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Abstract: FeCrMoBC bulk metallic glasses (BMGs) were synthesized via spark plasma sintering (SPS) technique, and subsequent
heat treatment was applied to optimize their properties. The effects of annealing on the microstructure, mechanical behavior, and
corrosion resistance of the Fe-based BMGs were investigated. Results show that under optimized SPS parameters (sintering
temperature of 560 °C, consolidation pressure of 550 MPa, and holding time of 1 min), the as-sintered sample achieves a relative
density of 94.40% and a compressive strength of 678 MPa. After heat treatment at 550 °C for 20 min, an amorphous matrix with
enhanced mechanical properties can be obtained: the compressive strength increases to 884 MPa, accompanied by superior corrosion
resistance, which is characterized by corrosion potential (£, ) of —0.318 V, corrosion current density (/) of 2.098x1077 A/cm?, and
polarization resistance (R,) of 59 379 Q-cm’. Notably, annealing at 650 °C for 20 min results in a maximum relative density of
97.23% and a peak microhardness of 758.86 HV, which is attributed to the crystalline phase precipitation and grain refinement. These
results demonstrate that controlled heat treatment can effectively improve the densification and comprehensive properties of SPS-
processed Fe-based BMGs by regulating the microstructure evolution.
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1 Introduction implementation of Fe-based BMGs is severely restricted by

' ) ] their glass-forming ability, which restricts the fabrication of
Bulk metallic glasses (BMGs), characterized by their bulk amorphous components via conventional copper mold

unique non-crystalline atomic structure featuring long-range suction casting to critical sizes below 3 mm"', This size

disorder and short-range order, possess exceptional properties,
including high strength, excellent elastic modulus, superior
soft magnetic performance, and outstanding corrosion
resistance!”. These advantages render them promising
candidates for advanced applications in functional devices and
structural engineering®'”. Among various BMG systems, Fe-
based BMGs have emerged as desirable materials for
structural applications due to their cost-effectiveness and
corrosion  resistance. Notably, the

inherent practical

Received date: September 21, 2025

restriction significantly hinders the applications in engineering
fields, necessitating the development of alternative processing
methods to overcome this bottleneck.

Spark plasma sintering (SPS), as a rapid and efficient
powder metallurgy technique, achieves densification of
amorphous powders within a short time by activating particle
interfaces and inducing rapid heating via pulsed currents,
which is suitable for fabricating BMGs"*?". Although SPS
effectively preserves the amorphous structure, high-
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temperature processing time and slow cooling rates during
sintering may still cause local crystallization, compromising
the uniformity of material properties. Annealing treatment, a
critical method for controlling the microstructure of
amorphous alloys, can optimize mechanical properties by
inducing atomic relaxation or nanocrystallization through
precise control of annealing temperature and duration® ", By
accurately regulating the annealing temperature and holding
time, micropores formed during sintering can be effectively
eliminated, and residual stress can be released, therefore
enhancing the metallurgical bonding strength between
particles while improving surface finish and corrosion

P53 However, the intrinsic relationship between

resistance
structural evolution and property regulation in Fe-based bulk
amorphous alloys during post-SPS annealing remains unclear,
particularly regarding the synergistic optimization of
mechanical properties and corrosion behavior.

In this research, Fe-based BMGs were synthesized using
SPS. The effects of annealing treatment on the mechanical
properties and corrosion resistance of these Fe-based BMGs
were investigated. The complex yet intrinsic connection
between the microstructural changes induced by annealing
and the resultant property modifications was discussed. This
research provided not only the structure-property relationship
in Fe-based BMGs, but also a reliable foundation for the
practical application of Fe-based BMGs across diverse
industrial fields.

