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Abstract: The new generation of high-frequency and high-efficiency motors has high demands on
the soft magnetic properties, mechanical properties and corrosion resistance of its core materials.
Bulk amorphous and nanocrystalline alloys not only meet its performance requirements but also
conform to the current technical concept of integrated forming. At present, spark plasma sintering
(SPS) is expected to break through the cooling-capacity limitation of traditional casting technology
with high possibility to fabricate bulk metallic glasses (BMGs). In this study, FegsSiyB5CyCr, soft
magnetic amorphous powders with high sphericity were prepared by a new atomization technology,
and its characteristic temperature was measured by DSC to determine the SPS temperature. The SEM,
XRD, VSM and universal testing machine were used to analyze the compacts at different sintering
temperatures. The results show that the powders cannot be consolidated by cold pressing (50 and
500 MPa) or SPS temperature below 753 K (glass transition temperature Tg = 767 K), and the tap
density is only 4.46 g~cm_3. When SPS temperature reached above 773 K, however, the compact could
be prepared smoothly, and the density, saturation magnetization, coercivity and compressive strength
of the compacts increased with the elevated sintering temperature. In addition, due to superheating,
crystallization occurred even when the sintering temperature was lower than 829 K (with the first
crystallization onset temperature being Ty; = 829 K). The compact was almost completely crystallized
at 813 K, resulting in a sharp increase in the coercivity of the compact from 55.55 A-m~! at 793 K to
443.17 A-m~!. It is noted that the nanocrystals kept growing in size as the temperature increased to
833 K, which increased the coercivity remarkably but showed an enhanced saturation magnetization.

Keywords: spark plasma sintering; amorphous powders; bulk metallic glasses; sintering tempera-
ture; nanocrystalline

1. Introduction

Based on the world-class strategic goal of “energy saving, emission reduction and
environmental protection”, the new integrated inductor with miniaturization, low mag-
netic loss and excellent stability is emerging in the electronics and electrical fields and is
expected to promote the development of a new generation of high-frequency and high-
efficiency motors [1,2]. Fe-based soft magnetic amorphous/nanocrystalline alloys with
high saturation magnetization, low coercivity, low magnetic loss and low cost are expected
to solve the problem of poor performance stability of traditional soft magnetic materials
under high-frequency conditions and also provide reserve for ideal materials for integrated
inductance forming [3]. At present, traditional casting technologies, such as the copper-
mold-casting method and single-roll melt spinning, can be used to produce bulk metallic
glasses (BMGs) with a certain thickness, but these methods are only applicable to systems
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with high-glass-forming ability (GFA), such as Zr, La, Pd, etc., due to the limitation of
cooling rate (order of 10> K-s~1) [4-7]. Therefore, Fe-based amorphous alloys with poor
GFA are usually produced by atomization with sufficient cooling rate in industry, and then
BMGs with a certain size can be fabricated by consolidation technology [8].

The traditional powder-consolidation process usually requires high-temperature con-
ditions to produce dense bulk amorphous alloys, which cannot achieve the combination
of high fraction of amorphous phase and high density. However, the development of the
SPS device in 1998 made it possible to prepare BMGs with high density at low tempera-
ture [9]. With the application of an electric field and high uniaxial pressure during the SPS
process, a large amount of Joule heat is generated between the powders, which improves
the thermodynamic and kinetic conditions of mass transfer, and thus the powders can be
consolidated into dense bulks [10]. Therefore, based on the characteristic that the viscos-
ity of amorphous alloys decreases greatly in the supercooled liquid region, BMGs with
excellent properties can be prepared by SPS within this temperature range [11]. Kim et al.
prepared bulk CussNigZry;Tijg amorphous alloys by SPS and proposed that the strength
of bulk amorphous alloys increases as the powder size decreases [12]. Li et al. prepared
AlggNigY4.5CozLa1.5 bulk amorphous by SPS and studied the influence of loading pressure
on the densification degree and properties of bulk amorphous alloys [13]. Zrodowski et al.
prepared a completely Zr-based amorphous alloy with a relative density of 100% by SPS
and proved through experiments that SPS could fabricate bulk amorphous alloys with com-
plex shapes [14]. Moravcikova-Gouvea et al. prepared Aly.3NbTag.gTij.5V.oZr refractory
by SPS and compared the influence of powder purity on the structure of BMGs by changing
the milling time of the mechanical-alloying (MA) process [15]. Cheng et al. prepared Al-Zn-
Mg-Cu bulk nanocrystalline materials by SPS and studied the effect of milling time on the
bulk properties [16]. Gheiratmand et al. prepared FINEMET by SPS and proposed that the
densification mechanism of SPS is the particle rearrangement (the first stage) and viscous
flow (the second stage) [17]. In addition, for Fe-based bulk amorphous/nanocrystalline
alloys, the fabrication of Fe-Si-B, Fe-Si-B-P, Fe-B-Nb-Y, Fe-Co-Ni-Zr-B, Fe-Cu-Nb-Si and
Fe-Nb-5i-B systems by SPS has been reported [5,18-21].

