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The (Cog sFe.5)ss2NbsM5B3g (M = Er, Tb, Y or Dy) bulk metallic glasses with a large supercooled liquid region up to 130 K are
reported. Their high processing ability was demonstrated by simple microreplication experiments. In addition, this bulk metallic
glass system exhibits a high fracture strength of up to 4750 MPa and a Vickers hardness of up to 1258, together with good soft-mag-
netic properties. Combining good mechanical properties with high thermoplastic forming ability, these bulk metallic glasses have

potential for use in engineering applications.
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The development of micromachines, microelec-
tronics, biomedical devices and microelectromechanical
systems has been required to fabricate microparts
(<1 mm) with superior mechanical properties and high
dimensional accuracy in complex geometries. While
metals are widely used as structural materials, most of
them cannot be processed into the shape required to per-
form specialized functions because of the intrinsic disad-
vantage caused by crystalline defects and grain
boundaries [1]. Compared with metals, plastics and
glasses exhibit versatile processability, but their low
strength has hampered their use as structural parts. Bulk
metallic glasses (BMGs), in contrast, display superhigh
strength, excellent corrosion resistances and soft-mag-
netic properties (for Fe- and Co-based BMGs) [2-4].
In addition, BMGs with high thermal stability can also
be formed thermoplastically, like plastics. Thermoplas-
tic forming (TPF) takes place in a supercooled liquid re-
gion (SCLR), where the viscosity of the BMG drops
significantly, allowing it to flow under a small applied
pressure. Like plastics, some BMGs can even access an
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ideal processing window of forming pressure, which lies
between 107> and 1 MPa [5]. Consequently, BMGs can
be considered high-strength metals that can be processed
like plastics in an SCLR [5]. Therefore, low viscosity in
the SCLR, an amorphous structure down to the atomic
scale, excellent mechanical properties and relatively
small shrinkage make some BMGs ideal candidates for
TPF in small-scale applications.

Considering the metastable nature of BMGs, the
main challenge associated with TPF in an SCLR is to
avoid crystallization. Therefore, most studies of TPF fo-
cus on BMGs with high thermal stability, such as those
based on Pt [6], Pd [7], Zr [1,8], Au [9] or Ce [10], which
are typically quantified by the range of the SCLR (ATy),
bounded between the glass transition temperature (7y)
and the crystallization temperature (7). Recently, pre-
cise microstructures of Pt-based BMG on length scales
ranging down to ten nanometers have been successfully
processed [6]. These glassy alloys mentioned previously
exhibit relatively low 7, and fracture strength (o),
which make the TPF process more easy. Fe- and Co-
based BMGs exhibit high T, and o for example, the
T, and o; of CoysFexTassBs; s BMG are 910 K and
5185 MPa, respectively [11]. Thus the BMG could be
used in high-temperature conditions and the high o¢
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may confer good wear and abrasion resistance [12].
However, there are few reports on the TPF of Fe- and
Co-based BMGs, because very few of them simulta-
neously exhibit the large SCLR and high glass-forming
ability (GFA) that are required for the TPF process.

With the aim of synthesizing a new CoFe-based
BMG with a large SCLR and a high GFA, we focused
on CoysFeygTas sBs3; s BMG, owing to its larger SCLR
of 72 K as well as high o; and hardness [12]. To further
increase the GFA of the alloy, Ta was substituted by
Nb, because Nb is effective in enhancing the GFA of
CoFe-based BMG [13]. The effects of the Co to Fe con-
centration ratio and the Nb content on the range of
SCLR were then investigated, and it was found that
the glassy alloy with the composition of (Coys.
Feg.5)64NbgB3g shows a AT of 80 K. In order to further
enlarge the SCLR, 2 at.% rare-earth element (Er, Tb, Y
or Dy) was added to the CoFeNbB quaternary glassy al-
loy, because these elements have large atomic radii [14]
and negative mixing enthalpies among Co, Fe, Nb and
B [15] As a result, the (C00,5Fe0_5)62Nb6M2B30
(M =Er, Tb, Y or Dy) BMGs with a large SCLR up
to 130 K were synthesized.

