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a b s t r a c t

A new series of Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) bulk glassy alloys were successfully prepared by a
combination method of fluxing treatment and J-quenching technique. The glass-forming ability (GFA) of
the obtained Co-based alloys is sensitive to the Mo content substituted for Co, and the maximum
attainable diameter for a fully amorphous state can reach 4.5 mm at x ¼ 9. The compressive tests show
that the obtained Co-based BMGs exhibit a compressive strength of 3.3e3.9 GPa, but nearly zero
compressive plasticity. The new Co-based BMGs possess good soft magnetic properties, and their
saturated magnetization values decrease from 47 emu/g (0.45 T) to 14 emu/g (0.14 T) with increasing the
content of the Co substitute from 7 at% to 11 at%, which may be attributed to the anti-ferromagnetic
coupling between the Mo and Co atoms. Because of their good GFA, high Co content, few constituting
elements, and relatively high strength, the obtained Co-based BMGs (especially Co71Mo9P14B6 BMG) can
be considered promising as starting alloys to develop the new Co-based BMGs for the advanced struc-
tural and functional applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Due to many potential applications of amorphous alloys, a large
number of bulk metallic glasses (BMGs) including Mg-, Ln-, Zr-, Fe-,
Pd-, Ti-, Ni-, and Cu-based alloys have been developed during the
last two decades [1,2]. The Co-based BMGs are most attractive for
engineering applications because of their ultrahigh strength and
elastic modulus values, good corrosion properties, and high
oxidation resistance [3e9]. In particular, a Co65�xTaxB35
(x ¼ 5e10 at%) BMG has fracture strength of 5.6e6.0 GPa and
specific strength of 639e654 Nm/g, which are the largest values for
BMGs reported so far [4]. However, Co-based alloys generally have
poor glass-forming ability (GFA), which resulted in a relatively
small number of the studies about Co-based BMGs. In addition,
most of the Co-based BMGs contain some amounts of the Ta
element having an extremely high melting point, which makes
these alloys very difficult to prepare [10]. Therefore, developing the
stb.edu.cn (H. Li).
new promising Co-based BMGs has been earnestly desired from
academia to industry.

Recently, a Fe80P13C7 BMG with a maximum diameter of 2 mm
has been synthesized by combining fluxing treatment and J-
quenching technique [11]. The latter was found to have unique
advantages in the preparation of BMGs as compared with other
conventional coppermold casting techniques [11,12]. An addition of
a proper amount of the Mo element was found to effectively
enhance the GFA of the Fe-based alloys [13e15]. For instance, a
critical diameter for complete glass formation can be increased
from 2 mm to 6 mm through the substitution of 6 at% Mo for Fe in
the Fe80P13C7 alloy [15]. Since Co is very similar to Fe in many as-
pects, new Co-based BMGs can be produced by adding Mo to the
Co-based alloys. Thus, a new series of the Co80�xMoxP14B6 (x ¼ 7, 9,
and 11 at%) alloys have been prepared, and the effects of the Mo
addition on the GFA, thermal stability, and the mechanical and
magnetic properties of the resulting CoMoPB BMGs were system-
atically investigated in the present work.
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Fig. 1. XRD patterns (a) and SEM backscattered electron images obtained for the
transverse section (b) of the Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) BMGs with the
critical diameters corresponding to the complete glass formation.
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2. Experimental procedure

Co80�xMoxP14B6 (x¼ 7, 9, and 11 at%) alloy ingots were prepared
by torch-melting a mixture of a Co powder (99 mass % purity), Co2P
(98mass % purity), and B pieces (99.95mass % purity) under a high-
purity argon atmosphere. All the as-prepared alloy ingots had a
mass of 1e2 g. Subsequently, the ingots were fluxed at a temper-
ature of about 1200 �C for 4e5 h under the vacuum corresponding
to a residual pressure of ~50 Pa. The mixture of B2O3 and CaOwith a
mass ratio of 3.5:1 was used as a fluxing agent. After fluxing, the
specimens were cooled down to an ambient temperature and then
subjected to the J-quenching technique, the details of which can be
found elsewhere [11,12]. As a result, Co80�xMoxP14B6 alloy rods with
diameters ranging from 1.0 mm to 4.5 mm and lengths of several
centimeters were prepared.

