed by X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC). The phase transition, microstructure, mechanical properties and magnetic performance of the bulk 
alloys were discussed with X-ray diffractometer, scanning electron microscope (SEM), Gleeble 3500 and vibration sample 
magnetometer (VSM), respectively. It is found that with the increase in the sintering temperature at the pressure of 500 MPa, the 
density, compressive strength, micro-hardness and saturation magnetization of the sintering samples improved significantly, the 
amorphous phase began to crystallize gradually. Finally, the desirable amorphous and nanocrystalline magnetic materials at the 
sintering temperature of 863.15 K and the pressure of 500 MPa have a density of 6.9325 g/cm3, a compressive strength of 1140.28 
MPa and a saturation magnetization of 1.28 T. 
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1 Introduction 
 

Spark plasma sintering (SPS) technology developed 
in the 1990s is a energy-conservation, environmental 
protection and novel highly-efficient technology for 
preparing materials, which combines plasma activation, 
hot pressing and resistance heating, as known as the 
plasma activated sintering or pulse current hot pressing 
sintering [1−3]. Because of rapid sintering speed, low 
sintering temperature, special sintering mechanism, 
simple and convenient operation, without powder 
preformed etc, SPS has been recognized as the most 
competitive and promising technique to successfully 
consolidate bulk nano-materials with high density, 
nanocrystalline and clean interface, and widely used for 
preparation or research of ceramics, intermetallics, 
functional gradient materials and composites [4−6]. The 
large DC pulsed sintering current is applied through the 

electrodes at the top and bottom punches of the die and 
also flowed through the compacted powders. The Joule 
heat is generated instantaneously between the surfaces of 
particles, which produces local high temperature and 
achieves formation and diffusion of the sintering neck. 
Meanwhile, the pulse current causes discharge effect 
among particles, which can purify the surface of  
particles, restrict the growth of grain and realize the 
densification under high pressure [7,8]. 

Since the ‘Finemet’ alloys were fabricated in 
amorphous matrix through heat treatment by 
YOSHIZAWA et al [9], Fe-based nanocrystalline soft 
magnetic materials with excellent soft magnetic and 
mechanical properties have become a hot research, such 
as fabrication of ‘Nanoperm’ alloys in 1990 [10], 
‘Hitperm’ alloys in 1998 [11], iron core materials for 
transformer with super lower iron loss in Japan in 2000 
[12], and bulk ‘Liqualloy’ high performance soft 
magnetic sheet alloy in Japanese Alps Electrics Co., Ltd. 
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in 2011 [13]. However, the shapes of the above alloys 
prepared by rapid quenching techniques were primary 
ribbon and sheet so that they could not satisfy the 
demand for complicated shape in industrial application. 
So development of Fe-based bulk nanocrystalline 
composites by simple process, low cost, complicated 
shape and superior soft magnetic properties has a broad 
application prospect. 

In this work, bulk amorphous and nanocrystalline 
Fe75Zr3Si13B9 composites were fabricated by mechanical 
alloying and spark plasma sintering. The sintering 
characteristics and the influence of sintering temperature 
on microstructure, mechanical properties and magnetism 
were investigated. 
 
2 Experimental 
 

Pure elemental powders of Fe (purity≥99.5%, 5−8 
μm), Zr (purity≥99.9%, 38 μm), Si (purity≥99.99%,   
48 μm) and B (purity≥99.99%, 48 μm) were mixed to the 
desired nominal composition of Fe75Zr3Si13B9, in 
stainless steel vessels with stainless steel balls, and the 
ball to powder mass ratio was 30:1. In order to avoid the 
oxidation of the mixed powders, the vessels were 
extracted and filled with high purity Ar gas (99.99%). 
Mechanical alloying was performed by a high-energy 
planetary ball mill (QM-3SP4) at a rotational speed of 
450 r/min. The milling process was periodically 
interrupted every 0.5 h and each interruption was lasted 
0.25 h to cool down the vessels. The as-milled powders 
were weighed 10 g and put into the WC hard metal mold, 
which had two WC hard metal punches with diameter of 
20 mm. Then the powders were sintered with SPS 
equipment (SPS-3.20MK-IV) under a pressure of 500 
MPa, at a heating rate of 30 K/min, with holding time of 
10 min. The bulk amorphous and nanocrystalline 
Fe75Zr3Si13B9 magnetic alloys with a diameter of 20 mm 
and height of 7 mm were fabricated at different sintering 
temperatures, which were measured by the 
thermocouple. 