2 Experiment

FeCrMoBCP™ amorphous powder was used as the raw
material. Through the gas atomization technique, this powder
has an average particle size of 20 pm and a purity exceeding
99.5%. Table 1 presents the chemical composition of the
FeCrMoBC Fe-based BMG. The powder sintering was
conducted using an SPS-MKIl 3.20 spark plasma sintering
apparatus. In SPS experiment, a WC mold with a diameter of
12 mm was used, and the sintered samples had the dimensions
of @12 mmx9 mm. The vacuum degree was set to 15 Pa, and
the temperature was raised to the preset value at a heating rate
of 100 ° C/min. After holding at the target temperature for
1 min, the samples were cooled in argon gas with a cooling
rate of 400 °C/min. Through the optimization of process para-
meters, FeCrMoBC BMGs were fabricated. Subsequently,
heat treatment was performed on the as-sintered samples. The
Fe-based BMGs were placed into tube-heating furnaces for
annealing treatment under vacuum conditions at 500—650 °C
for 20—-80 min. Then, they were cooled to room temperature in
the furnace.

The phase composition of the samples was analyzed by
D/max-2400 X-ray diffractometer (XRD) with the scanning

Table 1 Chemical composition of FeCrMoBC Fe-based amor-

phous powder (wt%)"
Fe Cr Mo C B
50.3-55.0 25.0-27.0 16.0-18.0 2.0-2.5 2.0-2.2

rate of 4°/min and the scan range of 20°—80°. The acquired
data were processed by Jade
characteristics of the amorphous powder were investigated
using a PerkinElmer STA 6000 thermogravimetric-differential
scanning calorimeter (TG-DSC). The measurements were

software. The thermal

conducted under a high-purity nitrogen atmosphere with
the temperature ranging from 30 °C to 1000 °C at a heating
rate of 20 ° C/min. Microhardness measurements were
performed using a WILSON VHI1102 automatic micro-
hardness tester, and the hardness scale was HV,. Inden-
tations were placed with an interval of 1 mm along the
sample surface, and for each measurement, the results of
10 indentations were averaged. The compressive properties
were evaluated on a YTP400-4E05A mechanical testing
system at a strain rate of 1.4x10™ s™'. For the annealed Fe-
based BMGs, corrosion tests were conducted in a 3.5wt%
NaCl solution with a CHI600E electrochemical workstation.
The surface and corrosion morphologies were observed using
an FEI Quanta 450 FEG field-emission scanning electron
microscope (SEM).

The densities of Fe-based BMGs were measured using
Archimedes® method through the Shanghai Shunyu FA1004
electronic balance. The density (p,) calculation formula is as

follows:
_ . m

i—— (1
where m, is the mass of the sintered sample measured in air
(g), m, represents the mass of the sample fully immersed in
deionized water (g), and p, denotes the density of water at
room temperature (0.9982 g/cm®). This method accounts for
buoyancy effects by measuring the apparent mass loss of the
sample in water, enabling precise determination of its actual
density through volume displacement calculations.

The theoretical density of the Fe-based BMG was
determined via the rule of mixtures, which can be calculated
using the following formula:

Pa~ b 2

Pre  Pcr Pwmo  Pc Ps
where a, b, ¢, d, and e represent the content of elements Fe,
Cr, Mo, C, and B in Fe-based BMG, respectively (wt%); py.,
Pew Puor Por and py are used to denote the theoretical density of
the elements Fe, Cr, Mo, C, and B, respectively (g/cm’).

3 Results and Discussion

3.1 Characteristics of Fe-based amorphous powders

Fig. la presents XRD pattern of the Fe-based amorphous
powder. A characteristic diffraction peak corresponding to
amorphous state is observed at 260=40°—50°, indicating the
fully amorphous nature of the fabricated FeCrMoBC powder.
Fig. 1b presents SEM image of the Fe-based amorphous
powder, showing that the aerosolized FeCrMoBC amorphous
powder exhibits a typical spherical morphology. The particle
sizes are centered at 20 pm, and no obvious defects can be
observed on the smooth particle surface.



Li Chunyan et al. / Rare Metal Materials and Engineering, 2026, 55(9):2133-2141

2135

Intensity/a.u.