However, most of the powders used in the above study are prepared by MA. The MA
process takes a long time, and most of the powders produced have irregular shape, which
can only stay in the laboratory stage, and the process has poor guiding significance for
the actual industrial production of powders. In this study, the amorphous powders with
high sphericity produced by the new atomization process were used as raw material, and
Fe-5i-B-C-Cr BMGs with poor forming ability were prepared by SPS and cold pressing. The
effects of different sintering temperatures on density, magnetic properties and mechanical
properties of compacts are studied to provide practical guidance for the consolidation and
performance improvement of the bulk Fe-Si-B-C-Cr system.

2. Materials and Methods

Commercial iron (purity > 99.9%), silicon (purity > 99.5%), boron (purity > 99.9%) and
pre-alloyed Fe-B and Fe-C alloys were used as raw materials and mixed to the powder
nominal composition FegsSi;B5C,Cry (composition in wt.%). The powders were produced
by the new atomization process (Qingdao Yunlu Advanced Materials Technology Co., Ltd.,
Qingdao, China) and then dehydrated, dried and sieved to obtain the finished products.
The finished products with the same composition produced in multiple batches were mixed
to reduce the quality fluctuation of a single batch of powders, and, finally, the powders
used for SPS (represented by Ato) were obtained.

BMGs were prepared by SPS apparatus (LABOX-225, Niigata, Japan). The powders
were put into a graphite die with a diameter of 12.5 mm, both ends were sealed by graphite
paper and graphite punches and then the thermocouple was inserted into the central hole of
the die for temperature measurement. Under the same loading pressure and holding time
(fixed at 50 MPa and 3 min, respectively), different sintering temperatures were used to
conduct SPS experiments. The specific heating process is shown in Figure 1. Tg represents
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the sintering temperature. A heating rate of 100 K-min~! was used from room temperature

to (Ts-40 K), and a heating rate of 20 K-min~! was applied from (Ts-40 K) to Ts to prevent
the temperature overshoot caused by a too-fast heating rate. After holding for 3 min, the
furnace cooling was applied with loading the pressure. When the temperature dropped
below 473 K, the pressure was unloaded. To compare with SPS, Fe-Si-B-C-Cr BMGs were
fabricated by cold pressing under the pressures of 50 and 500 MPa, and the pressing time
was 3 min.
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Figure 1. Schematic diagram of SPS heating process.

The micromorphology of the atomization powders and samples by cold pressing
and SPS was observed by scanning electron microscope (SEM, Phenom Pro Desktop SEM,
Phenom-World BV, Eindhoven, The Netherlands). The sphericity of the atomization pow-
ders and the porosity of internal particles under different processes were calculated by
the Phenom Prosuite Software (Phenom-World BV, Eindhoven, The Netherlands) and
Image-Pro Plus Software (CAD/CAM Services, Inc., Celina, CA, USA), respectively. The
particle-size distribution of the atomization powders was measured by the laser-diffraction
particle-size analyzer (BT-9300S, Bettersize Instruments Ltd., Dandong, China). The detec-
tion particle-size range was 0.1~341 um, the shading rate was set to 16.02%, the refractive
index of the medium was set to 1.333 and the refractive index of the sample was set to
2.860. The density of compacts was measured by the Archimedean method. The amor-
phous structure of the atomization powders and compacts was characterized by the X-ray
diffraction (XRD, D2 PHASER, BRUKER AXS, Karlsruhe, Germany) using Cu-Ko radiation
with A = 0.154184 nm. The step size was 0.02°, the scanning range was 20°~100°, the tube
voltage was 30 kV and the tube current was 10 mA. The grain size of the nanocrystals was
calculated by Jade 9.0 software (Materials Data, Inc., Livermore, CA, USA). The characteris-
tic temperature and the crystallization enthalpy of the atomization powders and compacts
at different sintering temperatures were measured by the differential scanning calorimeter
(DSC, Setaram Setsys Evo, KEP Technologies, Beijing, China) at a heating rate of 10 K-min~1
and a 30 mL-min~! flow rate of high-purity argon. The saturation magnetization and coer-
civity of the atomization powders and compacts were measured by the vibrating-sample
magnetometer (VSM, Lake Shore 8604, Lake Shore Cryotronics, Inc., Westerville, OH, USA)
at the maximum applied magnetic-field intensities of £10 and £200 Oe, respectively. The
compressive strength of the compacts was measured by the microcomputer-controlled
universal materials-testing machine (WDW-10E, Jinan shidai shijin Testing machine Group
Co., Ltd,, Jinan, China) at a compression rate of 0.1 mm-min~! and room temperature of
298 K. One sample prepared under each sintering condition was used for the compression
test, with a size of ¢ 12.5 mm x 8 mm.
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3. Results
3.1. Characterization of Atomization Powders