The structures of the as-milled powders and the 
sintered samples were examined by X-ray diffractometry 
(XRD) equipment of type D/max−2500 with Cu Kα 
radiation. Thermal behaviors of the as-milled powders 
were measured with a differential scanning calorimeter 
(DSC, NETZSCH STA449C) at a heating rate of 30 
K/min under flowing Ar gas (99.99%), and the different 
sintering temperatures (Ts) were selected based on the 
DSC results. The microstructures of the samples sintered 
at different temperatures were observed with scanning 
electron microscope (SEM, HITACHI S−4800). The 
density was measured by Archimedes drainage method. 

The compressive strength was examined with a 
Gleeble−3500. The microhardness was tested with a  
microhardness tester (FM-ARS−9000) at a load of 2.94 
N with 10 s dwell time. Magnetic properties including 
saturation magnetization (Bs) and coercive force (Hc) 
were measured with vibrating sample magnetometer 
(VSM, Lakeshore 7404) in a maximum applied magnetic 
field of 800 kA/m at room temperature. 
 
3 Results and discussion 
 

Figure 1 shows the XRD patterns of the 
Fe75Zr3Si13B9 alloy powders by MA with different 
milling time. The patterns show gradually broad peak 
with the milling time prolonging, which indicate a 
typical amorphous halo peak. The diffraction peak 
disappeared after milling for 20 h at the 2θ angle 
between 64° and 67°, indicating the formation of 
amorphous. After milling for 30 h, the halo peaks of 
amorphous alloy powder were remarkable and no distinct 
crystalline peaks could be seen in the XRD patterns, 
suggesting that the alloy powders are fully amorphous. 
With the increase of milling time, the sharp diffraction 
peaks of crystal phases were observed at the 2θ angle of 
about 45°, indicating that increasing the milling time has 
disadvantage for the Fe75Zr3Si13B9 alloy powders to form 
amorphous ones. The best milling time is 30 h in the 
present ball-milling process. 
 

 

Fig. 1 XRD patterns of Fe75Zr3Si13B9 alloy powders with 
different milling time 
 

Thermal behavior of alloy powders milled for 30 h 
is shown in Fig. 2. The amorphous alloy powders have 
remarkable exothermic peak of crystallization. The glass 
transition temperature Tg is 753.37 K, the onset 
crystallization temperature Tx is 823.61 K, the peak 
temperature Tp is 833.62 K, and the super-cooled liquid 
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region (ΔTx=Tx−Tg) is about 70.24 K. This indicates that 
the amorphous Fe75Zr3Si13B9 alloy powders exhibit good 
thermal stability before crystallization. Based on the 
characteristic temperatures of the amorphous powders, 
six different sintering temperatures (Ts1=723.15 K, 
Ts2=753.15 K, Ts3=793.15 K, Ts4=823.15 K, Ts5=843.15 
K and Ts6=863.15 K) were chosen to prepare bulk 
samples. The Ts values were divided into the following 
relationship: Ts1<Ts2≈Tg<Ts3< Ts4≈Tx<Tp<Ts5< Ts6. 
 

