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Consolidation of [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4
Metallic Glassy Powder by SPS Method*1
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Department of Materials Processing, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan
Metallic glasses have been reported to exhibit excellent properties, such as high strength, high corrosion resistance, high wear resistance,
which result from their amorphous structure. Because of a drastic reduction in their viscosities in supercooled liquid region, metallic glasses have
an excellent workability through viscous deformation for the production of various industrial parts.
Recently, much attention has been paid to Fe-based metallic glasses because of their rich resources in addition to their excellent
mechanical and magnetic properties. However, due to their poor glass-forming ability, the size of the Fe-based bulk metallic glass by conventional casting techniques is limited. In the present investigation, nearly fully densiﬁed disk-shaped compacts of [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4
metallic glass were produced from a gas-atomized amorphous powder by spark plasma sintering (SPS). The processing temperature and the time
that assure the supercooled liquid state of the compacts were determined from the Time-Temperature-Transformation (TTT) diagram that was
constructed by isothermal diﬀerential scanning calorimetry. The mechanical properties of the consolidated samples were evaluated by
compression test. Comparatively low values of the fracture stress, Young’s modulus and yielding stress of SPSed sample compared to the casted
samples were observed, which is discussed on the basis of the integrity of the interparticle bonding. [doi:10.2320/matertrans.M2009093]
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1.

Introduction

Fe-Co based metallic glasses exhibit high strength exceeding 4000 MPa and have a merit of low cost owing to rich
resources.1) Among various metallic glasses under investigation for practical applications, the Fe-Co based glassy
alloys are expected, in particular, to be advanced structure
materials. However, the glass forming ability, as well as the
thermal stability of the supercooled liquid, of the Fe-Co
based glassy alloys are low compared to Zr-2,3) and Pd-4)
based metallic glasses. It requires a cooling rate of over
103 K/s to produce Fe-Co based bulk metallic glasses. Bulk
samples of this alloy of the dimension of over 10 mm cannot
be produced by conventional copper mould casting techniques.5,6) Powder metallurgy would be the alternative to the
casting process in the production of the Fe-Co based bulk
metallic glasses with large dimensions and complex shapes.7)
Because of poor plasticity, metallic glasses are hard to be
consolidated by conventional die compaction at room
temperature. But they deform easily after the glass transition
with drastic reduction in viscosity8) at temperatures far below
the usual sintering temperature (0:7 Tm ). In this context,
pressurized hot consolidation is considered to be one of the
most suitable methods for the production of the bulk
compacts. Here, we should note that they crystallize in a
certain incubation time when held at high temperatures even
if it is in the glass state. Therefore, it is indispensable to know
the incubation time for crystallization, during which powder
compacts can be consolidated in keeping a glassy state. The
information on the incubation time is obtained from the
Time-Temperature-Transformation (TTT) curve, which is
usually constructed from isothermal DSC analyses at various
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temperatures. Considering a limited processing time the
spark plasma sintering (SPS) method is one of the best
choices among various hot consolidation processes because it
enables a short consolidation time and in addition to provide
an possibility of removing surface oxide ﬁlms of powder
particles.9,10) It is reported that Ni-based bulk metallic glasses
with nearly full density have been obtained by the SPS, and
that their compressive fracture strength is comparative to
those of cast materials of the same composition.9)
In the present paper we report the SPS consolidation of
a gas-atomized metallic glassy powder of [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 alloy system that shows a comparatively
high glass forming ability and high strength property.5,6,11)
The consolidated compacts are evaluated by compressive
test at room temperature.
2.

Experimental Procedures

Master ingots of the [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 alloy
were prepared by arc melting of a mixture of high purity Fe,
Co, Si, B and Nb under an argon atmosphere. The metallic
glassy powder was produced by a high pressure atomization.
The melt was bottom-poured through a 3 mm nozzle into an
annular gas atomizer at a pressure of 9.8 MPa of argon. The
atomized powder was sieved to under 125 mm. The glassy
structure of the atomized powder and the absence of a micrometer-scale crystalline phase were conﬁrmed by XRD and
SEM, respectively. The thermal stability expressed by the
glass transition temperature Tg , crystallization temperature
Tx , and supercooled liquid region Tx (¼ Tx  Tg ), was
examined by diﬀerential scanning calorimetry (DSC) under
pure argon at a heating rate of 0.67 K/s. The TTT diagram
was constructed by the DSC data to assess the consolidation
temperature and the time that assure the supercooled liquid
state during consolidation. The atomized powder was consolidated by SPS with two kinds of 10 mm diam. dies. A
carbon die was used under consolidation pressure of 75 MPa,
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Fig. 1 SEM image of atomized [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic
glassy powder.

