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The influences of Ho addition on the thermal stability of supercooled liquids, thermoplastic deformation
as well as mechanical and soft-magnetic behaviors of Fe71.xHoxNbgB»3 bulk metallic glasses (BMGs) were
investigated. With increasing Ho content from 1 to 5 at. %, the supercooled liquid region (SCLR) increased
from 48 to 90K, and the thermal stability is largely enhanced through remained chemical short- or
medium-ordering. Combined with the competitive formation process of the complex Fey3Bs and

HoyFeq4B phases, the glass-forming ability (GFA) of the alloy system was improved, allowing for the

Keywords:

Fe-based BMGs
Thermoplastic formability
Glass-forming ability

Soft magnetic properties

fabrication of glassy rods up to 3 mm in diameter. Due to the large SCLR and GFA, the FegsHos;NbgB23
BMG with high fracture strength of 3.45 GPa shows outstanding thermoplastic forming ability accom-
panied with good soft magnetic performance.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) have attracted great research in-
terest due to their many excellent properties and potential for ap-
plications [1]. As one of the potential applications, micro-parts of
Zr-based BMGs have been successfully prepared by thermoplastic
deformation utilizing their viscous flow workability [2,3].
Compared with Zr-based BMGs, the micro-parts made of thermo-
plastic deformed Fe-based BMGs are more potential for future ap-
plications as micro-devices because they have superhigh strength,
excellent soft-magnetic properties and high corrosion resistance
[4—9]. BMGs for the thermoplastic processing should simulta-
neously possess a large supercooled liquid region (SCLR) and
excellent glass-forming ability (GFA) [10]. However, there are few
reports on thermoplastic deformation of Fe-based BMGs, due to
their small SCLR and low GFA [11—13]. On the other hand, it has
been confirmed that rare-earth (RE) elements are effective to
improve the thermal stability of supercooled liquid and GFA of Fe-
and Co-based BMGs [14—17], because RE elements can suppress the
precipitation of metastable Fe)3Bg and a-Fe crystalline phases [18],
leading to the improvement of SCLR and GFA. One of Co-based

* Corresponding author.
** Corresponding author. School of Materials Science and Engineering, Southeast
University, Nanjing, 211189, China.
E-mail addresses: yuancc@seu.edu.cn (C. Yuan), blshen@seu.edu.cn (B. Shen).

https://doi.org/10.1016/j.jallcom.2019.151675
0925-8388/© 2019 Elsevier B.V. All rights reserved.

BMGs containing RE element of Dy with large SCLR of 110K and
superhigh strength of 4.75 GPa has been successfully prepared and
thermoplastic deformed [19].

In this study, with the purpose of developing a thermoplastic-
deformable Fe-based BMG with superhigh strength and good
soft-magnetic properties, we focused on Fe;1NbgBy3 glassy alloy
because it exhibits a superhigh fracture strength (o) as high as
4.85 GPa [20], which is the strongest Fe-based BMG with good soft-
magnetic performances, however, this FeNbB ternary alloy can be
only fabricated into glassy rod with a critical diameter (D¢) of
1.5mm and exhibits a small SCLR of 40K [13]. Therefore, it is
necessary to improve the SCLR and GFA for thermoplastic defor-
mation of this alloy without severely decreasing its superhigh
strength and soft-magnetic properties. Recently, we have success-
fully prepared FeErBNb bulk glassy alloys with improved GFA and
tunable Curie temperature by adding Er to Fe;1NbgB;3 alloy [21].
Therefore, according to this result, we tried to substitute Fe with RE
element of Ho with the aim at preparing FeHoNbB glassy alloys
with large GFA and SCLR, and the effect of the Ho element on the
GFA and thermal stability of supercooled liquid were also investi-
gated. As a result, it was found that 5 at. % Ho addition is effective to
improve the thermal stability of supercooled liquid and the GFA.
The FeggHosNbgB,3 bulk glassy rod with a diameter of 3 mm and a
large SCLR of 90 K was prepared, which shows superhigh strength,
good soft-magnetic properties. The large SCLR and high GFA made
FegsHosNbgBy3 glassy alloy possible for the application of
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thermoplastic deformation.