Figure 2a displays the morphology of FegsSi;B5C,Cr, atomization powders and the
particle-size distribution measured by the laser-diffraction particle-size analyzer. As can
be seen from the figure, the surface morphology of the powders was smooth, and the
sphericity of the powders was calculated to be 0.986 by the Phenom Prosuite Software.
Compared with MA powders, the atomization powders used in this study had highly
regular shape and sphericity characteristics [22]. The ds¢ of the powders was 18.60 pm, and
the particle-size distribution was similar to the normal distribution, and the distribution
range was narrow, with very few large particles over 100 pm. The XRD pattern of the
atomization powders is shown in Figure 2b. The XRD image shows an obvious broad
peak, indicating that the powders with a diameter of less than 100 um prepared by the new
atomization process were completely amorphous.
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Figure 2. Characterization of atomization powders: (a) SEM image and the size distribution and (b)
XRD pattern.

The DSC curve of the FegsSiyBsCyCr, atomization powders at the heating rate of
10 K-min~! is shown in Figure 3, and the characteristic temperature and crystallization
enthalpy are listed in Table 1. The DSC curve shows that there were three obvious crys-
tallization peaks in the amorphous system during heating. The crystallization enthalpy
AHj_3 of the first three crystallization peaks was 120.68 J-g~!. According to the study
by Ustinovshikov et al. [23], the fourth phase transition that occurred when T4 = 1004 K
corresponded to the second-order phase transition that occurs in the Fe-Si alloy system at
temperatures above 973 K, so there is no exothermic peak in the DSC curve. Noting the
glass transition temperature Ty of the atomization powders was 767 K and the primary crys-
tallization temperature Ty was 829 K, the undercooled-liquid region AT =Ty; — Tg =62 K
was obtained. The wide undercooled-liquid region and high-crystallization temperature
indicate that the Fe-Si-B-C-Cr amorphous system has excellent processing performance
and thermal stability, which is beneficial for choosing the appropriate temperature for SPS.

Table 1. Characteristic temperature and crystallization enthalpy of the Feg,SiyB5C>Cr; atomization
powders (10 K-min~1).

Tg

Txl

Tp1 Tx2 Tp2 Ty3 Tp3 AHj.3 Ty

767 K

829 K

834 K 840 K 843 K 846 K 850 K 120.68]-g~! 1004 K
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Figure 3. The DSC curve of the FegsSi;B5C,Cr, atomization powders (10 K-min—1).

3.2. Densification Behavior

The bulk sample could not be fabricated by cold pressing and SPS at 523 K or 673 K.
Although the bulk was prepared successfully at 753 K, it broke after removing it from
the graphite die due to the poor strength. Therefore, Figure 4 presents the compacts
prepared by SPS at 773 K, 793 K, 813 K and 833 K. The average size of the samples was
@ 125 mm X 8 mm.

(a)773K (b)793K

(c)813K (d)833K

Figure 4. Macro-morphology of compacts by SPS: (a) 773 K, (b) 793 K, (c) 813 K and (d) 833 K.

Figure 5 gives the SEM images of samples under different processes. The raw powder
particles with good sphericity had obvious indentation after cold pressing, while compacts
prepared by SPS had plastic-smooth indentation. Table 2 summarizes the density of samples
prepared by different processes and the porosity calculated by Image-Pro Plus Software
(black area/total area x 100%). The theoretical density of FegsSi;B5CyCr, powders is
5.80 g-cm 3. The original atomized-powder density is 4.46 g-cm™~3, and its porosity is
42.4%. The results show the consolidation ability of the cold-pressing process was poor.
Even if the pressure was increased to 500 MPa, a dense bulk amorphous alloy could not
have been prepared, and the powder porosity was only reduced by 9.6% compared to the
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raw powders. In contrast, the SPS can significantly improve the density of samples. As the
sintering temperature increased from 753 K to 833 K, the sample porosity decreased from
23.7% to 9.7%, which was consistent with the relationship between density and sintering
temperature proposed by Chen et al. [24] based on the viscous flow during sintering.

