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We report the analysis of the crystal structure and the magnetic properties of Co,gy.xMox alloys (0 < x < 100, Ax
=10), obtained by mechanical alloying using a shaker mixer mill, at room temperature for 7 h. Crystal struc-
ture, morphology and magnetic properties of the Co-Mo system were characterized through XRD (X-ray dif-
fraction), SEM (scanning electron microscopy) and VSM (vibrating sample magnetometry). The results showed
different completely soluble solid solution, in almost all compositions. Williamson-Hall method revealed an
increase in the crystallite size, decreased with the molybdenum content, from 27.34 nm to 8.02 nm for 0 to 100
wt.% of Mo, respectively. Saturation magnetization and the magnetocrystalline anisotropy, showed the same
behavior, a diminution with the increase of the molybdenum content. However, the coercivity increased with the
increment in Mo content, reaching a maximum of 63.79 kA/m for Co,,Mosg.
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1. Introduction

Cobalt-based alloys have been used since the early 20"
century for its interesting technical properties [1]. There is
a wide variety of cobalt-based materials available on the
market, showing different microstructural features and
mechanical properties [2]. Their applications are very
important in different areas, due to they have excellent
physical, chemical and mechanical properties, such as
superior fatigue resistance, wear resistance, corrosion re-
sistance [3], resistant to heat (high strength even at high
temperatures) [4], and good biocompatibility [5-8], among
others. Some researchers have discussed the cobalt-based
alloys applications in devices such as batteries, cemented
carbide, stainless steel, petrochemical, automobile manu-
facturing, machine tools, hard metals, superalloys, gas
turbine components, industrial catalysts, biomaterials, intra-
vascular stent material, vanes and metallic orthopedic
implants, radiofrequency devices, magnetic sensors and
medical diagnosis [9-16]. Some of these Co-base alloys
generally are formed by transition metals, which exhibit
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different properties, such as high hardness and strength,
usually good conductors of heat and electricity [17] or
exhibiting ferromagnetic properties [18].

Co-based alloys show a precipitation hardening effect
when further elements such as molybdenum are added
[19-21]. The molybdenum is a transition metal and has a
body-centered cubic (bce) crystal lattice. This element has
been added in small amounts in several alloys for hard-
ening, and at the same time, it increases the corrosion
resistant, in according to Bazaglia ef al. [22].

Molybdenum is classified as a refractory metal with high
melting temperature, high density, high stiffness, high-
temperature strength, and low thermal expansion [23-25].
On the other hand, the magnetic properties of cobalt can
be modified by the addition of molybdenum. The presence
of molybdenum in the composition of cobalt alloys, re-
duces the grain size, thus enhances the strengthening of
solid solution and subsequently improves the mechanical
properties of these alloys [26, 27]. Besides, the introduc-
tion of molybdenum in the cobalt-nickel alloy can be
tested as a method of decreasing the coercitivity, main-
taining high values of saturation magnetization according
to Gomez [28].

Over time, different methods to obtain alloys Co-Mo
have been applied, such as electrodeposition [28], melting
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[22] and powder bed fusion [19]. Among others, mech-
anical alloying (MA) is one of the most effective and
economical methods to produce powders with nano-sized
structure, such as have been demonstrated in different
studies [29, 30]. During powder milling, the particles are
undergone high-energy impacts by balls. The high-energy
impacts result in a high amount of defects such as
vacancies, dislocations, grain boundaries and stacking
faults in particles which in turn give rise to nanometer
crystallite size and phase transformations [31]. The MA
(mechanical alloying) can be used to produce alloys, meta-
stable intermetallic compound, and the amorphous phase
that are difficult or impossible to obtain by conventional
melting and casting methods [32]. As it is known, the
mechanical properties are significantly affected by phases
constituent, grain size, grain morphology, and the charac-
teristics of precipitates. Furthermore, in Co-based alloys,
refinement of grain sizes can enhance the tensile strength,
and augment of ¢ phase, increasing the hardness but
decreasing the ductility, in according to Saldivar and Wei
[33, 34].