2. Experimental

The ribbons with nominal compositions of Fe;1.xHoxNbgB23
(0 <x<6) were produced by single roller melt-spinning. Glassy
rods with different diameters up to 3 mm were fabricated by
copper-mold casting method. The glassy structure and thermal
behaviors of the samples were measured by X-ray diffraction (XRD,
Bruker D8 Discover diffractometer) with Cu Ko radiation and dif-
ferential scanning calorimetry (DSC, NETZSCH 404 F3) at a heating
rate of 0.67 K/s, respectively. Samples for crystallization behavior
were annealed at the pressure of 2 x 10~3Pa for 600s in the
annealing furnace. The crystalline phases were examined by XRD.
The glassy specimens were also annealed at different temperatures
in DSC and annealing furnace within the SCLR to observe
exothermic peak. Magnetic flux density (Bs) of samples were
measured by vibrating sample magnetometer (VSM, Lake Shore
7410) in the magnetic field up to 800 kA/m. Coercivity (H.) was
measured with a DC B—H loop tracer (RIKEN BHS-40) under a
magnetic field of 1000 A/m. The compressive fracture strengths (oy)
at both room temperature and the high temperature were
measured on 1 x 2 mm glassy rods with a compressive strain rate of
5 x 1074 s~ by the testing machine (CMT 4503). Vickers hardness
(H,) was measured by a hardness tester (FM-700) under a load of
9.8 N. Five samples for each component were used for both oy and
H, measurements. Thermoplastic deformation was performed at a
temperature interval within SCLR also using the testing machine
(CMT 4503). The microstructures of samples before and after
annealing were examined by transmission electron microscopy
(TEM, JEM2000ex).

3. Results and discussion

Fig. 1 shows DSC curves of the Fe71.xHoxNbgB23 (0 < X < 6) glassy
ribbons. Compared with Fe;;NbgB,3 glassy alloy, each Ho-
containing alloy exhibits an obvious glass transition followed
with a large SCLR as shown in the figure. With increasing Ho con-
tent from O to 5 at. %, glass transition temperature (Tg) and crys-
tallization temperature (Tx) increase gradually from 824 to 885K
and 863—975K, respectively, resulting in an increase of SCLR
(ATy =Tx — Tg) from 39 to 90 K. However, with further increasing
Ho content to 6at. %, although T increases to 908 K, Ty keeps at
975 K, causing the decrease of SCLR from 90 to 70 K. This indicates
that 5 at. % Ho addition is the most effective to improve the thermal
stability of supercooled liquid in this Fe-based glassy alloy system.
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Fig. 1. DSC curves of melt-spun Fe;;_xHoxNbgB,3 (0 < x < 6) glassy ribbons.

Besides, it is interesting to notice that the main exothermic peak
(marked as Pp) splits into two peaks with increasing Ho content
from 3 to 6 at. %. The intensity of second exothermic peak (marked
as P,) increases gradually, which becomes dominant with
increasing Ho content. For the alloys containing 5 and 6 at. % Ho, the
P, peak is even stronger than the P; peak, and the P; peak of the
alloy with 5at. % Ho was covered by P, peak, only remaining a
shoulder-like peak in the curve (marked as Psho). With further
increasing Ho content to 6 at. %, the Psyo peak is separated as an
independent peak. Meanwhile, an exothermic peak marked as Py in
the SCLR can be observed for the alloys with 4, 5, and 6 at. % Ho
additions. The temperature corresponding to Py is defined as Tiyr.
The Py peak appearing in the 4 at. % Ho-containing alloy decreases
gradually with further increasing Ho content to 5 and 6 at. %, the
detailed reason will be discussed later. Anyway, the SCLR increases
to the largest value of 90 K with 5 at. % Ho addition.