o N
s

Figure 5. SEM micrographs for (a) atomization powders, (b,c) samples by cold pressing at 50 MPa
and 500 MPa, respectively, and (d-h) SPS samples at different sintering temperatures.
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Table 2. Density and porosity of samples prepared by different processes.
Process Temperature/K  Pressure/MPa Forming Density/(g-cm—3)  Relative Density Porosity

. 298 50 X / / 34.8%

Cold pressing 298 500 x / / 32.8%
523 50 X / / /
673 50 X / / /

753 50 X / / 26.7%

SPS 773 50 v 4.79 82.6% 23.7%

793 50 Vv 4.98 85.9% 17.6%

813 50 Vv 5.54 95.5% 11.5%

833 50 v 5.60 96.6% 9.7%

3.3. Crystallization Behavior

The XRD pattern of compacts at different sintering temperatures is plotted in Figure 6.
There is no typical sharp peak in the sintering temperature range of 480~793 K, and the
pattern still shows an obvious broad-halo diffuse-scattering wide peak. Even at 793 K
above Tg, the bulk remained mainly amorphous. However, with the increase in sintering
temperature to 813 K and 833 K, the diffraction peak of the amorphous compacts in the
range of 43°~45° becomes narrow, the FWHW (full width of half height) becomes smaller
and more sharp diffraction peaks appear, which correspond to the crystal phases of Fe;B
and o-Fe(Si). Based on the Scherrer formula and Jade software, the average grain sizes of
Fe;B and «-Fe(Si) phases are 14.42 nm and 15.62 nm at 813 K, respectively, and increase
to 15.65 nm and 18.05 nm at 833 K, respectively, which indicates that the nanocrystalline
phase grew slowly with the increase in sintering temperature. In addition, sharp peaks
appear at 813 K below Ty; = 829 K, which is similar to the results from Feng et al. [5]. In
order to quantitatively analyze the amorphous fraction of compacts more accurately, DSC
was conducted for compacts at different sintering temperatures.

M AFe,B
oa-Fe(Si)
A
<o o o
&
— 833K
= A
G <o > <o
z
2 813K
g iy M“r N N . y
- 793K
773K N
- 753K ”
30 40 50 60 70 80 90

20/degree

Figure 6. XRD patterns of compacts at different sintering temperatures by SPS.

Figure 7 compares the DSC curves of the atomization powders and compacts at a
heating rate of 10 K-min~—!. The crystallization enthalpy corresponding to the crystallization
peak can be obtained through data processing. The crystallization enthalpy represents the
energy released by the amorphous compacts during crystallization. For the amorphous
system with the same composition, the higher the crystallization enthalpy measured under
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the same conditions, the higher the fraction of amorphous phase. Therefore, the amorphous
fraction of the compacts can be calculated by Equation (1) [25]:

AH

X, =
‘ AHmax

% 100%, 1)

where X, is the fraction of amorphous compact, pct.; AH is the crystallization enthalpy of
the compacts, J-g ! and AHyy is the crystallization enthalpy of the completely amorphous
sample, that is, enthalpy of crystallization of the atomization powders, J-g 1.

833K 10K -min"
813K
; [193K Nl
=
E
= [773K
2 [53K L
g
qh) —_—
=
S Ato k
=
573 673 773 873 973 1073
Temperature/K

Figure 7. DSC curves of the atomization powders and compacts at different sintering temperatures
(10 K-min~1).

According to Table 1, since the fourth phase transition belongs to the second-order
phase transition, AH,;5x = AHj.3 could be defined, and AH could also be approximated
as the first three crystallization enthalpies. When the sintering temperature is 753, 773, 793,
813 and 833 K, the corresponding crystallization enthalpies are 119.784, 116.133, 113.084, 0
and 0]-g~!, respectively. The fractions of amorphous compacts are 99.3%, 96.2%, 93.7%,
0% and 0%, respectively, which is also consistent with the qualitative analysis of XRD,
that is, the samples are mainly amorphous when the sintering temperature is not higher
than 793 K, while when the sintering temperature increases to 813 K, the bulk becomes
completely crystallized. In addition, nanocrystal precipitation is also the main reason for
the rapid increase in the density of the compacts from 793 to 813 K during the densification
behavior mentioned above.

Based on other studies on crystallization during SPS [5,14,22,26], the reasons for the
occurrence of crystallization in the Ty in this study are as follows:

(1)  Unlike conventional heating methods, SPS generates Joule heat directly inside the com-
pacts, which can result in the graphite-die temperature measured by the thermocouple
being lower than the actual internal temperature of the compacts.

