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Abstract: Carbides are used extensively as cutting tools, forming dies, and recently in catalysis
applications, among other industrial applications. In this work, the synthesis and characterization of
a nanostructured MoW bimetallic carbide were carried out by mechanical alloying with a mixture
of elemental powders with a nominal composition of W1 5MogC, 5 at different grinding times as
follows: 25, 50, and 75 h in a low-energy ball mill at a speed of 500 rpm and 125 and 150 h in
a high-energy ball mill at a speed of 1500 rpm. The formation of a solid solution was observed
at 150 h of milling; the nanostructured bcc MoW carbide corresponded to the main phase in the
sample, besides the presence of the nanostructured MoW alloy as a secondary phase with an average
crystal size of 40.8 nm. The phases and morphology at every stage of milling were studied by:
X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), and Vickers hardness. As the milling time increased, the hardness of these
particles increased from 10.5 to 31.48 GPa for the powder particles milled for 150 h. The samples
obtained at 125 and 150 h of milling were evaluated during catalytic aqua-thermolysis of heavy oil to
analyze fuel desulfurization properties by Fourier transform infrared (FTIR) techniques. The results
showed the breaking of S-S bonds, indicating the existence of a desulfurization reaction of heavy oil.

Keywords: mechanical alloying; nanocrystalline materials; bimetallic carbide; X-ray diffraction;
MEB; HRTEM

1. Introduction

Over the last few years, there has been increasing interest in the exploration of production methods
for nanostructured materials because their physical properties change as the crystallite particle size
decreases. There are new features in the electronic structure at nanosized scales, which are sensitive
to the properties of the materials’ constituent elements. The presence of carbon yields excellent
mechanical and catalytic properties, mainly when the carbon is mixed or used to support transition
metals [1-3]. An example of these kinds of materials is NiW, MoW, and NiMoW phases, which have
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attracted attention by the petrochemical industry due to their applications as catalysts in extra-heavy
desulfurization crudes. These systems are cheaper than other catalysts for the same purpose [4].
Previous research showed that MoW and NiW systems combined with carbon to produce carbides
and compounds compete against other mechanically reinforced materials by adding elements like
Al,O3 and ZrO, composites; even their performance is comparable to multiwall carbon nanotubes
(MWCNTs) [5-9]. Another advantage of these materials is that the formation of bulk materials from
transition metal carbide powders is feasible since sintering performs under friendly conditions [10].
Besides, currently, Mo- and W-based materials are being analyzed as dielectrics with good capacity for
storage and processing of thermal and electrical energy [10].

Only a few studies in the literature analyzed the formation and microstructural evolution of the
MoW phase as an alloy and the transformation of bimetallic carbides of those metals, such as the
change from MoW to MoWC. This condition is because the synthesis methods are costly or involve
chemical reactions at very high temperatures [7,11-14]. However, this situation has changed since
new production methods are now available. For example, Wiedemann et al. reported a MoW solid
solution with polycrystalline single-phase microstructure produced by mechanosynthesis, but the
authors did not mention the resultant crystalline structure produced after the solid solution during
mechanical alloying (MA) [15]. Later Wu et al. synthesized nanocrystalline W-based powder particles;
their results showed that with mechanical milling, they increased high-density crystalline defects
that make them suitable as alloys in systems that are complicated to produce by other conventional
synthesis methods [10]. Mechanical alloying (MA) is a solid-state technique involving repeated particle
fracture that can be processed through high- or low-energy ball mills. It is a versatile and low-cost
process for synthesizing super-saturated phase nanopowders, solid solutions, nanocrystalline materials,
and immiscible systems [16,17]. For example, a recent study by Chen et al. found the formation
of a solid solution in a full range of compositions by the sol-gel method combined with hydrogen
reduction [11]. The MA method has the advantage that it can produce a powder with nanoscale
particles in large quantities compared with other methods like the sol-gel [3,18,19]. These findings
demonstrate that MA may be a useful approach in producing nanostructured carbides, making them
optimal for heavy crude oil desulfurization applications during catalytic aqua-thermolysis [20].