As described above, the thermal stability of the supercooled
liquid of this alloy system was drastically affected by the Ho con-
tent. To study the reason why Ho addition has a high effect for
improving the thermal stability of the supercooled liquid, the
change of crystallization phases of the FeHoNbB glassy alloys with 5
and 6 at. % Ho was investigated in detailed. Figs. 2 and 3 respec-
tively show XRD patterns of the FeggHosNbgB,3 and FegsHogNbgB23
glassy alloys annealed at different temperatures for 600 s. First, as
shown in Fig. 2, it is noteworthy that the XRD pattern shows the
FegsHosNbgB23 glassy alloy annealed at the temperature of Py peak
(Tinf = 943 K) almost kept the amorphous structure, indicating the
high thermal stability of supercooled liquid, which is very benefi-
cial for thermoplastic deformation. When the annealing tempera-
ture increases to 973 K, just lower than the onset temperature of
the Pgyo peak for the FeggHosNbgB,3 sample, the precipitation
phases are Fe;3Bg and HoyFe4B. It has been reported that the pri-
mary crystallization phase for the Fe7;1NbgBy3 sample is the meta-
stable Fe;3Bg phase [13]. However, in this study, the primary
precipitation phases are Fe;3Bg and Ho,Fe4B phases for the
FegsHosNbgB23 glassy alloy. For the FegsHogNbgBy3 glassy alloy, as
shown in Fig. 3, the precipitation phase is only HoFe4B phase as
the sample annealed at the same temperature of 973 K, which
means the primary precipitation phase changes from Fe,3Bg and
HoyFe4B two phases to one HoyFeq4B phase with increasing only
1 at. % Ho. When the annealing temperature increases to 1003 K for
the FegsHogNbgB23 glassy alloy, which is the finishing temperature
of the Py, peak and the onset temperature of P, peak as shown in
Fig. 1, the precipitation phases are HoyFe4B and a-Fe phases. So
that it is considered that the Psyo is due to the precipitation of
Fe,3Bg and Ho,Fe14B phases for the FeggHosNbgB23 glassy alloy, and
corresponding to the precipitation of Ho,Fei4B phase for the
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Fig. 2. XRD patterns of FeggHosNbgB,3 ribbons at different annealing temperatures.
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Fig. 3. XRD patterns of FegsHogNbgB,3 ribbons at different annealing temperatures.

FegsHogNbgB23 glassy alloy. The P, peak is the exothermic peak
corresponding to the precipitation of the a-Fe phase. Therefore, it
can be concluded that the primary precipitation phase of this
FeHoNDbB glassy alloy system is single Fe,3Bg phase for 0—3 at. % Ho-
containing alloys, and changes to Fe»3Bg and HoyFe4B two phases
for 4 and 5at. % Ho-containing alloy, then becomes a single
HoyFe14B phase for 6 at. % Ho-containing alloy. It has been reported
that the competitive formation of Fe,3Bg and Ho,Fe 4B phases can
improve the GFA, because the precipitation of both Fe,3Bg and
HoyFeq4B competing crystalline phases requires long-range atomic
rearrangement, thus the atomic diffusion becomes more difficult,
leading to the improvement of GFA [22,23].

Based on the results mentioned above, we tried to prepare BMG
samples, the glassy rods of Fe71_xHoxNbgB23 (1 < x < 6) alloy were
synthesized with critical diameters up to 3 mm, the XRD curves of
which are shown Fig. 4. Only broad peaks are seen in XRD patterns
for these BMGs, indicating the fully glassy structure. The D¢ is 1, 1.5,
2, 2.5, 3, and 1.5 mm respectively for the Fe7;_xHoxNbgB23 glassy
alloys with 1-6 at. % Ho addition. The largest critical size is 3 mm
for the 5at. % Ho-containing alloy, which is consistent with the
analysis of thermal stability of the supercooled liquid according to
DSC and XRD measurements. Besides, it is seen that the peak po-
sition (26) of the principal diffraction hump gradually decreases
from 45.1 to 43.9° with increasing Ho content (as shown by the
black arrow in the figure), indicating that the local atomic structure
changes with Ho addition [24].

It is known that large GFA and SCLR are necessary for the
thermoplastic deformation of bulk glassy alloy [19,25]. In this
study, the FeggHosNbgB>3 glassy alloy rod can be prepared with the
D¢ of 3 mm and exhibits a large SCLR of 90 K, which indicates that it
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Fig. 4. XRD patterns of Fe;;_xHoxNbgB;3 (1 < x < 6) glassy rods with critical diameters
of 1,15, 2, 2.5, 3, and 1.5 mm, respectively.

is possible for thermoplastic deformation, but there is an
exothermic peak P, in SCLR, although the XRD pattern shows it
keeps amorphous structure even after annealing at the P, tem-
perature of 943K for 600s as shown in Fig. 2. Therefore, it is
necessary to further confirm whether the P, is an exothermic peak
caused by the precipitation of microstructure [26] or only results
from chemical short- [18] or medium- [27] range ordering.