(2) The electrical resistance in the particle-contact area is large, generating a large amount
of Joule heat and local overheating.

(38) The crystallization process is a kinetic behavior related to the heating rate, and the
characteristic temperature of the amorphous system increases with the increasing of
the heating rate. Therefore, the actual crystallization temperature during the holding

progress of SPS may be less than T,; measured at the heating rate of 10 K-min~!.
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3.4. Magnetic Properties and Mechanical Properties

Figure 8a,b illustrate the hysteresis loops and magnetic properties of the compacts
at different sintering temperatures and of the atomization powders. It can be seen from
the figure that the saturation magnetization (M;) of SPS samples was higher than that of
the atomization powders, and the M; increased from 0.79 T at 753 K to 0.98 T at 833 K.
With the increase in sintering temperature, the porosity in the compacts decreases and the
density increases, resulting in the increase of the content of effective magnetic phase in
the compacts. On the other hand, the precipitation of x-Fe(Si) nanocrystalline phase with
ferromagnetism enhances the overall ferromagnetic-coupling effect and improves the Mg
of the compacts with the increase of temperature to 813 K. However, the coercivity (H.) of
SPS samples was higher than that of the atomization powders, and the H. of the compacts
at 793 K was 39.87 A-m~! higher than that of the atomization powders. Moreover, the H,
increased rapidly from 55.55 A-m~! at 793 K to 443.17 A-‘m ! at 813 K and to 604.39 A-m !
at 833 K. This is because coercivity is a physical quantity sensitive to structure, and factors
such as the grain shape, crystal defects, stress distribution, second phase distribution
and grain size will have a great influence on it [27]. The heating rate during SPS is very
fast, which inevitably leads to stress concentration in the compacts, thus enhancing the
magnetocrystalline anisotropy of soft magnetic phase and increasing the H.. On the other
hand, the oxidation and residual graphite impurities, air gaps and crystals with large size
difference during SPS will hinder the movement of magnetic domain walls and increase
the H¢ [5]. When the temperature increased to 813 K, the soft magnetic amorphous phase
in the compacts completely crystallized, resulting in the sudden rise of the H at sintering
temperature above 793 K. When the sintering temperature continued to increase from 813
to 833 K, the increase in H. could be explained by the ferromagnetic-exchange-coupling
model of nanocrystalline alloys proposed by Herzer for Fe-based nanocrystalline alloys [28],
that is, for nanocrystals with sizes smaller than the ferromagnetic exchange length. The
H, increases with the growth of nanocrystals, which is consistent with the grain size
calculated above.

(a) — Ato (b) —o— Coercivity
<k _73k T T —o— Saturation magnetization /o
I —| 600 o 0
—— 793K ’_: 0.95 .
E"’ i 813K B 500 ;
< 833K T g
g g P 2
g= < 400 0.90 3
3 B £
E" . 833K £ 300 °/ g
S
> 095 313K S 0.85 =
b £
2 =
2L 0 793K S 200 £
] / 2
0.85] /’_’ﬁk’ <
@
100 0.80
0.8 753K
= N Ato :;o/°
| 600 700 800 0
1 1 1 1 1 1 1 1 1 L L 1 L L 1 0.75
—-800 —600 —400 —200 0 200 400 600 800 Ato 753 773 793 813 833

Magnetic field H/(kA-m ")

700

Sintering Temperature/K
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Figure 8. The raw powders and compacts at different sintering temperatures for (a) hysteresis loops
and (b) magnetic properties.

Figure 9 shows the results of compressive strength at different sintering temperatures.
The density of the compacts increases with the increase in sintering temperature, which
leads to the increase in the compressive strength, and the compressive strength can be
increased to 10.8 MPa at the sintering temperature above 813 K due to the precipitation of a
large number of fine nanocrystals. However, a small amount of powder falling from the
compacts was observed during the process of compression testing, which indicated that the
internal bonding force between particles of the compacts was still unsatisfactory. The main
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reason is that the loading pressure is too small due to the limitation of graphite-die size
and experimental equipment parameters. Li et al. [13] proposed that the loading pressure,
compared with the sintering temperature, could improve the density of the compacts more
effectively and avoid the deterioration of mechanical properties by coarse nanocrystals.
Therefore, the authors will continue to study the loading pressure for the fabrication of
Fe-Si-B-C-Cr bulk amorphous/nanocrystalline alloys after this work.