20 30 40 50 60 70

20/(°)

Fig.1 XRD pattern (a) and SEM image (b) of Fe-based amorphous powder'

3.2 Fe-based BMGs fabricated by SPS

According to Ref.[33], the optimized sintering parameters
were determined as follows: sintering temperature ranging
from 500 °C to 600 ° C, sintering pressure of 550 MPa,
heating rate of 100 °C/min, and holding time of 1 min. The
relatively high sintering pressure of 550 MPa not only
promotes the densification of BMG, but also effectively
inhibits the formation of fully crystalline phases or coarse
grains.

Fig.2a displays XRD patterns of the FeCrMoBC samples
after SPS at different temperatures. It can be seen that XRD
patterns of the samples after SPS at 500 — 560 ° C closely
resemble those of the amorphous powder: no crystalline
diffraction peaks can be observed. This result indicates that
these BMGs can maintain their amorphous structure under the
temperatures of 500—560 °C. However, when the temperature
reaches 600 °C, the intensity of the diffraction peak correspond-
ing to amorphous structure decreases significantly, suggesting
the initiation of crystalline phase precipitation within the
amorphous matrix. Fig.2b shows the relative density curves
of the FeCrMoBC samples after SPS at different temperatures.
It can be seen that the relative density is increased steadily
with the increase in SPS temperature, achieving a maximum
value of 94.40% at 560 °C. In conjunction with XRD results
in Fig.2a, it can be concluded that SPS at this temperature
(560 °C) barely changes the amorphous structure. Consequently,
the optimal SPS parameters are obtained: temperature of
560 °C, consolidation pressure of 550 MPa, heating rate of
100 °C/min, and holding time of 1 min. The sample prepared

[32]

by SPS under these conditions is designated as 1#.

Fig. 3 shows SEM images of sample 1#. The amorphous
powder particles undergo significant deformation and are
transformed from their initial spherical morphology to
irregular polyhedral structures, as indicated in Fig. 3b. This
morphological evolution indicates effective interfacial
diffusion and fusion between particles during high-pressure
(550 MPa) SPS. Notably, metallurgical bonding interfaces are
formed between particles, and no pores or crack defects can
be observed. This phenomenon is consistent with the findings
in Ref. [34]. These experiment results confirm that the Fe-
based BMG fabricated via this process exhibits high
densification and retains its amorphous state, providing a solid
foundation for subsequent heat treatment.

3.3 Mechanical properties of heat-treated (annealed)

samples

To investigate the influence of heat treatment (annealing)
on the performance of SPSed samples, a comprehensive
thermodynamic analysis was conducted on sample 1# to
provide theoretical guidance for subsequent optimization of
heat treatment process. Fig.4 presents DSC curve of sample
1#, revealing a glass transition temperature (7,) of 610 °C, an
onset crystallization temperature (7°) of 665 °C, and a corres-
ponding supercooled liquid region width (AT =T, - T,) of
55 °C. The broad supercooled liquid region indicates excellent
thermal stability of sample 1#, which is highly favorable for
subsequent annealing of Fe-based BMG™. Based on this
analysis, the annealing temperatures were selected below 7, to
prevent unintended crystallization caused by excessive

96
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Fig.2 XRD patterns (a) and relative densities (b) of FeCrMoBC samples after SPS at different temperatures
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Fig.3 SEM images of sample 1#
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Fig.4 TG-DSC curve of sample 1#

37 A series of annealing treatments with

thermal energy'
optimized parameters were then performed on sample 1#, as
listed in Table 2.

Fig.5a shows XRD patterns of sample 1# after annealing at
various temperatures. It can be seen that the diffraction peaks
of samples 1-1# and 1-2# are slightly narrower than those of

sample 1#, indicating that samples 1-1# and 1-2# still

Table 2 Annealing process parameters of sample 1#

maintain the amorphous structure. Samples 1-3# and 1-4#
exhibit significantly increased crystallinity, accompanied by
the precipitation of FeC, B.Fe,,, and Cr,,C, crystalline phases.
The emergence of the Fe,MoB, phase in sample 1-4# indicates
a substantial increase in crystallinity, compared with that of
sample 1#. Crystallization becomes more pronounced with the
increase in annealing temperature, due to the enhanced atomic
diffusion that promotes grain nucleation, growth, and phase
precipitation. Fig.5b displays XRD patterns of sample 1# after
annealing for different durations. With the prolongation of
holding time, diffraction peaks are progressively sharpened,
and the crystalline phase precipitation becomes more
prominent. These results indicate that crystallinity is increased
with the prolongation of holding time.