Fig. 5 shows DSC curves of Fe7;_xHoxNbgBy3 (x =4, 5, 6at. %)
glassy ribbons isothermally annealed for 120 s at the temperature
of Po,. DSC curves of the as-quenched ribbons are also shown for
comparison. Compared with as-quenched samples, it can be clearly
seen that all P, peaks of annealed samples disappeared completely.
To further investigate the transformation of the exothermic peak P,
and whether the precipitation happened after annealing, calori-
metric measurements at different temperatures by DSC and
microstructure observations by TEM were performed for the
F655H05Nb5323 ribbon.

Fig. 6 shows DSC traces of FeggHosNbgB23 ribbons once heated
up to 925 K (before the Tj,t.) and 945 K (around the Tiyt.), as well as
that of the as-cast alloy for comparison. It can be found that the P,
peak gradually disappears, but no apparent evidence for the for-
mation of crystalline phases is observed in the bright field images,
as shown in electronic selected area diffraction patterns and TEM
images as well as XRD curves of both as-cast and annealed speci-
mens in Fig. 7 and the inset of Fig. 6. Therefore, it is considered that
the structural relaxation with no crystallization occurred by
structural rearrangement of the metastable configuration during
annealing, which is similar to the reported results [18,27,28]. The
indirect evidence for structural rearrangement is the slight increase
of Ty, which may be caused by the change of the chemical and to-
pological short- and medium-range ordering [29,30]. The alloys
which show P, usually have a large SCRL [29,31], therefore, the
thermal stability of the SCRL has a strong correlation with remained
chemical short- or medium-ordering.

Considering the large SCLR and the exclusion of crystallization
in the SCLR, the thermoplastic forming behavior of FeggHosNbgB,3
BMG was conducted to explore their superplastic-flow ability. Fig. 8
shows the temperature dependence of strength for as-cast
FegsHosNbgB>3 glassy rod. The glassy rod exhibits a o7 of 3.42 GPa
and elastic strain followed by a disastrous fracture at room tem-
perature. Whereas, the compression strength dramatically de-
creases accompanied by an overshoot as is often observed during
homogeneous deformation in the supercooled liquid state [32],
when the temperature rises above T; (~883 K). Then the sample
attains steady plastic flow at a strain rate 5 x 10~% s~1, which is a
typical feature of homogeneous flow. With further increase of the
testing temperature from 883 to 933 K, oy decreases obviously to
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Fig. 5. DSC curves of both as-quenched and isothermally annealed for 120's of Fe7;.
xHoxNbg Ba3 ribbons samples (x =4, 5, 6 at. %).



4 E Hu et al. / Journal of Alloys and Compounds 807 (2019) 151675

CuKa
Fe Ho,Nb B, : As-Q.
=
0.67 KJ/s Z e
£ 945 K

20 30 40 S50 60 70 80 90
26 (deg)

T

2

925K

Exothermic (a.u.)

945 K

800 850 900 950 1000
Temperature (K)

Fig. 6. DSC curves of the FeggHosNbgB,3 samples annealed at various temperatures.
The inset figure shows XRD patterns of the annealed samples.
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Fig. 7. TEM images obtained from the FeggHosNbgB,3 ribbons in the as-melt spun
state: (a) and (b). TEM images of the FeggHosNbgB,3 ribbons once heated up to 945 K:
(c) and (d).
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Fig. 8. The compressive stress-strain curves of 1 mm FeggHosNbgB,3 as-cast rods at
different temperatures. The inset figure shows the pattern of a Chinese dime coin
imprinted into the FeggHosNbgB,3 BMG sheet at 953 K.

below 0.08 GPa, lower than that of conventional steels [33]. The
FeggHosNbgB23 3 mm glassy rod was embossed with the pattern of
a Chinese dime coin at 953 K under a pressure of 0.03 GPa, as shown
in the inset of Fig. 8. The FeggHosNbgB23 BMG sample demonstrates
a good thermoplastic-forming ability in the SCLR, displaying a total
homogeneous plastic flow behavior at the strain rate of 5 x 10~4
s~1. The mechanical performances of Fe;;_xHoxNbgBy3 (0 < x < 6)
glassy alloys at room temperature are also investigated and
included in Table 1.