Alloy ingots were made by alloying high-purity ele-
ments in an arc furnace under an argon atmosphere.
Cylindrical alloy rods with diameters up to 4 mm were
produced by the copper mold casting method. The
glassy structure of the as-cast and processed samples
was examined by X-ray diffraction (XRD) using Cu K,
radiation. The thermal stability associated with 7§, T
and ATy was examined by differential scanning calorim-
etry (DSC) using a Netzsch 404C calorimeter. The
mechanical properties of or were measured by compres-
sion testing with a UTM 5105 testing machine. Cylindri-
cal test samples, 2 mm in diameter and 4 mm in height,
were used and the strain rate was 5 x 10~*s~'. The
Vickers hardness (H,) was measured with a hardness
tester under a load of 9.8 N. The magnetic properties
of saturation magnetization (/;), coercive force (H.)
and effective permeability (u.) were measured with a
vibrating sample magnetometer (VSM) under an applied
field of 800 kA m~', a B-H loop tracer under a field of
800 A m~! and an impedance analyzer under a field of
1 Am™', respectively.
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Figure 1. DSC curves of (Cog sFeq 5)2NbgM>B3g (M = Er, Tb, Y or
Dy) BMGs and (Coy sFeg 5)62NbgB3q glassy alloy.

As shown in Figure 1, T, is 890 K for the (Cogs.
Fey.5)6aNbgB3g glassy alloy and increases to 900 K with
the addition of Er, Tb, Y or Dy. ATy is 80 K for the
(Cog.sFeq 5)6aNbgB3g glassy alloy and increases to 118,
120, 123 and 130 K with the addition of Er, Tb, Y or
Dy, respectively. The liquidus temperature (77) of the
(CogsFeqs5)eaNbgB3g glassy alloy decreases from
1490 K to 1438, 1436, 1440 and 1437 K, respectively.
The reduced glass transition temperature (7, = T/ 7))
increases from 0.597 to 0.626, 0.629, 0.627 and 0.625
with the addition of 2 at.% Er, Tb, Y or Dy, respec-
tively. Similarly, the parameter y (y= Ty/(Ty+ T1))
[16] increases from 0.407 to 0.434, 0.437, 0.438 and
0.440, respectively.

The cylindrical alloy rods were successfully produced
over the whole range of compositions and the amor-
phous structure of the as-cast samples was examined
by XRD. It was found that the (Co,Fe,Nb),3B¢ and
(Co,Fe),B phases precipitate from the glassy phase in
a I mm diameter rod of (CogsFegs)saNbgB3o alloy.
Only a broad peak without any crystalline peaks can
be seen in the XRD patterns for the alloys containing
Y, Dy, Tb or Er, indicating that the critical diameter
for formation of a single glassy phase is 3 mm for these
glassy alloys. In this study, it was clarified that the dis-
solution of 2 at.% Er, Tb, Y or Dy can effectively extend
the SCLR and enhance the GFA for the (Cogs.
F60‘5)62Nb6M2B30 BMG System.

These BMGs of M = Er, Tb, Y or Dy exhibit super-
high o values of 4350, 4430, 4620 and 4750 MPa,
respectively, and high H, values of 1236, 1243, 1256
and 1258, respectively, at room temperature (RT). It
has been reported that the o¢ at RT is in the range of
1500-2000 MPa for Zr-based BMGs [13], about
1500 MPa for Pd- and Pt-based BMGs [13], and about
500 MPa for Ce-based BMGs [10]. Compared to such
BMGS, the (C00A5Feo_5)62Nb6M2B30 BMGs may exhibit
excellent durability and wear resistance due to their
good mechanical properties for engineering applications
[12].