Other studies report MoWC phase production only in a hexagonal crystalline structure at high
pressure or temperature [21,22]. However, there are no reports about the production of MoWC alloys
with a bec crystalline structure even when Haag rules predict their existence [23]. Hence, additional
work is necessary to understand the phase transformation from Mo and W to MoW and MoWC.
In this work, there were two goals; first, the synthesis and study of the microstructural evolution of an
MoW carbide, reported previously in another work, where there was no mention of the crystalline
structure in this catalyst [7], and then there was the need to study the conditions of producing MoW
and MoWC phases by MA, including composition and energy requirements. The second goal was to
study the stability and composition of the synthesized MoW phase by a thermodynamic analysis using
the Miedema model [24], not reported in the literature for this phase. This model allows calculating
the formation of a solid solution of an amorphous phase under atmospheric conditions during MA.
Even though MA is not an equilibrium process, studies suggest that the Miedema model can predict
the stability of MA product [17] because this model is a semi-empirical approach to estimate heat
formation of metal alloys and compounds. Additionally, the evolution of microhardness at different
grinding times allowed to prove the transformation from MoW to MoWC. The catalytic properties on
desulfurization of UTSIL heavy oil during catalytic aqua-thermolysis were reported as an application
of interest for this material.
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2. Materials and Methods

2.1. Synthesis

The first step was the preparation of a mixture made of pure elemental powders of graphite (C),
tungsten (W), and molybdenum (Mo), with the nominal composition on a weight percent basis of
W1 5Mo0¢Cy 5. A stainless-steel container held this mixture under an inert atmosphere (Ar), with zirconia
oxide media milling of different sizes (1/2 X 1/2 inch and 3/8 x 3/8 inch) at a ratio in weight of 10:1
balls/powder. The processing of the mixture was through mechanical alloying techniques for times
of 25, 50, 75, 125, and 150 h in two energy processes: low-energy (Heiko, TI-100, Fukushima, Japan)
and high-energy (Spartan Fritsch, Sylacauga, AL, USA) ball mills at 500 and 1500 rpm, respectively.
The use of two kinds of milling machines was necessary to obtain a unique phase.

2.2. Structural Analysis

The microstructural characterization included the use of a Bruker A.X.S. D8 Focus diffractometer
(Bruker, Karlsruhe, Germany), with CuK« radiation (A = 1.5406 A) operated in a range 20 of 10-110° at
a speed of 4°/min. The X-ray diffraction (XRD) pattern identification was through the International
Center for Diffraction Data (ICDD) database PDF-2(2003). The analysis of sample microstructures
was through scanning electron microscopy (SEM) with a JEOL JSM 6701F (JEOL, Tokyo, Japan)
microscope. High-resolution transmission electron microscopy (HRTEM) complemented microstructure
characterization through an FE.I. Tecnai G-20 microscope at 200 kV (FEI-Titan Microscope, Hillsboro,
OR, USA). The DigitalMicrograph software calculated d-spacing from HRTEM images.

The Vickers microhardness evaluation was through a compacted sample of mechanically alloyed
powder particles inserted on a stainless-steel die using a 3 ton press to obtain a cylinder with dimensions
of 10 mm X $30 mm. The microhardness of the samples was measured by using the FM microhardness
tester (Future-Tech, Kanagawa, Japan) using a diamond indenter applying loads of 2 ton for 10 s.
The indentations involved three parallel lines with three points each and the average values for every
sample. The average microhardness included different milling times.

2.3. Desulfurization Analysis

The evaluation of the processed material’s desulfurization capacity used a catalytic
aqua-thermolysis technique and extra-heavy crude UTSIL. To continue, an emulsion made of crude
and seawater prepared at a 1:1 ratio (crude:water) and 1% by weight of powder particles as the catalyst
was available. The catalytic aqua-thermolysis evaluation was for 24 h at a temperature of 200 °C.
These reaction parameters were the object of an optimization procedure in preliminary tests. A Perkin
Elmer Spectrum Two UAT-IR spectrometer (Perkin, MA, USA) helped to identify the vibration bond
reaction changes during the catalytic performance to evaluate UTSIL heavy oil desulfurization.