16

14

Compressive strength/MPa
EN @ s )

E*S

L °/°

1 1 1 1 1
773 793 813 833
Sintering temperature/K

Figure 9. Compressive strength of compacts at different sintering temperatures.

4. Conclusions

In this paper, FegsSiyBsC,Cr; industrial atomization amorphous powders with high

sphericity are used as raw material to fabricate bulk amorphous/nanocrystalline alloys by

cold

pressing and SPS technology. The effects of sintering temperature on the densification

behavior, crystallization, magnetic properties and mechanical properties of the compacts

are s

tudied. The main conclusions are as follows:

The glass transition temperature (Tg) and the first crystallization onset temperature
(Tx1) of FegsSizB5C,Cry amorphous powders produced by the new atomization pro-
cess at the heating rate of 10 K-min~! are 767 K and 829 K, respectively, and the
undercooled-liquid region (AT) is 62 K, which indicates excellent processing perfor-
mance and thermal stability of the amorphous system.

The bulk metallic glasses (BMGs) cannot be prepared by cold pressing of 50 and 500
MPa or SPS temperature below 773 K. The porosity of the compacts decreases with the
increase in temperature, which promotes the densification, indicating the superiority
of SPS technology over traditional powder-consolidation technology.

The crystallization enthalpy and the amorphous fraction of the compacts decrease
with the increase in sintering temperature, and the Fe;B and «-Fe(Si) nanocrystals
precipitate at 813 K, which makes the compacts almost completely crystallize, even
below T;. The precipitated nanocrystals also grow with the increase in temperature,
and they can further improve the density by filling the pores.

The saturation magnetization (M) of the compacts increases with the increase in sin-
tering temperature due to the increase in the content of effective magnetic phase and
the precipitation of the ferromagnetic «-Fe(Si). As the sintering temperature increases,
the coercivity (H.) increases due to the internal stress and the precipitation of nanocrys-
tals. The increase in relative density and the pinching effect of fine nanocrystals can
strengthen the compressive strength.
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In this study, although the Fe-5i-B-C-Cr bulk amorphous/nanocrystalline alloys with
excellent soft magnetic properties can be prepared by adjusting the sintering temperature,
the mechanical properties are still unsatisfactory, which should be caused by the limited
load presently. The following work will focus on improving the loading pressure to
fabricate the Fe-Si-B-C-Cr compacts with excellent soft magnetic properties together with
an improved mechanical strength.

Author Contributions: Conceptualization, Y.D.; experimental setup design, Y.D., J.L. and PW.;
sample preparation, Y.D., ].L., PW., H.Z,, ].P. and X.L.; SEM sample characterization, Y.D. and J.L.;
laser-diffraction particle-size analyzer measurement, H.Z.; XRD sample characterization, Y.D., J.L.
and PW.; VSM sample characterization, Y.D., ].L. and P.W.; DSC sample characterization, J.L. and PW.;
compression test and analysis, J.L.; investigation, Y.D., PW., H.Z,, ].P. and X.L.; writing—original draft
preparation, Y.D. and J.L.; writing—review and editing, J.L., PW. and J.Z.; project administration,
H.Z. and ]J.Z.; funding acquisition, H.Z., ].P., X.L. and J.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Key research and development project of Shandong province
in China, grant number “2018TSCYCX-10".

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would also thank the support from Qingdao Yunlu Advanced
Materials Technology Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

Drynda, A.; Hassel, T.; Hoehn, R.; Perz, A.; Bach, EW.; Peuster, M. Development and Biocompatibility of a Novel Corrodible
Fluoride-Coated Magnesium-Calcium Alloy with Improved Degradation Kinetics and Adequate Mechanical Properties for
Cardiovascular Applications. J. Biomed. Mater. Res. A 2010, 93, 763-775. [CrossRef] [PubMed]

Lin, ZW.; Zhu, ].G. Three-Dimensional Magnetic Properties of Soft Magnetic Composite Materials. J. Magn. Magn. Mater. 2007,
312, 158-163. [CrossRef]

Xiao, Z.; Tang, C.; Zhao, H.; Zhang, D.; Li, Y. Effects of Sintering Temperature on Microstructure and Property Evolution of
Feg; CuyNbsSip4 Soft Magnetic Materials Fabricated from Amorphous Melt-Spun Ribbons by Spark Plasma Sintering Technique.
J. Non-Cryst. Solids 2012, 358, 114-118. [CrossRef]

Zrodowski, L.; Wréblewski, R.; Choma, T.; Mororiczyk, B.; Ostrysz, M.; Leonowicz, M.; Lacisz, W.; Bltyskun, P.; Wrébel, ].S.;
Cieslak, G.; et al. Novel Cold Crucible Ultrasonic Atomization Powder Production Method for 3D Printing. Materials 2021, 14,
2541. [CrossRef] [PubMed]

