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Using a mixture of the gas-atomized Nis; 5sNb10Zr15Ti15Pt75 and Fe73Si;B17Nbs glassy alloy powders, we
produced the two-phase bulk metallic glass (BMG) with high strength and good soft magnetic properties
as well as satisfying large-size requirements by the spark plasma sintering (SPS) process. Two kinds of
glassy particulates were homogeneously dispersed each other. With an increase in sintering temperature,
density of the produced samples increased, and densified samples were obtained by the SPS process at
above 773 K. Good bonding state among the Ni- and Fe-based glassy particulates was achieved.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Two-phase metallic glasses (including phase separating metallic
glasses) have attracted increasing attention since phase separation
might produce metallic glasses with new properties. Recently, such
two-phase metallic glasses were successfully produced for differ-
ent alloy systems by rapid quenching from the alloy melt [1-10].
The requirements for the formation of a two-phase metallic glass
alloy are on one hand a high glass-forming ability, on the other hand
a strong de-mixing tendency of some components, which is in con-
tradiction with the high glass-forming ability [11]. It is well known
that the BMGs are commonly produced by a copper mould cast-
ing method so far, and a rather high cooling rate is required during
casting to suppress the formation of the more thermodynamically
stable crystalline phases. Especially Ni-based glassy alloys [12,13]
having high strength of about 2.5-3 GPa exhibit significant size lim-
itations (many of them have a critical diameter below 3 mm, except
for Ni-Pd-P alloys). Sample size and shape are seriously limited,
thereby limiting the range of their applications.

In order to overcome the disadvantage, the BMGs produced
by powder metallurgy process using glassy alloy powders should
be a good alternative. Spark plasma sintering (SPS) process, as a
novel technique developed for rapid sintering of metals, ceram-
ics and composite materials, has a great potential for sintering
amorphous materials [14-16]. The SPS process is a type of compres-
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sion sintering technique which is somewhat similar to hot-pressing
(HP), so that the sintered samples with a large-size and compli-
cated shape can be produced [14,15]. Recently, we have produced
a Ni-based BMG and its composites with a diameter of 20 mm
and nearly 100% relative density by spark plasma sintering of
gas-atomized Nisy 5sNbgZri5Ti15Pty 5 glassy alloy powder and its
mixtures blended with ceramic or metal powders [17-21]. Using
a mixture of two kinds of the gas-atomized metallic glassy alloy
powders (Ni-based and Fe-based), we successfully fabricated the
two-phase glassy BMG composites with ultra-high strength and
large-size by the SPS process. It is known that the Ni- and Fe-
based BMGs exhibit high thermal stability, ultra-high strength
and good corrosion resistance [22-24]. Furthermore, the Fe-based
BMGs exhibit excellent soft magnetic properties [23]. In a recent
paper, we have reported the sinterability of the two-phase BMG
samples by the SPS process at a sintering temperature of 773 K[25].
In this paper, we will focus on the effects of the sintering temper-
ature on the microstructure and properties of the produced BMG
samples.

2. Experimental procedures

The glassy powders of the Nis; 5Nb;oZry5TiisPt75 and Fe;3Si;B17Nbs (composi-
tions are given in nominal at.%) alloys are used in this study. Master ingots of the
Nis2 5Nb1oZry5Tiis Pty 5 and Fez3Si;B17Nbs alloys were prepared by arc melting the
mixtures of high purity elements in an argon atmosphere purified using Ti getter.
The glassy alloy powders were produced by a high pressure argon gas-atomization
process. The details of the processing procedure and characterization of the prepared
powders have been given elsewhere [17]. Both of the glassy alloy powders used in
this study were below 63 wm in size. The morphology of the powders is shown
in Fig. 1. The glassy structure behavior of the gas-atomized powders obtained was
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Fig.

1. SEM micrographs
Nisz 5NbqoZry5TiisPty s alloy powder, (b) the gas-atomized Fe;3Si;B17Nbs alloy
powder.

of starting powders: (a) the gas-atomized

demonstrated by X-ray diffractometry (XRD) and differential scanning calorimetry
(DSC). Then the two glassy alloy powders having a designated volume ratio (1:1
in this paper) were uniformly blended. The mixed powders were pre-compacted,
and then sintered in a vacuum using a SPS apparatus (Model SPS-3.20MK-IV) with
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Table 1
Density (p) and relative density (p/po) of the two-phase BMG samples sintered by
the SPS process at various sintering temperatures.

Sintering temperature (K) p (glcm?3) p/po (%)

748 7.5424+0.160 94.19

773 7.918 +£0.058 98.89

798 8.006 +0.002 99.98
0.011

a loading pressure of 600 MPa and holding time of 10 min. The details of heating
method, temperature measurement and control, as well as loading pressure con-
trol in the SPS process have been described in a previous paper [26]. The obtained
samples had a cylindrical shape with a diameter of 20 mm and a height of about
5mm.