The amorphous nature of the as-prepared specimens was
checked by an X-ray diffractometer (XRD) using Cu Ka radiation and
a scanning electronmicroscope (SEM) in the backscattered electron
(BSE) mode. The as-prepared rod specimens were crushed into
small pieces and then subjected to the XRD measurements. The
thermal behavior of the as-prepared specimens was examined by
differential scanning calorimetry (DSC) under an Ar atmosphere at
a heating rate of 0.33 K/s. The mechanical properties of the as-
prepared rods with 1 mm in diameter and 2 mm in length were
measured at the ambient temperature by an uniaxial compression
test conducted using an Instron testing machine at a strain rate of
2 � 10�4 s�1. At least five specimens for each composition were
studied by the compression test to ensure the reproducibility of the
results. The magnetic properties of the as-prepared specimens
were measured by a vibrating sample magnetometer (VSM) with
the maximum applied field of 1.0 T at room temperature. The disc
specimens with 1 mm diameter and ~0.5 mm thickness were used
in the VSMmeasurements. A saturation magnetic field was applied
parallel to the cross-section plane of the disc. The densities of the
specimens were determined by the Archimedes method, and each
composition was measured at least 5 times.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the as-prepared
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) glassy alloy rods with
maximum diameters (Dmax). Only broad diffuse peaks can be
observed for each pattern indicating the fully amorphous nature of
the alloys. The SEM-BSE images of the as-prepared alloy rod cross-
sections with the Dmax for each composition also reveal a uniform
and featureless contrast (as shown in Fig. 1(b)) further confirming
the homogeneous amorphous structure of the specimens. The Dmax

values for the Co80�xMoxP14B6 at x¼ 7, 9, and 11 are 1 mm, 4.5 mm,
and 1 mm, respectively, indicating that the GFA parameters of the
obtained Co-based alloys are very sensitive to the substitution
content of Mo for Co.

Fig. 2 displays the DSC profiles for the as-prepared
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) glassy alloy specimens ob-
tained at a heating rate of 0.33 K/s. The glass transition temperature
(Tg), the onset crystallization temperature (Tx), the melting tem-
perature (Tm), and the liquidus temperature (Tl) parameters
(marked by arrows in Fig. 2) are summarized in Table 1. Fig. 2(a)
reveals that, except for the specimen with x ¼ 7, the other two
specimens show a clear glass transition followed by an extended
supercooled liquid region and a multistage crystallization process.
The Tg and Tx values of the produced Co-based BMGs shift to a
higher temperature region with the increase of Mo content. The Tg
and Tx of amorphous alloys are known to mainly depend on the
atomic bonding strength between the constituent elements [16].
The heats of mixing for the CoeP and CoeB atomic pairs
are�35.5 kJ/mol and�24 kJ/mol, which are much less than�53 kJ/
mol and�34 kJ/mol obtained for theMoeP andMoeB atomic pairs,
respectively [17]. Therefore, higher Mo content is expected to result
in stronger bonding between the constituent elements of the Co-
based BMGs leading to the higher Tg and Tx values. It should be
noted that the specimen with x ¼ 7 exhibits no obvious glass
transition as indicated by the corresponding DSC thermal scan
curve. The absence of Tg results in a disappearance of the super-
cooled liquid region for this specimen, indicating a poor ability to
prevent the nucleation and growth of crystals (or bad GFA) [18],
which is consistent with a low value of Dmax (1 mm) of the spec-
imen with x ¼ 7.

To evaluate the GFA dependence on the Mo content in the Co-
based BMGs, three common GFA parameters (the reduced glass
transition temperature Trg (¼Tg/Tl), the supercooled liquid region
DTx (¼Tx � Tg), and the parameter g (¼Tx=ðTg þ TlÞ)) were also
calculated for the CoMoPB BMG specimens (see Table 1). All three
GFA parameters indicate that the GFA of the Co69Mo11P14B6 alloy
should be better than that of the Co71Mo9P14B6 alloy, which is
inconsistent with our experimental Dmax values for the produced
specimens. In fact, many studies show that these GFA indicators
frequently fail to evaluate the GFA of the Fe-based alloys [15,19].
Fig. 2(b) shows the details of melting patterns for the produced Co-
based alloys. The alloy specimens with x ¼ 7 and 11 exhibit two
overlapping endothermic peaks, while the specimen with x ¼ 9
seems to exhibit only a single endothermic peak or two endo-
thermic peaks with much stronger overlapping, suggesting that the
alloy with x ¼ 9 is closer to the eutectic composition. Since the
composition of an alloy with the best GFA should approach the
eutectic point, the results presented here may account for the