The temperature dependence on the strength of
(Cog sFeq 5)2NbgDy->B3y BMG was also investigated.
Figure 2 shows compressive stress—strain curves for the
2mm as-cast rods at different temperatures. This
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Figure 2. The compressive stress—strain curves of 2mm
(Cog.sFep 5)62NbgDy,B3, as-cast rods at deferent temperature. The
inset figure shows photographs of the starting sample and the final
sample compressed at 923 K.
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Figure 3. (a) The pattern of a Chinese dime coin imprinted into the
(Cop.sFep 5)2NbsDy,B3g BMG sheet at 953 K. (b) The reticular
pattern impressed into this BMG sheet. (¢) XRD patterns of the final

samples A and B after the TPF process. (d) A diamond-shape pattern
on a length scale of about 50 um replicated on the BMG sheet.

BMG exhibits an o7 of 4750 MPa at RT and about 2%
elastic strain followed by fracture. It is brittle at RT;
however, the compressive behavior completely changes
to perfect superplasticity when the temperature rises to
923 K. When the temperature rises to near the T, the
value of oy dramatically decreases, being just 0.8 MPa
at 953 K at a strain rate 5 x 10~*s~!. The inset in Fig-
ure 2 shows photographs of the starting sample, with a
diameter of 2 mm and height of 4 mm, and the final
sample, which was compressed up to a height of
0.6 mm without cracking at 923 K, demonstrating good
deformability of this BMG in an SCLR.

The highly viscous liquid of a BMG is metastable,
hence the time of onset of crystallization is crucial for
TPF in an SCLR. For the (C00V5F60_5)62Nb6Dy2B30
BMG, the time of onset of crystallization at 953 K
was detected to be about 7 min using isothermal DSC.
The high thermal stability of this BMG offers a wide en-
ough processing time window for the TPF process. In
order to perform the TPF experiments, (Cogs.
Fey.5)s2NbgDy,B3g BMG sheets with a thickness of
1 mm were prepared. Figure 3(a) presents the pattern
of a Chinese dime coin imprinted into the (Cogs.
Fey.5)62NbgDy,;B3g BMG sheet at 953 K under a pres-
sure of 30 MPa for 60s. To prevent oxidation, all the
samples and molds were wrapped up together with cop-
per foil. It can be seen that sample A, of the coin pat-
tern, was replicated successfully; even the scratches on
the original dime are clearly reproduced. Sample B, of
a reticular pattern impressed into the BMG sheet, is
shown in Figure 3(b). The structures of the final samples
A and B, after the TPF process, were examined by
XRD, as shown in Figure 3(c). Only a broad peak with-
out any crystalline peaks can be seen, indicating the fully
glassy phase after the TPF process. Figure 3(d) repre-
sents diamond-shaped patterns, on length scales ranging
down to micrometers, that are successfully replicated on
the BMG sheet. These results indicate the good TPF
ability of the (CogsFeys)2NbsDy,B3y BMG in an
SCLR.

In addition, Fe- and Co-based ferromagnetic BMGs
are promising candidates for ferromagnetic core materi-
als owing to their high efficiency for energy transforma-
tion. We also measured the soft-magnetic properties of
this glassy alloy system. Figure 4 shows the I-H hyster-
esis curves of (CogsFegs)exNbgM>B3y (M = Er, Tb, Y
or Dy) and (CogsFeq 5)ssNbgB3g glassy ribbons mea-
sured by VSM and B-H loop tracer. It is clear that the
I, decreases from 0.70 T to around 0.53 T with the addi-
tion of 2 at.% M element, as shown in inset (a). This
glassy alloy system exhibits a high u, of (1.12-
1.37) x 10* at 1 kHz and a low H, of 1.65-2.26 Am™ ',
as shown in inset (b). Furthermore, good soft-magnetic
properties in conjunction with a wide-range SCLR make
these BMGs ideal candidates for the spark plasma
sintering (SPS) process [17,18]. The SPS process can
convert powders into the bulk form easily by the consol-
idation method, utilizing the significant viscous flow
ablllty in the SCLR. The (C00.5Feo‘5)62Nb6M2B30
(M =Er, Tb, Y, Dy) BMG system exhibits an SCLR
with a large range and good soft-magnetic properties,
so that sintered specimens with a large size and a com-
plex shape can easily be achieved.