Feng, Y.T.; Wang, X.H.; Wang, G.; Li, Q. Preparation of Bulk Fe;5sNb3Si;3Bg Amorphous and Nanocrystalline Alloys by Spark
Plasma Sintering. Ferroelectrics 2016, 505, 190-199. [CrossRef]

Zhang, Q.S.; Zhang, W.; Inoue, A. Preparation of CuzsZrsgAggAlg Bulk Metallic Glass with a Diameter of 25 mm by Copper Mold
Casting. Mater. Trans. 2007, 48, 629631. [CrossRef]

Inoue, A.; Nishiyama, N.; Kimura, H. Preparation and Thermal Stability of Bulk Amorphous Pd49CusyNijgP¢ Alloy Cylinder of
72 Mm in Diameter. Mater. Trans. JIM 1997, 38, 179-183. [CrossRef]

Kus, A.; Pilarczyk, W.; Malachowska, A.; Ambroziak, A.; Gebara, P. Investigation of Mechanical and Magnetic Properties of
Co-Based Amorphous Powders Obtained by Atomization. Materials 2021, 14, 7357. [CrossRef]

Munir, Z.A.; Quach, D.V,; Ohyanagi, M. Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering
Process. J. Am. Ceram. Soc. 2011, 94, 1-19. [CrossRef]

Saheb, N.; Igbal, Z.; Khalil, A.; Hakeem, A.S.; Al Aqgeeli, N.; Laoui, T.; Al-Qutub, A.; Kirchner, R. Spark Plasma Sintering of Metals
and Metal Matrix Nanocomposites: A Review. ]. Nanomater. 2012, 2012, 983470. [CrossRef]

Inoue, A. Stabilization of Metallic Supercooled Liquid and Bulk Amorphous Alloys. Acta Mater. 2000, 48, 279-306. [CrossRef]
Kim, T.; Lee, J.; Kim, H.; Bae, J. Consolidation of Cus4NigZroTijg Bulk Amorphous Alloy Powders. Mater. Sci. Eng. A 2005, 402,
228-233. [CrossRef]

Li, X.P; Yan, M,; Ji, G.; Qian, M. Applied Pressure on Altering the Nano-Crystallization Behavior of AlggNigY4.5Co,La;g.5 Metallic
Glass Powder during Spark Plasma Sintering and its Effect on Powder Consolidation. J. Nanomater. 2013, 2013, 1-6. [CrossRef]


http://doi.org/10.1002/jbm.a.32582
http://www.ncbi.nlm.nih.gov/pubmed/19653306
http://doi.org/10.1016/j.jmmm.2006.09.022
http://doi.org/10.1016/j.jnoncrysol.2011.09.001
http://doi.org/10.3390/ma14102541
http://www.ncbi.nlm.nih.gov/pubmed/34068424
http://doi.org/10.1080/00150193.2016.1256089
http://doi.org/10.2320/matertrans.48.629
http://doi.org/10.2320/matertrans1989.38.179
http://doi.org/10.3390/ma14237357
http://doi.org/10.1111/j.1551-2916.2010.04210.x
http://doi.org/10.1155/2012/983470
http://doi.org/10.1016/S1359-6454(99)00300-6
http://doi.org/10.1016/j.msea.2005.04.044
http://doi.org/10.1155/2013/101508

Materials 2022, 15, 1106 12 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zrodowski, L.; Wroblewski, R.; Choma, T.; Rygier, T.; Rosinski, M.; Moronczyk, B.; Kasonde, M.; Leonowicz, M.; Jaroszewicz, J.;
Ostrysz, M; et al. Ultrashort Sintering and Near Net Shaping of Zr-Based AMZ4 Bulk Metallic Glass. Materials 2021, 14, 5862.
[CrossRef]

Moravcikova-Gouvea, L.; Moravcik, I.; Pouchly, V.; Kovacova, Z.; Kitzmantel, M.; Neubauer, E.; Dlouhy, I. Tailoring a Refractory
High Entropy Alloy by Powder Metallurgy Process Optimization. Materials 2021, 14, 5796. [CrossRef]

Cheng, J.; Cai, Q.; Zhao, B.; Yang, S.; Chen, F,; Li, B. Microstructure and Mechanical Properties of Nanocrystalline Al-Zn-Mg-Cu
Alloy Prepared by Mechanical Alloying and Spark Plasma Sintering. Materials 2019, 12, 1255. [CrossRef]