 
Fig. 2 DSC curve of amorphous Fe75Zr3Si13B9 alloy powders 
 

Figure 3 shows the XRD patterns of the glassy 
powders milled for 30 h and the bulk alloys sintered at 
different temperatures. With the increase of the sintering 
temperature, XRD patterns of the bulk alloys gradually 
became sharp, and the crystal phases of Fe3Si and Fe2B 
emerged in amorphous matrix. As the samples were 
sintered below Tg, at Ts1 and Ts2, the main phase still kept 
amorphous, but a little Fe3Si crystal phase emerged at the 
2θ angle between 65° and 67°, illustrating that the actual 
Ts is higher than the temperature measured by the 
thermal couple, which is due to a certain thickness of the 
inner mold between the sintered powders and the thermal  
 

 
Fig. 3 XRD patterns of bulk Fe75Zr3Si13B9 alloys prepared by 
SPS at different sintering temperatures 

couple. The heat flowing through the inner mold had a 
certain loss and a time lag existed. As the Ts was higher 
than Ts3, Fe2B compound phase separated out at the 2θ 
angle of about 56°, and with the Ts rose to Ts6, the 
diffraction peak of the sintered samples became 
gradually sharp but still kept a certain amorphous halo 
peak, indicating that a mass of nanocrystalline phases 
generate in the amorphous matrix, but the addition of 
element Zr hinders the growth of the nanocrystalline 
grains and the continuous crystallization of the 
amorphous phase. Although the samples are sintered at 
higher temperature Ts6, they still keep amorphous and 
nanocrystalline structure, and amorphous and 
nanocrystalline composites form. 

Figure 4 shows the change of the density with the 
sintering temperature. The density increased from 5.6705 
g/cm3 at Ts1 to 6.9325 g/cm3 at Ts6, and reached 95.43% 
of the theoretical density. When the sintering temperature 
Ts rose from Ts1 to Ts6, the density increased apparently, 
as a result of the remarkable viscous flow and atomic 
diffusion of the amorphous powders. Meanwhile, the 
precipitation of the nanocrystallines Fe3Si and Fe2B in 
the amorphous matrix could also enhance the density. As 
the Ts rose to Ts5, the increase of the density became 
slowly, indicating that the nanocrystalline phases had the 
priority to be amorphous in the alloy and the 
nanocrystalline grain tends to grow up with the increase 
of the Ts. 
 

 

Fig. 4 Density of Fe75Zr3Si13B9 bulk alloys sintered by SPS at 
different sintering temperatures 

 
Figure 5 shows the micro-hardness and compressive 

strength of the sintered samples. The hardness and the 
strength of the samples increased remarkably with the 
increase of Ts. The partial nanocrystalline phase formed 
in amorphous matrix, and the dispersion strengthening 
effect of the amorphous and nanocrystalline enhanced 
the hardness and strength. Meanwhile, the powders were 
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seamed under the effect of higher pressure and higher 
frequency pulse plasma current, which improve the 
density. The microhardness and strength at Ts6 are 
HV905.32 and 1140.28 MPa, respectively. 
 

 
Fig. 5 Hardness and stress of Fe75Zr3Si13B9 bulk alloys at 
different sintering temperatures 
 

Figure 6 shows the variation of the Bs and Hc. With 
the increase of Ts, it can be obviously observed that the 
Bs and Hc increased respectively from 1.01 to 1.28 T  
and 1.96×103 to 4.08×103 A/m. The increase of the Bs is 
due to the gradual increase of the density and the 
decrease of the free volume and resident porosities. 
Meanwhile, the addition of Zr effectively suppressed the 
growth of the solid nanocrystalline α-Fe(Si). The 
formation of double-phase structure of the amorphous 
and nanocrystalline can enhance the ferromagnetic 
exchange effect. When the Ts rose to Ts5, the Bs decreased 
slightly owing to the decrease of the amorphous phases 
and the increase of the crystalline phases Fe2Si and Fe3B, 
which weakens the ferromagnetic exchange effect. It is 
well known that the Hc is sensitive to the phase structure, 
grain size and internal microstrain of the samples. With 
the increase of the Ts, the nanocrystalline dissolved out 
 

 
Fig. 6 Bs and Hc of Fe75Zr3Si13B9 bulk alloys at different 
sintering temperatures 

from the amorphous matrix. Meanwhile, the grain 
boundary hindered the rotation of the magnetic domain 
and the movement of the magnetic domain walls, so the 
Hc increased with the Ts. Meanwhile, according to the 
nanocrystalline random anisotropic model of HERZER 
[14−16], for grain size D and coercive force Hc, a single 
magnetic domain critical size (Lex) exists. If the D is 
smaller than the Lex, the Hc is directly proportional to the 
D6; if the D is greater than the Lex, the Hc is inversely 
proportional to the D6. Because the grain size of the 
nanocrystalline formed in amorphous matrix is far less 
than Lex, and the Hc shows the tendency to increase. 