https://www.researchgate.net/publication/260784466_Formation_of_bulk_magnetic_ternary_Fe80P13C7_glassy_alloy?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==
https://www.researchgate.net/publication/282607721_Formation_of_ferromagnetic_bulk_amorphous_Fe40Ni40P14B6_alloys?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==
https://www.researchgate.net/publication/257361890_The_effect_of_Mo_on_the_glass_forming_ability_mechanical_and_magnetic_properties_of_FePC_ternary_bulk_metallic_glasses?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==
https://www.researchgate.net/publication/250154690_Classification_of_Bulk_Metallic_Glasses_by_Atomic_Size_Difference_Heat_of_Mixing_and_Period_of_Constituent_Elements_and_Its_Application_to_Characterization_of_the_Main_Alloying_Element?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==
https://www.researchgate.net/publication/222560723_Stabilization_of_Metallic_Supercooled_Liquid_and_Bulk_Amorphous_Alloys?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==
https://www.researchgate.net/publication/232000805_Fe-Based_Bulk_Metallic_Glasses_with_Diameter_Thickness_Larger_than_One_Centimeter?el=1_x_8&enrichId=rgreq-1db4ee3242685ef07348c2708386540d-XXX&enrichSource=Y292ZXJQYWdlOzI4OTUzMDM2NDtBUzozMTU0NTQ4NDM3NTI0NDlAMTQ1MjIyMTcwMzQ2OA==


Fig. 2. DSC thermal scans from 500 K to 900 K (a) and 1100 Ke1450 K (b) for the
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) bulk glassy alloys at a heating rate of 0.33 K/s.

Table 1
A summary of the thermal properties and the GFA parameters of the as-prepared
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at %) bulk glassy alloys obtained from the DSC
curves at a heating rate of 0.33 K/s (Dmax: the critical diameter for complete glass
formation, Tg: glass transition temperature, Tx: onset temperature of crystallization,
Tm: melting temperature, Tl: liquidus temperature, Trg ¼ Tg/Tl, DTx ¼ Tx�Tg,
g ¼ Tx=ðTg þ TlÞ).

x (at.%) Dmax (mm) Tg (K) Tx (K) Tm (K) Tl (K) Trg DTx (K) g

7 1.0 e 689 1261 1339 e e e

9 4.5 742 770 1290 1374 0.540 28 0.364
11 1.0 750 791 1292 1352 0.555 41 0.376

Fig. 3. XRD patterns for the Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) bulk glassy alloys
produced by gradual heating to a temperature just beyond the peak temperature of the
first crystallization event at a heating rate of 0.33 K/s and then quickly cooled down to
room temperature in a DSC apparatus.
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variation in the Dmax value meaning that GFA depends on the Mo
content in the obtained Co-based BMGs. In order to further un-
derstand the effect of the Mo content on the GFA of the obtained
Co-based BMGs, the primary phases of the Co80�xMoxP14B6 (x ¼ 7,
9, and 11 at%) bulk glassy alloy specimenswere subjected to gradual
heating to a temperature that is slightly beyond the peak temper-
ature of the first crystallization event at a heating rate of 0.33 K/s
followed by a fast cooling to the room temperature in a DSC
apparatus. Fig. 3 shows the corresponding XRD patterns for the
heat-treated specimens. The observed crystallization peaks for the
specimen with x ¼ 7 are very weak indicating very little
crystallization. This result is also consistent with the fact that the
first crystallization peak in the DSC scan of the specimenwith x¼ 7
is very small. Both the fcc Co and (Co,Mo)2(P,B) phases appear to be
parts of the primary crystalline phases for the specimens with x¼ 9
and 11 suggesting that the first crystallization event for these
specimens corresponds to an eutectic crystallization of the fcc Co
and (Co,Mo)2(P,B) phases. In addition, the crystallization phase can
be quantified by the area of the corresponding crystallization peak
in the XRD pattern. Fig. 3 indicates that the difference between the
amounts of the fcc Co and (Co,Mo)2(P,B) phases is smaller at x ¼ 9
than at x ¼ 11 suggesting that the alloy with x ¼ 9 is closer to the
eutectic composition, which is also consistent with the higher GFA
value for this alloy.

Fig. 4(a) shows the representative compressive stressestrain
curves for the as-prepared Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%)
glassy rod specimens at ambient temperature. The fracture
strength sf and the plastic strain εp of the specimens determined
from the compressive stressestrain curves are listed in Table 2. The
fracture strength of the specimens increases from 3.30 to 3.90 GPa
with the increase of the Mo substitution content from 7 to 11 at%,
which is consistent with the law stating that the strength of BMGs
is positively associated with Tg [20e22]. Meanwhile, the obtained
Co-based BMGs appear to have almost zero compressive plasticity.
Fig. 4(b) presents the SEM images of the lateral surface and fracture
morphology of the specimens after compression failure. Some
shear bands can be observed on the lateral surface of all the spec-
imens. The angles between the compressive axis and the main
fracture plane of the specimens with x ¼ 7, 9, and 11 are 46�, 45.8�,
and 48�, respectively, which slightly deviate from the maximum
shear stress plane declined by 45� to the stress axis. Such a devi-
ation is frequently observed for other bulk glassy alloys [23]. The
fracture morphology of all the specimens exhibits poor vein-like
and extensive dimple-like structures. Nanoscale periodic corruga-
tions or nanowave structures usually appear at the fracture surfaces
in brittle Fe- [24] and Mg- [25] based metallic glasses, while in-
flections and intersections of parallel nanowaves result in dimple-
like structures [26]. The coexistence of the two morphologies in-
dicates that the specimen experienced a rather complex stress state
and an obvious crack bifurcationwith serrated deformation prior to
the catastrophic failure [27]. Moreover, both morphologies are
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Fig. 4. (a) Representative compressive stressestrain curves for the Co80�xMoxP14B6

(x ¼ 7, 9, and 11 at%) bulk glassy alloy rods obtained at room temperature; (b) SEM
images of the lateral surface and fracture morphology of the specimens after
compression failure.