Fig. 6a illustrates the effect of annealing temperature on
microhardness of Fe-based BMG samples. Compared with
sample 1#, other samples demonstrate a general downward
trend in microhardness. This variation is consistent with the
phenomena of narrowing of diffraction peaks and emergence
of crystalline diffraction peaks associated with phase
precipitation. Besides, the distinct non-uniform hardness
distribution can be characterized by central regions of higher

Sample Annealing Holding Heating hardness and marginal zones of lower hardness. This result is
temperature/°C time/min rate/°C-min”" consistent with the edge effects reported in Ref.[38]. When the
1-1# 500 20 10 annealing temperature increases from 500 °C (sample 1-1#) to
1-2# 550 20 10 650 °C (sample 1-4#), the average microhardness rises signifi-
134 600 20 10 cantly from 604.41 HV to 758.86 HV. This increase is
|4 650 20 10 primarily due to the enhanced nucleation of precipitate phases
at elevated temperatures, which restricts shear band
1-5# 550 50 10 . . . . .
propagation through dispersion strengthening mechanisms.
1-6# 550 80 10 Conversely, Fig. 6b shows that the microhardness evolution
v Fe,MoB, "FeC 4 " FeC oBfFe,; b
* BgFe,;  #CryCo v FeB  #CryCq
W A 144 e . : M 1-64, i
=
<
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Fig.5 XRD patterns of sample 1# after annealing under different temperatures (a) and different holding time (b)
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Fig.6 Effects of annealing temperature (a) and holding time (b) on microhardness of Fe-based BMG samples; comparison of compressive strength

of Fe-based BMG samples (c)

during isothermal annealing follows a parabolic trend: the
microhardness initially increases, reaches a maximum value
of 746.49 HV (50 min, sample 1-5#), and then decreases. The
peak-hardening behavior occurs at 50 min. This phenomenon
can be explained by the optimal precipitate distribution, while
the subsequent microhardness reduction beyond 50 min is
attributed to the precipitate coarsening, which weakens the
dispersion strengthening effect. Notably, the sample 1-5#
(annealing for 50 min) exhibits
microhardness, compared with either sample 1-2# (annealing

significantly higher

for 20 min) and sample 1-6# (annealing for 80 min),
highlighting the critical role of time-temperature interplay in
microstructure-property relationships.

Fig. 6¢ shows the compressive strength of the Fe-based
BMG samples. The compressive strength of samples 1-2#,
1-5#, and 1-6# is all greater than that of sample 1#. This
enhancement can be ascribed to the improved particle bonding
and the reduced porosity during the heat treatment process.
Nonetheless, the further increase in annealing temperature
results in a notable decline in compressive strength. This is
presumably because of the extensive precipitation of
crystalline phases, along with the formation of quenched
nuclei or the initiation of crystalline phase nucleation, which
in turn leads to the embrittlement of the matrix. Under the
condition of annealing temperature at 550 °C, the compres-
sive strength of sample 1-2# reaches the peak value of
884 MPa. Under the same annealing temperature, with the
prolongation of holding time to 80 min, the compressive
strength is gradually decreased to 693 MPa (sample 1-6#).
These findings suggest that the optimal annealing parameters
are as follows: annealing temperature of 550 °C and holding
time of 20 min.