The morphologies of the sintered samples at 
different sintering temperatures are shown in Fig. 7. The 
micrographs further confirmed that the density became 
gradually high with the increase of sintering temperature. 
The result is identical with Figs. 4 and 5. If Ts was lower 
than Tg, the samples have obvious gaps or spaces 
between the powder particles (Figs. 7(a) and (b)) and 
have lower strength and hardness. When Ts was higher 
than Tg and lower than Tx, because the amorphous 
powders have bigger viscous flow and super plasticity 
properties in the super-cooled liquid region, the density 
was improved (Figs. 7(c) and (d)). With further 
increasing Ts to 863.15 K, densified sample with very 
few pores was fabricated (Fig. 7(f)). This indicates that 
during the process of the amorphous powders sintered by 
the plasma current, the surface is alternately sintered and 
welded. 
 
4 Conclusions 
 

1) The amorphous Fe75Zr3Si13B9 alloy powders 
were successfully fabricated by mechanical alloying for 
30 h with strong amorphous formation ability. The 
super-cooled liquid region ΔTx is about 70.23 K. 

2) The bulk amorphous and nanocrystalline 
Fe75Zr3Si13B9 alloys were synthesized by the spark 
plasma sintering (SPS) technology under the pressure of 
500 MPa with holding time of 10 min. The compressive 
strength is 1140.28 MPa, microhardness is HV905.32, 
relative density is 95.32% and the saturation 
magnetization is 1.28 T. 

3) With the increase of the sintering temperature Ts, 
the density, stress and Bs are significantly improved. The 
addition of Zr can suppress the growth of the 
nanocrystalline grains and efficiently promote the alloy 
forming composite structure of amorphous and 
nanocrystalline. 
    4) The α-Fe(Si) solid solution particles diffused in 
amorphous matrix can obviously enhance the 
ferromagnetic exchange coupling effect, which not only 
promote the mechanical properties, but also can improve 
the magnetism of the sintering bulk alloy. 
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Fig. 7 SEM micrographs of Fe75Zr3Si13B9 bulk alloys sintered by SPS at different sintering temperatures: (a) 723.15 K; (b) 753.15 K; 
(c) 793.15 K; (d) 823.15 K; (e) 843.15 K; (f) 863.15 K 
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放电等离子烧结制备 Fe75Zr3Si13B9磁性材料 
 

王兴华 1，王 葛 1，朱玉英 1，鲍金峰 1，杜雄飞 1，李 强 1,2,3 
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摘  要：采用机械合金化技术制备 Fe75Zr3Si13B9非晶合金粉体，利用 SPS 放电等离子烧结技术在不同烧结温度下

将非晶合金粉体制备成 d20 mm×7 mm 的块体非晶纳米晶合金。采用 XRD 和 DSC 分析了 Fe75Zr3Si13B9非晶合金

粉体的相组成、玻璃转变温度 Tg、开始晶化温度 Tx 和晶化峰温度 Tp。然后利用 XRD、SEM、Gleeble3500、VSM

分析不同烧结温度下块体的相转变、微观形貌、力学性能和磁性能。研究表明，在 500 MPa 的烧结压力下，随着

烧结温度的升高，非晶相开始晶化形成非晶纳米晶双相结构，同时，样品的致密度、抗压强度、微观硬度、饱和

磁化强度均显著提高。最后在 500 MPa 的烧结压力和 863.15 K 的烧结温度下，获得密度 6.9325 g/cm3、抗压强度

1140.28 MPa、饱和磁化强度 1.28 T 的非晶纳米晶磁性材料。 

关键词：机械合金化；非晶与纳米晶合金；饱和磁化强度；放电等离子烧结 
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