Gheiratmand, T.; Madaah Hosseini, H.R.; Davami, P.; Sarafidis, C. Fabrication of FINEMET Bulk Alloy from Amorphous Powders
by Spark Plasma Sintering. Powder Technol. 2016, 289, 163-168. [CrossRef]

Zhang, Y.; Sharma, P.; Makino, A. Spark Plasma Sintering of Soft Magnetic Fe-Si-B-P-Cu Nanocrystalline Alloy in the Form of
Magnetic Cores. Mater. Trans. 2011, 52, 2254-2257. [CrossRef]

Li, X.; Makino, A.; Kato, H.; Inoue, A.; Kubota, T. FeysSig.¢Bg.4P¢ Glassy Powder Soft-Magnetic Cores with Low Core Loss
Prepared by Spark-Plasma Sintering. Mater. Sci. Eng. B 2011, 176, 1247-1250. [CrossRef]

Lee, S.; Kato, H.; Kubota, T.; Makino, A.; Inoue, A. Fabrication and Soft-Magnetic Properties of Fe-B-Nb-Y Glassy Powder
Compacts by Spark Plasma Sintering Technique. Intermetallics 2009, 17, 218-221. [CrossRef]

Wang, H.; Liu, Y; Pan, X.; Feng, C.; Ai, F.; Zhang, Y. Structure and Magnetic Properties of Bulk FessCo7NiyZr19Byg Magnetic
Alloy Fabricated by Spark Plasma Sintering. J. Alloy. Compd. 2009, 477,291-294. [CrossRef]

Cardinal, S.; Pelletier, ].M.; Qiao, ].C.; Bonnefont, G.; Xie, G. Influence of Spark Plasma Sintering Parameters on the Mechanical
Properties of CusgZrysAls Bulk Metallic Glass Obtained Using Metallic Glass Powder. Mater. Sci. Eng. A 2016, 677, 116-124.
[CrossRef]

Ustinovshikov, Y.; Sapegina, I. Morphology of ordering Fe-Si alloys. J. Mater. Sci. 2004, 39, 1007-1016. [CrossRef]

Chen, Q.; Tang, C.Y.; Chan, K.C.; Liu, L. Viscous Flow During Spark Plasma Sintering of Ti-based Metallic Glassy Powders. .
Alloy. Compd. 2013, 557, 98-101. [CrossRef]

Gloriant, T.; Greer, A.L. Al-Based Nanocrystalline Composites by Rapid Solidification of Al-Ni-Sm Alloys. Nanostructured Mater.
1998, 10, 389-396. [CrossRef]

Zhu, M,; Li, J.; Yao, L.; Jian, Z.; Chang, F.E.; Yang, G. Non-Isothermal Crystallization Kinetics and Fragility of CugeZrsyAly9;Tis
Bulk Metallic Glass Investigated by Differential Scanning Calorimetry. Thermochim. Acta 2013, 565, 132-136. [CrossRef]

Lu, B; Yi, D.Q.; Liu, Y;; Liu, HQ.; Wu, B.L;; Wu, W.; Ma, R. Sintering and Magnetic Properties of Mechanical Alloying
Fey3.5Cu;NbsSij3.5B9 Nanocrystalline Powder. Chin. J. Nonferrous Met. 2005, 15, 739-745. [CrossRef]

Herzer, G. Nanocrystalline Soft Magnetic Materials. ]. Magn. Magn. Mater. 1993, 112, 258-262. [CrossRef]


http://doi.org/10.3390/ma14195862
http://doi.org/10.3390/ma14195796
http://doi.org/10.3390/ma12081255
http://doi.org/10.1016/j.powtec.2015.11.060
http://doi.org/10.2320/matertrans.M2011233
http://doi.org/10.1016/j.mseb.2011.06.017
http://doi.org/10.1016/j.intermet.2008.07.021
http://doi.org/10.1016/j.jallcom.2008.11.014
http://doi.org/10.1016/j.msea.2016.09.032
http://doi.org/10.1023/B:JMSC.0000012934.96045.a3
http://doi.org/10.1016/j.jallcom.2012.12.129
http://doi.org/10.1016/S0965-9773(98)00079-8
http://doi.org/10.1016/j.tca.2013.04.017
http://doi.org/10.19476/j.ysxb.1004.0609.2005.05.013
http://doi.org/10.1016/0304-8853(92)91168-S

	Introduction 
	Materials and Methods 
	Results 
	Characterization of Atomization Powders 
	Densification Behavior 
	Crystallization Behavior 
	Magnetic Properties and Mechanical Properties 

	Conclusions 
	References