3. Results and Discussion
3.1. Structural and Morphological Properties of the Power Particles

3.1.1. X-ray Diffraction

Figure 1 shows the X-ray diffraction results of the powder particles after 25, 50, and 75 h at 500 rpm
in a low-energy ball mill. The peak with the highest intensity corresponded to the graphite (002) plane.
When grinding time increased, the (002) graphite peak decreased in the XRD spectrum after 25-50 h of
milling. This decrease corresponded to a 62.71% reduction of the peak intensity, and from 50 to 75 h,
a reduction of 45.14% of intensity. By increasing the milling time, all the peaks decreased; this is related
to the microstructural refinement and the formation of crystallographic defects caused by mechanical
impacts during the MA process. These events allow the formation of new phases. The synthesis of the
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MoW phase can form a solid solution for different compositions and temperatures [12]. Section 3.1.2
explains more in detail the thermodynamic calculation of the formation of this solid solution phase.
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Figure 1. X-ray diffraction (XRD) patterns of the MoWC mixture at different grinding times at 500 rpm
of a low-energy ball mill.

The formation of the MoW solid solution phase is possible when Hume—-Rothery rules are satisfied
as follows: (1) Size factor: W and Mo atoms should be of similar size (with no more than 15% difference
in their atomic radii). The atomic radii of W and Mo are 0.1386 nm and 0.1394 nm [25], respectively,
with a size difference of 0.57%; this is a much smaller value than 15%. (2) Crystal structure: The raw
materials must have the same crystal structure; in this case, both materials show a bcc crystalline
structure. (3) Valence: Atoms must have the same valence; in this case, both elements show valences
of 2,3,4,5, and 6. According to this previous explanation, the MoW solid solution phase is feasible
through MA. The MoW alloy was indexed with the characteristic peak of this phase at 40.46°, a value
that coincides perfectly with the 071-9828 JCPDS card. However, at 50 and 75 h of milling, a new peak of
greater intensity located between 40.6° and 40.8° was observed (shown in Figure 2). This phenomenon
was related to the decreasing of (002) peak (graphite phase) caused by the introduction of carbon to the
MoW lattice to produce the MoWC bimetallic nanostructured carbide in a solid solution.
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Figure 2. A zoom between 40° and 41° of XRD patterns of the MoWC mixture at different grinding

times in a low-energy mill.
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One advantage of using a low-energy ball mill is that this process can produce a small amount of
cross contamination caused by media milling and vial [17]. Nevertheless, to transform the elemental
powder particles to the nanostructured carbide phases in a solid solution, at least, it needs between 120
and 240 h in this kind of process (low energy) [7,26]. As observed in Figure 1, a low-energy ball mill
was not enough to introduce a major quantity of carbon into the MoW lattice, so it needed a longer
milling time to transform Mo, W, and C elemental materials to the MoWC phase. To avoid extended
milling times until 240 h, the use of a high-energy ball mill at 1500 rpm was an option to produce the
MoW nanostructured bimetallic carbide. Figure 3 shows the X-ray diffraction of the powder particles
by a high-energy ball mill at 125 and 150 h. The intensity of the peak corresponding to the graphite
(002) showed a drastic decrease from 125 to 150 h of milling, which corresponded to a 99.74% reduction.
This behavior was attributed to the incorporation of C into the MoW matrix, occupying the interstitial
sites, thus producing the WMoC bimetallic carbide of the interstitial solid solution due to the increasing
of (110) plane with a value of 42.44% between 125 and 150 h of milling.
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Figure 3. XRD patterns of the MoWC mixture at different grinding times in a high-energy mill
(1500 rpm) and a zoom between 40° and 41° of XRD patterns of the MoWC mixture at 150 h of milling.

Modeling the interstitial atom as a hard sphere, it yields that the radius ratio of the interstitial
atom/radius of the host metal atom must be less than 0.59 for an interstitial structure [25]. The atomic
radius of graphite is 0.067 nm, in which the C/W and C/Mo ratios are 0.4806 and 0.4834, respectively,
indicating that graphite can accommodate in the interstitial sites of the WMo metal lattice. The two-metal
lattice has a bcc crystalline structure. In this type of structures, there are two types of interstitial
sites: tetrahedral sites, located at %, %, and 0 (real space with all equivalent sites) and octahedral sites,
located on the faces of the cube at %, 0, and % (real space with all equivalent sites). An atom whose
radius relation is greater than 0.414 is in an octahedral site [27]. For the transition elements, the metallic
structure’s interstitial tetrahedral sites are very small to accommodate graphite, so only the octahedral
sites must be occupied [23]. At 150 h of milling, the MoWC phase remained with the largest intensity,
and the WMo phase was still present at this stage of milling (see the zoomed-in image at 150 h in
Figure 3). The microstructural evolution sequence of the phase against milling time was:

C+ W+ Mo — C+ WMo — (WMo)C



Appl. Sci. 2020, 10,9114 60f 18

We proposed that this phase (MoWC) showed a bcc crystalline structure like MoW system; this
agreed with the experimental method proposed by Suryanarayana for the determination of crystalline
structures of cubic type, which explains that the correct Bravais lattice can be determined following the
sequence of the typical reflections associated with the cubic lattice [26] from the relation:

A
2 2,122
sin 6_4a2(h +k —|—l) 1)

After calculating for the material, the sequence path of reflections for W +k2+1Pwas2,4,6,8,
and 10, which corresponded to a bece structure; the indexation of crystallographic planes was: (110),
(200), (211), (220), and (310) (see Figure 3). The calculation of the lattice parameter and d-spacing was
according to Equations (1)-(3) and every plane assignment for each reflection was associated with the
lattice parameter/d-spacing ratio. The results are in Table 1.

A
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@
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where d is the interplanar distance (nm), a is the lattice parameter (nm), and A = 0.1540 nm.

Table 1. Crystal lattice parameter in the MoWC system.

Line h k 1 B+ K+ P ap (nm) dpy; (nm)
1 1 1 0 2 0.3149 0.2227
2 2 0 0 4 0.3149 0.1575
3 2 1 1 6 0.3149 0.1285
4 2 2 0 8 0.3147 0.1113
5 3 1 0 10 0.3146 0.0995

An average lattice parameter of 0.3148 nm was obtained. According to XRD results and Scherrer
calculations, at 150 h of milling, the crystal size showed an average of about 40.8 nm. This indicated that
the formation of the MoW alloy and the bec structure of MoWC was only possible at the nanostructure
level. The material showed a solid solution behavior at this size, and the crystallinity was of a short-range
order [17,28]. According to Cottrel [29], there are solid solutions with several components, where the
primary phase shows the majority weight percent, and the others are formed with intermediate ranges
of the composition. In this case, the phase observed at 150 h was a nanostructured MoW alloy that
could be considered as a secondary solid solution. This implied that these phases require very high
energy for their formation. The evidence that this material had a solid solution behavior is easily
observed in Sections 3.1.4 and 3.2, which will be discussed later.

3.1.2. Thermodynamic Analysis for MoW Synthesis during Mechanical Alloying

MoW was the first phase formed during the first stage of milling. To study the stability of the
MoW phase and the production of MoW during MA, free energy AG according to the Miedema model
for amorphous and solid solutions was calculated from a mixture of Mo and W pure elements using;:

AG = AH-TAS @)

where AH and AS are the enthalpy and entropy of mixing, respectively, and T is the temperature at
which a solid solution is formed [24,30]. For MoW solid solution formation from the initial powders,
AS is on line with the assumption of an ideal configurational entropy of mixing;:

ASMO’W — —R(xMo In XMo —+ XW In XW) (5)
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where R is the universal gas constant (8.3144 ] K~ mol~!) and xs, and xw are the mole fractions of Mo
and W elements, respectively. The enthalpy of formation of an MoW solid solution consists of three
terms [31]:

AHMO'W = AHpen, + AHstruct + AHoygs (6)

where AH 01, AHstruct, and AH,j,s are the chemical, structural, and elastic contributions due to mixing
atoms, size mismatch, and the difference of valence electrons and crystal structure of the solute and
solvent atoms, respectively. AH ., is given as:

S 2/3 2/3
2/(C pemo Vg xw Ve
Chem = -1 /3 -1 /3
M 2/3 2/3
[(anO) + (nys) ][xMOVMo +xwViy ]
where 1y, V, and 9* are the electron density, molar volume, and work function of the elements Mo
and W, respectively. P and Q are experimental constants, where the first (P) metal is a transition metal

(Mo) and the second is Q = 9.4P for W; then, the values of P and Q are 12.8 and 120.32, respectively [32].
f(CS) Equation (8) is the concentration function for solid solutions, and it can be calculated by the

following equation:
Xw Vi\{ 3 ]

XMo VIZVI/(? + .va%/\?:%

x[-P(88%)* + Q(ane)*?] (@)