Table 2
A summary of the mechanical and magnetic properties of the as-prepared
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) bulk glassy alloy rods (sf: compressive frac-
ture strength, εp: plastic strain, Js: saturation magnetization).

x (at.%) Density ( � 103 kg/m3) sf (GPa) εp (%) Js

(emu/g) (T)

7 7.82 ± 0.03 3.30 0.0 47 0.45
9 7.87 ± 0.03 3.85 0.1 25 0.24
11 7.95 ± 0.04 3.90 0.0 14 0.14

Fig. 5. Hysteresis loops for the as-prepared Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) bulk
glassy alloys obtained at room temperature.
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typical brittle fracture morphologies of the glass alloys and similar
to other brittle Fe- and Co-based BMGs [3,6,28]. The described
brittle fracture behavior and morphology further confirm the poor
plasticity of the produced Co-based BMGs. It should be noted that
the studied BMGs do not exhibit the expected high strength
observed for the other Co-based BMGs reported earlier [4,7,9,10].
The reported compressive strengths for three representative Co-
based BMGs are 5.2 GPa for Co43Fe20Ta5.5B31.5 [7], 5.6e6.0 GPa for
Co65�xTaxB35 (x ¼ 5.5e10 at%) [10], and 5.2 GPa for Co61Nb8B31 [9],
while the compressive strength of the CoMoPB BMGs is only
3.3e3.9 GPa. It is well known that the strength of BMGs follows the
universal scaling rule with Tg [20e22]. The Tg values of the
Co43Fe20Ta5.5B31.5 [7], Co65�xTaxB35 (x ¼ 5.5e10 at%) [10], and
Co61Nb8B31 [9] BMGs are 910 K, 930e975 K, and ~890 K, respec-
tively, while the Tg of the produced CoMoPB BMGs is lower than
750 K. Therefore, a relatively low compressive strength value of the
obtained CoMoPB BMGs is understandable. The present work in-
dicates that the ultrahigh strength is not a unique feature of the Co-
based BMGs. The ultrahigh strength or high Tg of the previously
studied Co-based BMGs may be attributed to the high content of
the metalloid element B or the addition of an element with a high
melting point such as Ta. The obtained results are significant for
studying the mechanical properties of the Co-based BMGs and the
development of new BMGs with the ultrahigh strength.

Fig. 5 illustrates the hysteresis JeH curves for the as-prepared
Co80�xMoxP14B6 (x ¼ 7, 9, and 11 at%) glassy rod specimens
measured by VSM at room temperature after the influence of the
demagnetizing field has been corrected. The saturated magnetiza-
tions (Js) of the specimens with x ¼ 7, 9, and 11 obtained from Fig. 5
are 47 emu/g (0.45 T), 25 emu/g (0.24 T) and 14 emu/g (0.14 T),
respectively (see Table 2). Thus, the prepared Co-based BMGs
exhibit very good soft magnetic properties. Meanwhile, the Js values
of the Co-based BMGs rapidly decrease with the increase of the Mo
content, which may be due to the anti-ferromagnetic coupling
between the Mo and Co atoms.
4. Conclusions

In summary, the new quaternary Co80�xMoxP14B6 (x ¼ 7, 9, and
11 at%) bulk glassy rod alloys have been successfully prepared in
this study by combining fluxing treatment and J-quenching tech-
nique. The critical diameters for the fully amorphous alloys at x¼ 7,
9, and 11 are 1 mm, 4.5 mm, and 1 mm, respectively. The
compressive test results show that the compressive strength of the
produced CoMoPB BMGs increases from 3.3 GPa to 3.9 GPa with
increasing the substitution content of Mo for Co from 7 at% to 11 at
%, and the obtained materials virtually do not possess any
compressive plasticity. The magnetic tests indicate that the satu-
rated magnetization decreases from 47 emu/g (0.45 T) to 14 emu/g
(0.14 T) with increasing the substitution content of Mo for Co from
7 at% to 11 at%. The combination of a good GFA, high Co content, few
constituting elements, and relatively high strength suggests that
the produced CoMoPB BMGs can be potentially used as advanced
structural and functional materials in the future.
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