The soft magnetic properties of Fe;;.xHoxNbgB,3 (0 <x <6)
ribbons are shown in Fig. 9. It can be seen that magnetic flux
density (Bs) rapidly saturates in the external magnetic field, which
exhibits good soft magnetic properties. However, due to the anti-
ferromagnetic coupling between Fe and newly introduced Ho
element [17,34,35], the contribution of noncolinear magnetic
moment alignment is enhanced [35,36], which leads to the Bs de-
creases gradually from 1.09 to 0.45 T with increasing Ho content
from 1 to 6 at. %. It is noteworthy that the H. of this alloy system
increases with Ho addition as shown by the blue line in Fig. 10. It is
known the total H, in the glassy alloy can be expressed as [37,38]:

He =H + HZ + HE + HE' + HL (1)

whereH$" | H?, H°, H'™! and H. originate from surface roughness,
magnetoelastic coupling, directional short-range ordering of atom
pairs, structure relaxation, and intrinsic fluctuations of exchange
energies, respectively. It can be assumed that H*" H™! and H! have
a very small contribution with the change of composition. Ac-
cording to the Bragg equation (2)risinf = A, the maximum halo
scatter angle 24 is in connection with the average radius of the first
coordination shell r;. Thus, from the XRD results as shown in Fig. 4,
it is concluded that the r; of the Fe;1-xHoxNbgB23 glassy alloys in-
creases with increasing Ho content. Replacement of shell Fe
(0.126 nm) atoms by the large radius of Ho (0.176 nm) atoms may
raise the distortion and local anisotropy of atomic clusters, leading
to an increase of H°. On the other hand, it is reported that doping
RE can enhance the saturation magnetostriction (4s) of Fe-based
glassy alloy [39], and H? usually has a positive correlation with As
[38,40]:

Hg:|0/15|/|Ms| (2)

where Mg is the saturation magnetization. Therefore, the total H.
increases with the increase of Ho content. In addition, the rq
increasing with Ho addition also indicates that the bonds of the
nearest neighbor atoms are weakened by Ho addition. This may be
the reason that the strength of this alloy system decreases with Ho
addition as shown in Fig. 10. The RE-bearing BMGs usually show a
high flaw sensitivity and appear premature fracture tends before
reaching their intrinsic material strength [41], which may be
another reason for the descending compression strength and
hardness with increasing Ho content.

Table 1 summarizes comprehensive performance of the Fe;;.
xHOxNbgB23 (0 <x <6) alloy system. The average values of me-
chanical properties are measured by using five samples for each
composition. It can be found that the composition presenting the
best comprehensive performance is FeggHosNbgB23, which not only
has a large SCLR of 90 K, but also exhibits a maximum critical size of
3 mm in diameter. Meanwhile, this alloy system exhibits reason-
ably good magnetic and mechanical properties.

4. Conclusions

The influences of Ho addition on comprehensive properties of
Fe71.xHoxNbgB23 (0 < x < 6) glassy alloy system were investigated.
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Table 1

The data of D¢, Ty, Ty, ATx, Bs, He, 05, and H, of Fe;1_xHoxNbgB>3 (0 < x < 6) glassy alloys.
Alloy Dc Thermal stability Magnetic properties Mechanical properties

& (mm) Tg (K) Tx (K) ATy (K) B (T) Hc (A/m) a5 (GPa) H, (kg/mmz)

Fe;1HooNbgB,3 1 824 863 39 1.09 3.39 4.65 1090
Fe70Ho1Nb6B23 1 849 897 48 0.99 4.46 4.25 1065
FegoHO2NbgB23 1.5 864 919 55 0.84 6.55 4.10 1060
FegsHo3NbgB23 2 871 943 72 0.68 727 3.96 1055
Feg7H04NbgB3 2.5 880 964 84 0.61 9.56 3.75 1050
FegsHO5NbgB,3 3 886 975 90 0.51 11.28 342 1045
FegsHogNbgB23 15 908 976 68 0.45 9.97 3.15 1040

Fe_HoNbB. 223;( it shows a good thermoplastic forming ability in the
e Ho _ _’:]) r/ — (4) These glassy rods also show a high saturation magnetic flux
g x= /A — density of 1.09—0.45 T, a high oy of 4.65—3.15 GPa and a large
£ 05f :13 y - - - - - - - - - Vickers hardness of 1090—1040 kg/mm?, respectively. These
§ e excellent properties make the Fe-based alloys promising as
= x= structural materials.
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