In this work, a study of Co-Mo alloys was done in order
to find correlations between the crystal structure and the
magnetic properties, as a function of the molybdenum
content and, the effects produced by the milling process.

2. Materials and Experimental Procedures

Elemental cobalt powder (> 99.9% purity from Sigma-
Aldrich), with a mean particle size (Dsp) of 10 um and,
elemental molybdenum powder > 99.9% purity from Sigma-
Aldrich) with a mean particle size (Dsq) of 22.5 um were
used as precursors. A total amount of 5 g of powder
mixture with 6 hardened steel balls with a diameter of
12.7 mm were loaded into a steel vial with 64.6 cm® of
volume and milled for 7 h. The mechanical alloying pro-
cess was conducted at room temperature in an argon
atmosphere, using a SPEX 8000D shaker mill. The ball-
to-powder weight ratio was 12:1. The raw materials were
mixed in the appropriate weight ratio to obtain Cojgy.xMox
where x varies from 10 to 90 wt.%.

The milled powders were analyzed by X-ray diffraction
(XRD) for examining the phase transformations as a
function of the alloy composition, using a Siemens D5000
diffractometer. The diffraction parameters were collected
with 26 ranging from 35° to 120° with a step size of 0.02
and Co K, (A=1.7902 A) radiation. Rietveld refinement
was performed on the X-ray diffraction patterns using the
program MAUD [35]. The crystallite size (D) in the
milled samples was calculated from the XRD line broad-
ening using the Williamson-Hall method [36].
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The magnetic properties of the obtained materials,
specific saturation magnetization (Ms) and coercivity (Hc),
were measured using a LDJ9600 vibrating magnetometer
(VSM) with a maximum applied field of 15 kOe. Mor-
phological characterization of the milled powders was
performed using a Leica Stereoscan 440 electron micro-
scope operated at 20 kV. The magnetic anisotropy constant
was determined for each composition using the law of
approach to saturation [37].

3. Results and Discussion

3.1. Structural Analysis

Figure 1 shows the XRD patterns of Co;go.xMox (10 <
x <100, Ax=10) powders, as a function of the moly-
bdenum content (x, as weight percent), milled for 7 h. In
Fig. 1 is included the XRD pattern corresponding to the
elemental Co powder, without milling. It confirms that the
pure Co presents two phases, hexagonal Co-¢ (PDF # 05-
0727, P63/mmc, hcp) and cubic Co-a (PDF # 15-0806,
Fm-3m, fcc). In contrast, the XRD corresponding to
elemental Mo shows a single cubic phase, Mo-bcc (ICDD
# 03-065-7442, Im-3m, bee).

When the powder is mixed and milled for 7 h, the XRD
patterns corresponding to the composition with x varying
from 10 to 30 wt.% (CoggMo19, CogoMo0,y and Co;gMosg)
shows a mixture of Co(Mo)-fcc, Co(Mo)-hcp and Mo(Co)-
bee (partial solid solutions). It can be seen that the diffu-
sion of cobalt occurs toward the structure of molybdenum,
increasing the relative intensity of to the main peak (1 1
0) at 48° of 26 (marked with dash dot line in Fig. 1).
Besides, the broadening of the main peaks of cobalt and
molybdenum are visualized; this effect is a consequence
of the energy storage, the structural defects, the particle
size reduction, and the accumulation of stacking faults
induced during mechanical alloying, according to other
works [38-44]. On the other hand, the peak (0 0 2) corre-
sponding to the hcp-Co phase is observed, as a result of
an allotropic transformation of Co from fcc phase to hep
structure, according to the reported in previous works
[45]. For higher molybdenum contents (x = 40, 50, 60
wt.%) it can be observed the same behavior, only is
detected an increase in the relative intensity of the Mo (1
1 0) diffraction peak and, a progressive diminution of the
Co-hcp peaks, attributed to the formation of solid solutions.