The density of the obtained samples was determined by the Archimedean
method using tetrabromoethane. Mechanical properties under uniaxial compres-
sion were measured using a conventional mechanical testing machine (Shimadzu,
Autograph AG-X) at a constant crosshead speed which corresponds to the initial
strain rate of 5 x 10~ s='. The samples with a rectangular shape of 2.5 mm in length,
2.5 mm in width and 5.0 mm in height were used. Magnetic properties including sat-
uration magnetization and coercive force were measured with a vibrating sample
magnetometer (VSM) and a B-H loop tracer.

The structures of the original powders and the produced samples were examined
by XRD in reflection with a monochromatic Cu Ka radiation, while the thermal
stability was examined by DSC at a heating rate of 0.67 Ks~'. The microstructure
was characterized using scanning and transmission electron microscopy (SEM and
TEM).

3. Results and discussion

The density of the sintered samples was determined by the
Archimedean method. Table 1 gives the measured density of the
samples sintered by the SPS process at various sintering temper-
atures with a loading pressure of 600 MPa and a holding time of
10 min. The reported density results are from an average value of
at least three sintered samples at each sintering temperature. The
relative density increases with an increase in sintering temperature
and reaches 98.89% at a sintering temperature of 773 K.

Fig. 2(a) shows the XRD patterns obtained from the samples
sintered by the SPS process at various sintering temperatures, as
well as those of the original Ni- and Fe-based alloy powders. Both
original powders exhibit the typical glassy features. No diffrac-
tion peaks corresponding to crystalline phases are observed. The
XRD intensity profile of the samples sintered by the SPS process at
below 773 K shows a superposition of the broad maxima from two
glassy phases, as shown in (C) and (D) in Fig. 2(a). The position and
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Fig. 2. XRD patterns (a) and DSC curves (b) of the samples sintered by the SPS process at various sintering temperatures. The XRD patterns and DSC curves of the original
gas-atomized Nisp 5sNb10Zr15Ti15Pt75 and Fe;3Si;B17Nbs alloy powders are also shown for comparison.
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the intensity match with those of Ni- and Fe-based glassy phases
shown in (A) and (B) in Fig. 2(a), respectively. No other phases are
detected within the sensitivity limit of XRD. This indicates that the
samples sintered by the SPS process at below 773K have a two-
phase glassy structure of the Ni- and Fe-based glassy phases. On
the other hand, the increase in the sintering temperature to over
798 K results in additional appearance of the crystalline peaks, as
shownin (E) in Fig. 2(a). This is also confirmed by the DSC measure-
ment. Fig. 2(b) shows the DSC curves obtained from the samples
sintered by the SPS process at various sintering temperatures, as
well as those of the original Ni- and Fe-based alloy powders. The
crystallization behavior of the sintered samples is different from
those of the powders. The crystallization of the samples sintered
by the SPS process at below 773 K exhibits the combined behavior
of both glassy phases. The Fe-based glassy phase starts to crystallize
at 867K, and then is followed by the crystallization of the Ni-based
glassy phase, as shown in (C) and (D) in Fig. 2(b). It indicates that
no crystallization occurs during the SPS process for the sintering at
below 773 K. However, the crystallization enthalpy for the sample
sintered at 798 K is smaller than that at below 773K, as shown in
(E)in Fig. 2(b). It should originate from partial crystallization of the
sintered sample during the SPS process.

The microstructure of the produced samples was character-
ized by SEM and TEM. Fig. 3 shows SEM micrographs of the cross
section of the samples sintered by the SPS process at various sinter-
ing temperatures. A number of pores are observed in the samples
sintered at temperatures below 748K, as shown in Fig. 3(a). The
neck formation between powder particles can be seen. The original
morphology of the powder particles is maintained, though certain
deformation of the powder particles can be observed. Increasing
sintering temperature to over 773K, the sintered sample with a
relative density above 98.89% exhibits only a few pores in the SEM
image, as shown in Fig. 3(b) and (c). Based on the X-ray energy
dispersive spectrometry (EDS) analyses, the light areas belong to
the Nisy 5NbqgZri5Tii5Pty 5 glassy phase, while the dark areas rep-
resent the Fe;3Si;B17Nbs glassy phase in Fig. 3. It is seen that
two kinds of glassy particulates are homogeneously dispersed in
the sample. The interface among the glassy phases is continuous.
Good bonding among the Ni- and Fe-based glassy particulates is
presented. The good bonding state between the glassy particu-
lates was also confirmed by the high-resolution TEM observation
[25].