2/3
VMO

f(cS) _ [ XMo ®)

xMOV]%/I/c? + xWV‘ZAf

Then, by substituting the concentration function in (7), AH gy, is calculated as:
4/3 4/3
22240Vt 3w Ve

H =
chem [(n%g))—l/?) 4 (nX;VS)—l/:i:l[xMo Vi/{g n xwvé\f’]

=X [-P(A84)* + Q(Anye)*?]  (9)
The elastic contribution of enthalpy AH,, is calculated as:

2UoGw(AV)®  2KwGuo(AV)?
3KnoVw + 46w Vato | V3K Vo + 4G Vv

AH,jgst = XMoXW| XMo (10)

AEMo in W AEW in Mo

where AEy in w and AEw in Mo are the elastic energies caused by Mo dissolving in W and W dissolving
in Mo, respectively. K and G are the bulk and shear moduli, respectively. The structure contribution of
enthalpy is related to the fact that transition metals show preferential crystallization in one of three
simple crystallographic phases (bcc) depending on the number of valence electrons Z (summation of s
and d electrons) [24]. AHgtret is a small positive value, and it can be neglected in the estimation of the
enthalpy of mixing [32]. For the case of an amorphous phase, since there is no crystal structure and the
atoms can arrange themselves in such a manner that mismatch is avoided, the elastic and structural
enthalpies can be neglected [32]. The enthalpy of the amorphous phase can be obtained as follows:

AI_Iamorphous = AH cpem + ﬁTf (11)

where Ty = xpo TmM° + xy Tm" and B = 0.0035 k] mol~! K~!. T}, is the melting temperature of the
raw materials (Mo and W). The parameters to obtain the enthalpy for the MoW system are listed in
Table 2. For the crystalline and amorphous phases in Equations (4) and (9)—-(11), an entropy change of
3.5 J kmol~! was considered, owing to the disordered nature of the amorphous phase compared to the
crystalline phase [33].
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Table 2. Parameters for thermodynamic calculations in the MoW system [32,33].

Element a (V) 13 s (dou. *¥)13 G100 Nm2 K@'®Nm=2) V, (m?mol?) T (K)
Mo 4.65 1.77 2 23 9.33 2896
W 4.80 1.81 1.61 31 9.47 3695

** density units.

During MA, a maximum process temperature of 473 K has been reported in the powder
particles [34]. At this temperature, the Gibbs free energy for the solid solution and amorphous
MoW phase was calculated and the results are shown in Figure 4. The results indicated that, for the
crystalline solid solution, the Gibbs free energy was positive in almost all the ranges of the composition
except on the interval of xpg, = 0.9125-1.00 (Figure 4). This meant that, at room temperature, there was
limited solubility for the formation of the MoW phase, so it required external energy for transforming
the raw materials to the MoW alloy. In this work, initially W1 5MogCy 5 wt.% was mixed, considering
only the Mo and W composition, and then, it was equivalent to a composition of x, = 0.80 and the
Gibbs free energy was +19.82 k] mol~! which indicated that this phase cannot be formed at 473 K of
temperature and atmospheric pressure because of the positive energy. Therefore, the formation of
the MoW phase during the MA was associated with the use of a non-equilibrium synthesis technique
which can provide extra energy of at least 349.8 k] g~! [30]; this caused AG to reduce the positive
energy toward the negative zone facilitating the transformation of elementary Mo and W powders
to the MoW phase and finally the introduction of C in the bimetallic lattice according to the atomic
size theory for the formation of interstitial solid solution [25]. As can be seen from Figure 4, the MoW
crystalline phase was more stable than the amorphous phase; this was the main reason that, in the first
milling times, the bcc crystalline MoW phase was formed before the amorphous phase to lead to the
obtention of the bce nanostructured MoWC.

60

Amorphous phase

Solid solution phase

50

40

30

20+

AG (k) mol™)

Xmo=0.9125

10

00 01 02 03 04 05 08 07 08 09 10
Xmo

Figure 4. Gibbs free energy change for the formation of the solid solution and amorphous phase in the
MoW system during mechanical alloying (MA) as calculated by Equations (9)—(11).