For high molybdenum contents, x values from 70 to 90
(CozpMo7y and CoigMoyg) the results confirm that cobalt
is introduced into the molybdenum cubic structure. The
presence of bcc-Mo phase can be depicted clearly in the
XRD, confirmed by the reflection peaks at 47.42°, 69.3°
and 88.28° of 20. The diffraction patterns show that there
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Fig. 1. (Color online) XRD patterns of Coygp.xMoyx samples with x 10 to 90 (Ax = 10) milled for 7 h.

are no peaks from pure Co, and only the (1 1 0), (2 0 0) In order to confirm the previous results, Rietveld

and (2 1 1) reflections, corresponding to Mo are present, refinements were done, using the XRD patterns shown in

confirming the introduction of the cobalt atoms into the Fig. 1, the results are presented in Fig. 2. Fig. 2(a) and

molybdenum structure. 2(b) display the refinement of CogyMoyy and CogoMoy,
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Fig. 2. (Color online) Rietveld refinements from (a) CogyMoyy, (b) CogeMoy, (¢) CogeMogy and (d) Co;gMog, compositions.
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respectively. As can be observed, the Co-fcc diffractions
peaks decrease their intensities, due to the partial trans-
formation to hep-Co, and the main diffraction peak of the
Mo are still present, because of Mo is not soluble in the
Co crystal structure. In addition, the Rietveld refinement
CoyMog, composition, displayed in Fig. 2(c), shows the
same behavior, but in this case, it is observed a decrease
of the intensity of the main peak of cobalt, as a con-
sequence of the partial introduction of the cobalt into the
cubic structure of molybdenum. Finally, in Fig. 2(d),
where is presented the Rietveld refinement of the com-
position Co;pMogy, it is confirmed the complete solid
solution of Co into the bcc-Mo, due to only the diffraction
peaks of molybdenum are detected. For all the studied
compositions, the broad of peaks can be related with
structural defects introduced during the mechanical milling,
such as has been reported in previous works [32, 40, 41].

To quantify the obtained phase and the structural modi-
fications, in Table 1 are presented parameters such as
phase and percentage of each phase, crystallite size, and
particle diameter (Dmsg). Such as discussed in XRD,
three phases were obtained, in all milled compositions
(Co(Mo)-hcp, Co(Mo)-fcc and Mo(Co)-bee) and their

Table 1. Phases and % of each composition, crystal size and
particle diameter (Dms), as a function of the molybdenum
content.

.. Crystal Particl
Composition Phases and % for each r}'fs . . e
C M mposition Size diameter
O100-x-VI0X composttio (nm). (Dmsg) in pm.
Co(Mo)-hcp 78.83 +0.30 %
CogsMoy Co(Mo)-fec 12.68+0.08 %  27.34 33.12

Mo(Co)-bee 8.49 £ 0.12 %
Co(Mo)-hcp 69.55+0.13 %

CogoMoy Co(Mo)-fcc 18.51+£0.32%  24.92 24.95
Mo(Co)-bee 11.94+0.21 %
Co(Mo)-hcp 51.81+0.18 %

Co70Mos Co(Mo)-fcc 14.15+£022%  24.81 18.86
Mo(Co)-bee 34.04 £0.15 %
Co(Mo)-hcp 33.38 + 0.08 %

CogoMoyg Co(Mo)-fcc 11.94 £ 0.16 % 13.04 12.99
Mo(Co)-bee 54.68 +0.36 %
Co(Mo)-hcp 15.59+0.23 %

CosoMos Co(Mo)-fee 3.85 £ 0.04 % 12.75 12.85
Mo(Co)-bee 80.56 +0.32 %
Co(Mo)-hcp 2.54+0.15 %