Fig. 7 presents SEM surface morphologies and relative
density of different Fe-based BMG samples. Sample 1#
illustrates a granular morphology with surface particles
loosely packed without significant interparticle fusion, which
is manifested as weak interparticle bonding. Annealing
induces significant morphological changes: partial particle
melting and fusion can be observed with the increase in
annealing temperature, which enhances the interparticle
bonding. At higher temperatures, particles can form not only
stronger connections but also develop lamellar planar

structures, leading to multiplanar interlocking. This
phenomenon is likely attributed to the elevated temperatures
that promote the particle mobility and facilitate the atomic
diffusion for fusion. Fig. 7h displays the relative density of
different Fe-based BMG samples. A marked increase in
relative density can be observed after annealing: the relative
density is generally increased with the increase in annealing
temperature or with the prolongation of holding time. Notably,
prolonged holding time has a less pronounced effect on
relative density, compared with annealing temperature. In the
initial annealing stage, increased annealing temperature and
prolonged holding time both promote the particle rearrange-
ment, diffusion, and flow, thereby reducing porosity and
enhancing densification. However, prolonged holding time at
elevated temperatures leads to recrystallization and increased
crystallinity, which further hinders the relative density
increase due to reduced atomic mobility and pore closure
efficiency. Thus, when the FeCrMoBC BMG is annealed at
650 °C for 20 min, the relative density is 97.23%, and the
microhardness is 758.86 HV.

3.4 Corrosion properties of heat-treated (annealed)

samples

Fig. 8a shows Tafel curves of Fe-based BMG samples
during corrosion in 3.5wt% NaCl solution. Combined with the
potentiodynamic polarization parameters in Table 3, it can be
seen that the corrosion potential (E, ) generally shows a
decreasing trend, while the corresponding corrosion current
density (/) shows an increasing trend, indicating that the
corrosion rate of the annealed samples increases, and the
corrosion resistance gradually deteriorates. With the increase
in annealing temperature, the corrosion resistance is firstly
increased and then decreased. This is because when the
annealing temperature is low in the early stage, the samples
basically maintain the amorphous state, and the relative
density is increased with the increase in annealing
temperature, thus improving the corrosion resistance. As the
annealing temperature continues to rise, although the relative
density still increases, the increment is small and basically
remains a gentle growth state, while the degree of
crystallization is increased exponentially. In this case, a large
number of crystalline phases appear, leading to the

deterioration of corrosion resistance. For sample 1-2#
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Fig.7 SEM surface morphologies (a—g) and relative density (h) of Fe-based BMG samples: (b) 1#; (b) 1-1#; (c) 1-2#; (d) 1-3#; (e) 1-4#; (f) 1-5#;
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reaches the maximum value of
reaches the minimum value of 2.098x
107 A/cm’, indicating that the corrosion resistance is optimal.
Meanwhile, electrochemical test results show that with the

prolongation of holding time, E__ is decreased and 7 is

increased, indicating that the corrosion resistance shows a
decreasing trend. In conclusion, the sample 1-2# has the

optimal corrosion resistance.

SF® 1# e LI# A 124 v 13# b
® 4% 4 158 > 1-6#

Z'/x10* Q-cm®
Fig.8 Tafel curves of Fe-based BMG samples in 3.5wt% NaCl solution (a); Nyquist plots and equivalent circuit diagram of Fe-based BMG
samples (b)

Fig. 8b shows the Nyquist plots of the Fe-based BMG
samples during corrosion in 3.5wt% NaCl solution. It is
known that the larger the arc diameter, the slower the
corrosion rate. The corrosion resistance of sample 1# is better
than that of other samples. This may be due to the severe
crystallization of the samples after heat treatment: the
diffraction peaks sharp, accompanied by the
appearance of defects, such as crystalline phases that are

become
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prone to corrosion™*”. With the increase in annealing

temperature, the corrosion resistance is firstly improved and
then degraded, while the prolongation of holding time
degrades the corrosion resistance. The impedance data were
fitted using Z-View software based on the equivalent circuit
model (inset in Fig.8b), and the equivalent circuit parameters
are obtained, as shown in Table 3. The charge transfer
resistance (R,) is proportional to the corrosion resistance.
Therefore, it is found that the change in R, is consistent with
the analysis results: the corrosion resistance is firstly
improved and then degraded with the increase in annealing
temperature. For sample 1-2# (annealing temperature of
550 °C), R, reaches the maximum value of 59 379 Q-cm’.