and a hard metal die, 400 MPa. The consolidation temperature was controlled by pulsed direct current with thermocouples inserted into the dies. The heating rate was
0:50:67 K/s. The densities of the consolidated compacts
were measured by Archimedes method. Test specimens of
dimensions of 3  3  3 mm were prepared for compression
test. The cross head speed of the compression test was
0.5 mm/min. The fracture surface of the test specimen was
observed by SEM. TEM observation was also made to
inspect the bonding state of the compressed particles. Low
energy ion milling was used for the preparation of TEM
samples to avoid ion-beam induced crystallization.
3.
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Fig. 2 XRD pattern of atomized [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic
glassy powder.
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Results and Discussion
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3.2 Construction of TTT diagram
Figure 4 shows a schematic diagram of the temperature
schedule of the isothermal DSC analysis, showing an
estimation of the incubation time. It was assumed in the
present study that the zero time of the incubation is 700 K,
which was estimated from the transition temperature to a
supercooled liquid state in this alloy system and regarded as
the temperature of appreciable atomic movement for the
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Fig. 3 DSC curve of atomized [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic
glassy powder. (Heating rate: 0.67 K/s, Tg : 807.5 K, Tx : 855.5 K,
Tx ð¼ Tx  Tg Þ: 48.0 K)
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3.1 Evaluation of gas atomized powder
Figure 1 shows a SEM image of the gas-atomized
[(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 alloy powder. The powder
is spherical and composed of various sizes of particles. The
particle surfaces are smooth and exhibit no contrast, showing
homogeneous microstructure. The XRD pattern of the
powder shown in Fig. 2 is a broad pattern peculiar to the
amorphous structure, and appears to have no appreciable
amount of crystalline phases. The DSC curve of the powder
is shown in Fig. 3, in which an endothermic peak starts
to appear at about 807 K, and a sharp exothermic peak at
855 K. The former peak is with glass transition and the latter
with crystallization. The glass transition temperature Tg , and
onset temperature of crystallization Tx , are determined to
be 807.5 and 855.5 K, respectively. The thermal stability T
is 48 K. These values agree with the earlier data.5,6)

Onset of
Crystallization

T0
Incubation time

T room
0

Time, t
Fig. 4 Programmed and sample temperatures for isothermal DSC. T0 is
assumed to be 700 K in the present investigation. The deﬁnition of the
incubation time for the crystallization is also shown.
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Table 1 Process-variables of the SPS-consolidation and the relative
density of the consolidated compacts.

Temperature, T

Exothermic (a.u.)

Tx
Sample

Pressure
(MPa)

Holding
temperature
(K)

Holding
time
(s)

Heating
rate
(K/s)

Relative
density
(%)

a

75

753

180

0.67

94.6

b

75

773

180

0.70

97.1

c

75

833

60

0.55

99.0

d

75

833

180

0.55

98.8

e

400

763

120

0.62

99.6

f

75

793

180

0.67

98.8

tx

Time, t
Fig. 5 The determination of the crystallization temperature Tx from DSC
curve.
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Fig. 6 TTT diagram for gas-atomized [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4
metallic glass. The time axis is expressed in logarithmic scale.

structural modiﬁcation. It was conﬁrmed that nano crystalline phases were formed by a heat treatment of 700 K for
105 s. The onset temperature of the crystallization was
determined from the DSC analysis as the starting temperature
of the exothermic peak, as shown in Fig. 5. The TTT curve
thus obtained is shown in Fig. 6, where the incubation time
for the crystallization is seen to decrease with increasing
temperature. The incubation time at Tg and Tx are about
1000 s and 100 s, respectively. As far as the sample temperatures are held within the times read oﬀ from this curve, the
sample keeps glassy state and viscous deformation.
3.3 Consolidation
Table 1 summarizes the SPS consolidation data and the
attained relative density of the compacts. The holding time
was determined from the TTT curve to be within the
incubation time. Figure 7 shows the relative density of the
compacts as a function of holding temperature, together with
the SEM images of the cross sections of some samples. The
symbols (a)(f) attached to the data points and photos are
those listed in Table 1. Steep increases in relative density
against holding temperature are seen in this diagram. At the
pressures of 75 and 400 MPa, the increases occur at about
760 K and 730 K, respectively. Such critical behavior of the
relative density would correspond to a drastic reduction