Here we discuss the reasons why the (Cogs.
FCO.5)62Nb6M2B30 (M:Er, Tb, Y, Dy) BMG system
exhibits high thermal stability and good TPF ability. First,
it is well known that Er, Tb, Y and Dy have large atomic
radii, whereas a B atom has a small atomic radius of
0.09 nm [14]. The addition of M causes a significant
change in the atomic sizes, resulting in an increase in the
packing density of the supercooled liquid. Increasing the
packing density of the supercooled liquid with low atomic
diffusivity subsequently enlarges the SCLR. In addition,
Er, Tb, Y and Dy have large negative heats of mixing with
B and Co, and moderately negative heats of mixing with
Fe [15] The large mixing heats of the atomic pairs lead
to an increase in the thermal stability of the supercooled
liquid. Based on the DSC data, the addition of Er, Tb,
Y and Dy can also effectively lead to a decrease in Tj,
resulting in an increase in 7/7). The increasing thermal
stability of the supercooled liquid improves the GFA of
the (C00_5F60'5)62Nb6M2B30 BMG system.
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Figure 4. Hysteresis I-H curves of (CogsFeg s)soNbsM,B3g (M = Er,
Tb, Y or Dy) and (Coy sFe 5)62NbgB3q glassy ribbons measured with
VSM. (Inset a) Enlarged hysteresis curves of this alloy system; (inset b)
hysteresis curves measured with a DC B-H loop tracer.
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The high thermal stability of this BMG system offers
a wide enough processing time window for the TPF pro-
cess. On the other hand, the fragility parameter m,
which refers to the steepness of the equilibrium temper-
ature-dependent viscosity () at a temperature of Ty, is
another key parameter for TPF [19]. For glass-forming
liquids, the viscosity decreases dramatically with heating
above the T,. The molecular relaxation time increases
with an Arrhenius-like form in strong liquids, and all
others exhibit varying degrees of departure from Arrhe-
nius behavior. In order to quantify the degree of depar-
ture from Arrhenius temperature dependence, the
fragility parameter m was introduced [20]:

_ dlog(t) 1)

d(T,/T) 1,
where (7) is the average relaxation time and 7 is the tem-
perature. If (t) is given by the Vogel-Fulcher equation
[21], then:
m—— DTl OT; )
(Tg — T()) In10

where D is the strength parameter in the Vogel-Fulcher
equation, which controls how closely the liquid system
obeys the Arrhenius law, and Tj is the asymptotic value
of T,, usually approximated as the onset of the glass
transition within the limit of an infinitely slow cooling
and heating rate. The D and T can be fitted by the Vo-
gel-Fulcher equation [22]:

DT,
T,—T,

Ing=In B— (3)
where @ is the heating rate and B is a parameter repre-
senting the timescale in the glass-forming system. It can
be reasonably assumed that the larger m and AT} for a
given glass, the lower the viscosities that can be used for
TPF. We measured the VFT relationship between T,
and the heating rate @ of the (CogsFeq 5)soNbgDy>B3g
BMG, and found fitting parameters In B, D and T, of
8.07, 0.24 and 853 K, respectively. The value of the fra-
gility parameter m ecvaluated at a heating rate of
20 K min~' from Eq. (2) is 48. It is reported that most
Zr-based BMGs are strong liquids with a value of m be-
low 40; Pt- and Pd-based BMGs present intermediate
values of m, with 41 < m < 66 evaluated at a heating
rate of ZOKminfl [23] The (C00_5F60.5)62Nb6Dy2B30
glass-forming liquid has intermediate fragility. It is thus
concluded that the large SCRL and relatively high fra-
gility parameter m lead to the high TPF ability of (Coy s.
Feo_5)62Nb6M2B3O BMGs.

In summary, a BMG system of (Coqs.
Fej 5)62NbsM;B3o (M = Er, Tb, Y, Dy) glassy alloys with
a large SCLR, a high oy, a strong TPF ability and good
soft-magnetic properties was synthesized. The combina-
tion of good TPF ability and mechanical properties
makes these ferromagnetic BMGs promising candidates
for applications as structural and functional materials.
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