Besides, with the fixed annealing temperature (550 °C), the
corrosion resistance is degraded with the prolongation of
holding time. In conclusion, the sample 1-2# has excellent
corrosion resistance.

Fig. 9 shows SEM images of different Fe-based BMG
samples after corrosion in 3.5wt% NaCl solution. It can be
seen that the corrosion trace of sample 1# is generally smaller
than that of other samples, indicating better corrosion
resistance of sample 1#. As the annealing temperature
increases (Fig. 9b—9e), the corrosion traces show a trend of
When the annealing
temperature is 500 ° C, the sample 1-1# remains the amor-

first decrease and then increase.

phous state, its relative density is low, and many pores exist in

Table 3 Electrochemical parameters of Fe-based BMG samples

Sample E_ IV I, /Acm™ R/Qem’ CPE,-T/pF-cm™ CPE -P/uF-cm™ R/Qem’ Ve

1# -0.249 2.359x107 3867.0 4.095x107° 0.802 92 129 090 2.1x107
1-1# -0.412 7.739x107 903.6 4.699x107" 0.984 79 22568 6.2x10™
1-2# -0.318 2.098x107 4333.0 1.097x107° 0.933 07 59379 3.7x107
1-3# -0.436 3.339x1077 839.5 2.734x10° 0.749 01 39807 2.4%107
1-4# -0.493 1.387x10°° 652.0 9.686x10™ 0.765 86 10 141 9.9x10™*
1-5# -0.324 4.386x107 2186.0 3.007x107"° 0.985 61 54 880 7.1x107*
1-6# -0.397 3.534x107 197.3 7.785%107 0.646 78 47 060 2.8x107°

COrrosive it /

()

Corrosion trace /

Corrosion trace

4400 pm

Fig.9 SEM images of different Fe-based BMG samples after corrosion in 3.5wt% NaCl solution: (a) 1#; (b) 1-1#; (c) 1-2#; (d) 1-3#; (e) 1-4#;

() 1-5#; (g) 1-6#
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the sample. Many CI” ions invade, and corrosion channels are
formed, resulting in inferior corrosion resistance. When the
annealing temperature reaches 550 °C, the sample 1-2# is still
amorphous, but its relative density significantly increases, and
the defects, such as pores, greatly reduce. In this case, the
corrosion resistance reaches the optimal state. With the further
increase in annealing temperature, a large number of
crystalline phases are precipitated and preferentially corroded,
leading to the appearance of dense corrosion pits or even
large-area corrosion traces on the sample surface. Thus, the
corrosion resistance deteriorates. With the fixed annealing
temperature of 550 °C (Fig.9c, 9f, 9g), the corrosion traces
show an increasing trend with the prolongation of holding
time, but the overall increase trend is insignificant. This result
indicates that the influence of holding time on the corrosion
resistance is slighter than that of annealing temperature.
Among all the samples, the sample 1-2# has the optimal
corrosion resistance.

4 Conclusions

1) Fully dense FeCrMoBC BMGs can be fabricated under
optimized processing parameters of SPS temperature of
560 °C, consolidation pressure of 550 MPa, and holding time
of 1 min. This processing window yields BMG with a relative
density of 94.40%, representing a significant improvement in
relative density.

2) After annealing treatment, the degree of crystallization in
FeCrMoBC BMG increases, accompanied by the rise in
densification. Additionally, the bonding is strengthened, and
the porosity is reduced.

3) The compressive strength reaches the highest value of
884 MPa when the annealing temperature is 550 °C and the
holding time is 20 min. Corrosion resistance also achieves the
optimal state: E__ reaches the highest value of ~0.318 V, I
reaches the lowest value of 2.098x107 A/cm’, and R, reaches
the highest value of 59 379 Q -cm’. When the FeCrMoBC
BMG is annealed at 650 °C for 20 min, the relative density is
97.23%, and the microhardness is 758.86 HV.
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