in viscosity at these temperatures to enhance the viscous
densiﬁcation. The sample (c) of the relative density of 99.0%
consolidated at the pressure of 75 MPa for 60 s at 833 K kept
amorphous state as conﬁrmed by XRD, while the sample (d)
held 180 s at the same temperature crystallized. At the
temperature of 848 K, the crystallization was found to occur
in 60 s. The microstructure evolution during densiﬁcation
can roughly be seen in the SEM images given in Fig. 7. The
photograph (a) shows the compact of the relative density of
94.6%; densiﬁcation is insuﬃcient and typical polyhedral
deformation of the particles is clearly seen, but the
interparticle bonding seems still weak. With densiﬁcation
interparticle contacts become more intimately bonded (see
photo (b)), and in the sample (c) of the relative density of
99.0%, the interparticle contacts seem to be well bonded. The
maximum relative density of 99.6% was attained under the
pressure of 400 MPa, for 120 s at 763 K. It is to be noted that
the shape of the pores is cusped throughout the consolidation
process. The concave pore surface usually observed in
sintering of metal powders does not appear in the present
case. This is probably because the deformation proceeds
mainly by viscous ﬂow under the applied stress, and the
temperature and the time are not suﬃcient for surfacetension derived spontaneous morphological relaxation.
3.4 Crystallization behavior during consolidation
Figure 8 shows the XRD patterns of the compacts (c) and
(d), both were consolidated under the same pressure and
temperature (75 MPa and 833 K), but for diﬀerent holding
times. Although two patterns are basically of amorphous
nature, for the compact (d) peaks of a metastable crystalline
phase, (Fe,Co,Nb)23 B6 , though weak, can be discerned. The
crystallization behavior in the present glassy alloy system
will be discussed more in detail on the basis of the TTT curve
and the heating program, both shown in Fig. 9. The heating
curve for the compact (c) lies under the TTT curve
throughout the consolidation process, while that for the
compact (d) crosses the TTT curve at about 450 s. This
indicates, together with the change in XRD patterns described above, that the compact (c) kept amorphous state during
heating, but in the compact (d), the crystallization took place,
if any, during consolidation.
3.5 Mechanical properties
Figure 10 shows the compressive stress-strain curve for
the compact (c). From this curve the fracture strength and
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Fig. 7 Relation between relative density and holding temperature, and SEM images of the cross sections of some selected samples for
[(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic glassy powder compacts. Symbols (a), (b), . . . , (f) attached to the data points and the photos are
listed in Table 1.
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Fig. 8 XRD patterns of the samples (c) and (d), SPS-consolidated for 60 s
and 180 s, respectively, at the pressure of 75 MPa and the temperature of
833 K.

Young’s modulus of the present metallic glassy alloy are
estimated to be 900 MPa and 194 GPa, respectively. It has
been reported that the compressive fracture strength of the
metallic glassy alloy of the same composition produced by
copper mold casting method is over 4000 MPa.5,6) The yield
strain of the present alloy is about 4:6  103 , which is also
lower than those (2  102 ) reported for the casted metallic
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Fig. 9 Temperature programs of the SPS-consolidation, together with the
TTT diagram for the [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic glassy
powder compacts. The glass transition and crystallization temperatures are
also shown.

glasses.12) The fracture surface of the test sample is shown in
Fig. 11. Although intragranular fracture with a kind of vein
structure is seen in some grains, intergranular fracture is
prevailing throughout the sample. In fact, our additional
bending experiment on the same sample, where fracture
occurs by tensile stress, shows complete intergranular
fracture. These observations suggest that the bonding
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Fig. 10 Compressive stress-strain curve of the SPS-consolidated for 60 s at
the pressure of 75 MPa and the temperature of 833 K. The sample
dimensions are 3:06  3:52  6:42 mm.

Fig. 12 TEM image of the bonded region of the sample SPS-consolidated
for 180 s at the pressure of 75 MPa and the temperature of 793 K. The
diﬀraction pattern from the inside of the particle is shown. The crystallized
layer of the thickness of about 50 nm is seen.

4.

10 µ m
Fig. 11 SEM image of the fracture surface of the compression test sample,
SPS-consolidated for 60 s at the pressure of 75 MPa and the temperature of
833 K.

strength of the grain interface of the present sample is weak.
The TEM image of the sample of 98.8% relative density
(sample (f)) is shown in Fig. 12. The electron diﬀraction
pattern is from the inside of the particle, and a continuous
ring shows that the particles are amorphous. Note that the
crystallized phase of a thickness of about 50 nm is seen in the
bonded region of the particles. This is presumably a main
cause of the bonding weakness.
Little work has been done on the viscous ﬂow behavior and
the hot consolidation of metallic glass powders of the present
composition. The nature of the bonding of individual
particles of metallic glass in an atomic scale during hot
consolidation is still not fully clariﬁed. In particular,
processing conditions, as well as the mechanism, of the
formation of crystalline phase at the interparticle bonded
region is of great importance, since it seems to determine
the fracture strength of the consolidated compacts.

Conclusion

(1) The atomized powder of [(Fe0:5 Co0:5 )0:75 Si0:05 B0:2 ]96 Nb4 metallic glass can be consolidated into a diskshaped compact of 99.6% relative density having a
diam. of 10 mm by SPS method.
(2) There are critical temperatures for the densiﬁcation
curve to show steep increase, which depends on the
applied pressure. The critical temperatures are 740 K
and 760 K at the pressure of 400 MPa and 75 MPa,
respectively. Such rapid change in densiﬁcation is
supposed to depend on the viscosity change, which in
turn depends on temperature.
(3) The shape of pores is kept cusped throughout the
consolidation, indicating that no surface relaxation due
to surface tension takes place during hot consolidation,
presumably because of comparatively low temperature
and short consolidation time. The densiﬁcation in the
present case occurs mainly by a viscous deformation
of particle assemblage under applied pressure.
(4) The fracture strength, Young’s modulus and yielding
strain of the present metallic glass alloy as estimated
by compression test are about 900 MPa, 194 GPa and
4:6  103 , respectively. These values are comparatively low compared to those reported for the conventional casted samples, and these low values are to be
attributed to the presence of a thin crystallized layer at
the interparticle boundaries.
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