CoMog Co(Mo)-fce 1.98 +0.05 % 12.07 11.83
Mo(Co)-bee 95.48 +£0.07 %

CoszpMoy Mo(Co)-bee 100 % 8.02 8.94

Co,y,yMog, Mo(Co)-bee 100 % 10.85 7.45

Co;oMoy Mo(Co)-bee 100 % 12.96 7.42
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percentages are displayed in Table 1, showing the evolu-
tion of each phase in different compositions. It’s observed
the increases in the amount of Mo(Co)-bce from 8.49 +
0.12 % to 100 %, for CogyMo,¢ and Co,oMogy, respectively.
Moreover, the diminishes of Co(Mo)-hcp percentages
from 78.83 £0.30 % to 2.54+0.15 % and for Co(Mo)-
fcc from 12.68 £ 0.08 % to 1.98 £ 0.05 % for the com-
positions CogyMojg and CosoMogp, respectively. In refer-
ence to the crystal size, as can be appreciated in Table 1,
there is a progressive decrement of the crystallite size as
the molybdenum content is increased, from 27.34 nm to
8.02 nm, for CogyMo;q and CozyMoy, respectively. The
reduction of the crystallite size is induced by a diminution
of the grain size, generated by the high-energy ball mill-
ing. After, there are a slight recovery from 8.02 nm to
12.96 nm for the composition CogMoyy, this behavior can
be associated with the presence of Mo(Co)-bcc phase,
attributed to the generation of dislocations, caused by
severe plastic deformation during the high-energy milling
process.

Figure 3 shows the SEM micrographs for the different
compositions. It is observed a large increase in particle
size with the cobalt content, due to the formation of
agglomerates with irregular shape, from 15 pm to 43 um.
It is a result of the cold welding, caused by the milling
process (Fig. 3(a)). The large particle size (marked with
red arrows) in high cobalt alloys is attributed to the high
ductility of the elemental cobalt, which tends to form
agglomerates through cold welding between particles.
When the molybdenum content is increased up to x =30
and 50 wt.% (Fig. 3(b) and 3(c)), the agglomerates show
a slight reduction with respect to the sample CogMoq,
because of Mo which is a brittle material, limits the cold
welding between Co particles, due to it is located between
Co particles. This reduction in the particle size, with the
increase in Mo content, is accompanied with a change in
the shape of the particles, as well as a decrease in the size
of the agglomerates, from 5 um to 10 pm, yielding smaller
particle sizes.

To corroborate this assertion, in Table 1 is shown particle
diameter (Dmsg). The results are consistent with the micro-
graphs presented in Fig. 3. It is presented a particle size
reduction, from 33.12 pm to 7.42 um, increasing the moly-
bdenum content for CogoMo;q and CojoMog respectively.
In addition, when a solid solution of Mo-bcc has been
obtained (from Co3;yMoy to Co19Moy) it can be observed
a homogeneous particle size.

3.2. Magnetic Characterization
Figure 4 shows the hysteresis magnetic loops (M-H) for
Coyg0xMoy alloys (10 < x < 90). Here, it is remarkable
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Fig. 3. (Color online) SEM micrographs for different compositions: (a) CoggMoyg, (b) Co70Mo3, (¢) CosoMos, (d) CospMoy, (€)

CoyMogy, (f) CojoMogy.

Table 2. Saturation magnetization, coercivity field and mag-
netocrystalline anisotropy constant, as a function of the molyb-
denum content.

1504

Composition Ms Hc K;

Coj0.x-Mox (Am?/kg) (kA/m) (x 10° J/m?)
CogeMoyg 143.58 20.85 3.80
CogeMogy 119.99 27.55 273
CozeMosg 84.48 28.88 123
CogeMoyg 4839 26.29 0.44
CoseMosy 26.78 27.78 0.31
CogMog) 452 38.26 0.06
CozeMoy, 261 59.24 0.02
CoyMog 423 63.79 0.03
Co16Mogy 6.21 5471 0.06
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that all the compositions show a ferromagnetic behavior
with low coercivity, representative of soft magnetic
materials. In order to analyze some of the magnetic pro-
perties of the milled powder, in Table 2, the magnetic
parameters, such as saturation magnetization, Ms, coerci-
vity, Hc and, magnetocrystalline anisotropy constant K,
versus the composition of Mo in wt.%, are presented.