Based on the results in Figs. 1 and 3, one can note when the
sintering temperature is higher than 773 K, the deformation of the
Fe-based alloy particles have been caused, while the Ni-based par-
ticles are not deformed. It indicates that the temperature at the
contactinterfaces between powder particles has reached the super-
cooled liquid region temperature of the Fe;3Si;B17Nbs glassy alloy.
It is known that the SPS process is an electrical sintering tech-
nique which applies an ON-OFF DC pulse voltage. The pulse electric
current directly flows through the sintered powder materials in
the SPS process. Thus the temperature at the contact interfaces
between powder particles, especially at low relative density, should
be higher than the average temperature for the sintered samples
due to the focused current and Joule heat at the bonded interface
between powder particles [14,15,27-29], which has been demon-
strated in our previous investigations of Al-Mg alloy powders
sintered by the SPS process [30-32]. This local high temperature
can enhance the formation and growth of the neck between pow-
der particles, and obtain the sintered samples with the excellent
properties. Moreover, the sintering temperature was controlled by
the die temperature in the present study. It has been demonstrated
that the die temperature should be lower than that of metal powder
temperature in a SPS process [33,34]. The sintering might be carried
out in a temperature over the measured sintering temperature in
the SPS process. The produced two-phase glassy samples without
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Fig. 3. SEM micrographs of the cross section of the samples sintered by the SPS
process at various sintering temperatures: (a) 748 K, (b) 773K and (c) 798 K.

crystallization and with high strength have been obtained by the
SPS process at the sintering temperature of 773 K, which is much
lower than the onset temperature of the crystallization (Tx) as well
as the glass transition temperature (Tg) of the Fe;3Si;B17Nb3z and
Nis; 5Nb1gZri5Tii5Pt7 5 glassy alloy powders as shown in Fig. 2(b).
We have demonstrated in our previous studies that the crystalliza-
tion of Zr- and Ni-based BMGs and their composites were avoided
upon the SPS process [16-18,35,36]. The significant viscous flow
deformation under high pressure at a proper temperature and a cer-
tain holding time promotes effective diffusion from one to another
glassy phase, and results in continuous connection between the
glassy phases (Fig. 3). At the sintering temperature of 798 K which
is lower than the Ty as well as T of the Fe73Si;B17Nb3 glassy pow-
der yet, also lower than those of the Nis; sNb1gZr5Ti15Pt7 5 glassy
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Fig. 4. Compressive stress-strain curves of the samples sintered by the SPS pro-
cess at various sintering temperatures. The compressive stress-strain curve of the
monolithic Nis; 5Nbq9Zr15TiisPt;5 glassy alloy sample sintered by the SPS process
at 773 K is also shown for comparison.

Table 2
Some measured mechanical properties of the produced BMG samples sintered by
the SPS process at various sintering temperatures.

Sintering temperature, Ultimate compression Young’s modulus, E

Ts (K) stress, o max (MPa) (GPa)
748 970 129.0
773 2600 170.4
7732 2490 158.5
798 2140 180.9

2 Monolithic Nis; 5NbyoZry5TiysPt7 5 compact sintered by SPS process.

powder, the crystallization of the sintered samples took place for
the kinetic reasons (Fig. 2(b)).

The compressive properties of the produced samples have
been evaluated. Fig. 4 shows nominal compressive stress—strain
curves, and Table 2 gives the ultimate compression strength
and Young’s modulus of the samples sintered by the SPS pro-
cess at various temperatures, as well as those for the monolithic
Nisp 5Nb1gZr15TiisPty 5 glassy alloy sample sintered by the SPS
process at 773 K for comparison. The reported results are an aver-
age value of at least three sintered samples at each sintering
temperature. The compressive strength for the two-phase BMG
sample sintered by the SPS process at a sintering temperature
of 773K is 2600 MPa. It is higher than that of the monolithic
Nisp 5NbqgZry5Ti 5Pty 5 glassy alloy sample, which is 2490 MPa[17].
However, the strength is not very high for the samples sintered by
the SPS process at 748 K and 798 K, this is because the sample sin-
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Fig.5. Hysteresis loop of the samples sintered by the SPS process at various sintering
temperatures.

tered at 748 K is not densified (refer to Table 1), and that sintered
at 798 K is partially crystallized, as shown in Fig. 2. The good bond-
ing state between the particles and the avoided crystallization of
the glassy phases should be responsible for the high strength of
the produced two-phase BMG samples, which is mainly originated
from the advantage of the SPS process [17].

Fig. 5 shows the magnetic hysteresis loops of the samples sin-
tered by the SPS process at various sintering temperatures. These
two-phase BMG samples exhibit excellent soft magnetic properties,
which are originating from the randomly dispersed Fe;3Si;B;7Nbs
glassy phase. One can note that the saturation magnetization (Is)
of the produced samples increases with an increase in sintering
temperature.

4. Conclusions

We have produced the two-phase BMG with high strength
and good soft magnetic properties as well as satisfying large-size
requirements by the spark plasma sintering of a mixed powder of
the gas-atomized Nis; 5NbqgZr;5Ti;5Pt7 5 and Fe;3Si7B17Nbs glassy
alloy powders. Effects of the sintering temperature on the ther-
mal stability, microstructure, mechanical and magnetic properties
of the produced two-phase BMGs were investigated. Two kinds of
glassy particulates are homogeneously dispersed in each other. The
densified samples with a compressive strength of 2600 MPa can
be obtained by the SPS process sintered at 773 K. Good bonding
state among the Ni- and Fe-based glassy particulates is recog-
nized.
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