As can be observed, My decreases drastically with the
increase of the molybdenum content, from 143.58 Am?%
kg for CoggMoyg to 2.61 Am2/1<g for CosgMoy, as shown
in Fig. 4. This noticeable decrease of Ms can be attributed
to the dilution effect of the magnetic moment of cobalt

Fig. 4. (Color online) Hysteresis loops for Cojgo.xMoy system
for different values of x.

atoms promoted by the formation of the Co(Mo) and
Mo(Co) solid solutions (structural changes), i.e., the di-
minution of the Co(Mo) hcp and fcc phases amounts,
displayed in Table 1. Also, the increase of the moly-
bdenum content that promotes the competition between
ferromagnetic (Co) and paramagnetic (Mo) exchange
interactions [44]. Finally, for the CoyyMogy and Co;oMoyy,
the Ms exhibits a slightly increment from 4.23 Am*kg
and 6.21 Am?/kg respectively, respect to CozpMoy,. The
change of Ms observed in Co-Mo system is due to the
formation of bce-Mo(Co) total solid solutions, and fcc-
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Co(Mo), hep-Co(Mo), beec-Mo(Co) partial solid solutions
obtained in all compositions, as a consequence of the
increment of the molybdenum content. The percentages
of each phase are shown in Table 1.

Furthermore, the coercivity behavior is showed in Table
2, where is observed a tendency to increase from 20.85
kA/m to 63.79 kA/m for CogyMo;, to Co,gMog, respec-
tively, then it falls up to 54.71 kA/m for compositions of
90 % of molybdenum. The Hc is one of the microstruc-
ture sensitive magnetic properties of materials, because
of, the coercivity is an extrinsic property that strongly
depends on the internal defects such as reduction in grain
size, residual stresses, grain boundaries and non-magnetic
inclusions (dislocations and inclusion of additional
materials) [45, 46]. The increase in H¢ can be correlated
to the induced magnetic anisotropy and change in the
grain boundaries, which acts as inclusions hindering the
domain wall motion [47].

Moreover, the magnetocrystalline anisotropy constant
K; data, are presented in Table 2, it can be observed that
K; tends to reduce as the % of cobalt (in wt.) decreases, it
is noted the reduction from 3.8 x 10° J/m? for CogyMoyo
composition to 0.02 x 10° J/m® for Co3Mo;, composition.
This general tendency for reduction in K, is attributed to
the effect of the reduction in crystallite size, which reduces
the magnetocrystalline anisotropy.

For the compositions Coy,yMogy and Co9Mog, a slight
recovery in K; is noted with 0.04 x 10° J/m* and 0.06 x
10° J/m? respectively, this behavior is related to the increase
of the crystallite size. Furthermore, in accordance with
Toparlia et al. [48], this behavior can be explained by
many factors such as crystallite size, crystallinity, defects,
pores and surface anisotropy affect. However, it is mainly
affected by the critical crystallite size.

4. Conclusion

Mechanical alloying promotes solid solution formation
and grain size refinement of Cojg.xMoyx alloys. The
saturation magnetization, M, decreases from 143.58 Am?/
kg to 2.61 Am?kg for 10 and 70 wt.% of Mo, respec-
tively. It is attributed to the formation of solid solution
based Mo-bec. It promotes a competition between ferro-
magnetic and paramagnetic exchange interactions. Coer-
civity, Hc, increases from 20.85 kA/m to 63.79 kA/m for
10 and 80 wt.% of Mo. On the other hand, the mag-
netocrystalline anisotropy is reduced from 3.8 x 10° J/m’
to 0.02 x 10° J/m® for 10 and 70 wt.% of Mo, due to the
Mo promotes the reduction in crystallite size. In conse-
quence, the reduction in the magnetocrystalline anisotropy
is caused by the average effect of magnetization over the
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randomly oriented nano-sized grains.
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