3.1.3. Scanning Electron Microscopy

Figure 5 shows the SEM images of C, Mo, and W elemental powder particles. The average particle
size calculations and the Gaussian fit distribution for the raw materials were carried out using the
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Image] and Origin software. The C particles were flake-like and their average size was approximately
6.029 ym with a standard deviation (Std. Dev (o)) of 2.8583. Mo and W showed a semispherical
morphology with particle diameter sizes of about 15.18 um (o = 4.7581) and 19.41 pm (o = 5.1682),
respectively. Table 3 shows that the average size of the C, Mo, and W powder particles at 0 h of milling
was 13.54 um.

5.0k

p 20 74 7/ p
L’g! %, g
7 15
8 19 y 8
10 //" Z 10 N .
— / 7 4 S ”14 T '1;!3') ;’Il % 2 ;o/gjﬂﬁﬂp
Flake size (um ) Particle size(pm) Particle size (pm)
Figure 5. Scanning electron microscopy (SEM) micrographs of un-milled powders particles: (a) C,
(b) Mo, and (c) W. Particle size distribution histograms with Gaussian fit of (d) C flakes, (e) Mo, and (f)
W particles.
Table 3. Morphological evolution parameters of the powder particles milled at high-energy MA.
Milling V™8 ¢4 Dev. o SEM % Reductionin b ocinxgp | CraphitePeak gy vin
Times (h) Particle (um) Micrograph Average Particle Patterns I/Io Counts (a.u.) Energy
Size (um) Figure Size of (002)
C =2.8583
0 13.54 * Mo = 4.7581 5a,b,and ¢ - C+Mo+W 150,000 -
W =5.1682
C + MoW +
75 9.32 2.6867 6a and b 31.18 MoWC 1761 Low
C + MoW + .
125 5.18 2.3547 6c and d 61.74 MoWC 3791 High
150 4.86 1.5124 6e and f 64.10 MoW + MoWC 0 High

* Average value of the C, Mo, and W particle size.

Figure 6 shows the SEM micrographs of the powders milled at 75, 125, and 150 h. The average
particle size calculations for the different milling times were made through the Image]J software. At75h
of milling (Figure 6a,b), there was a wide distribution of particle sizes. The largest particles with flake
shape corresponded to the graphite phase, surrounded by smaller particles with irregular shapes
corresponding to the metals. The micrographs in Figure 6a,b showed no particles with equiaxial
grains, which is a characteristic morphology of the raw materials; these particles are fractured powder
particles caused by the milling process of ductile metal particles, which tends to flatten the shape of
this material. At this stage of milling, the average particle size was approximately 9.32 um. At 125 h of
milling (Figure 6¢,d), there was a heterogeneous size particle distribution. This type of distribution
was characteristic of fracture, and this was the dominant mechanism at this stage. During MA,
fracture and excision are widespread processes. The plate shapes shown in Figure 5 indicated a strong
dependence of Mo’s mechanical behavior and how graphite was introduced into the MoW matrix;
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the milling process repetitively exfoliates and reintegrates the powder particles, producing a thin
plate morphology of about 1.3 um. The W element’s role is to harden the material and then make
it brittle during the process of substitution of Mo by W atoms during MA [33]. Table 3 summarizes
the evolution of particle sizes related to 75, 125, and 150 h of milling. The table shows the average
particle size of the powder particles until a value of 4.8 um for 150 h of milling, which was equal
to a 56% reduction compared to the average size of non-milled powder particles (0 h) given by the
commercial Mo, W, and C raw materials. Table 3 also shows the intensity variation of C (002) which
is related to introduction of C into the metal lattice and the microstructural evolution at different
milling stages. A decrease in the (002) peak was observed from 0 until 75 h of milling, but it showed
an increase between 75 and 125 h. This phenomenon was associated with a partial decomposition of
graphite from the MoW alloy caused by the presence of a high density of crystalline defects, mainly,
for example, dislocation and grain boundaries [17]. Then, when the milling process was continued
to 150 h, this peak vanished indicating the complete introduction of graphite into the MoW alloy
to produce the MoWC solid solution. However, at 150 h, the MoW alloy and MoWC solid solution
coexisted with a composition of 27.7% and 71.3%, respectively, according to XRD—Reference Intensity
Ratio method (RIR) calculations [35,36].

Figure 6. SEM micrographs of the powder particles milled at 75 (a,b), 125 (c,d), and 150 (e,f) hours,
showing 1000x magnification for (a,c,e) and 5000x magnification for (b,d,f).

According to SEM images, the raw materials showed a severe plastic deformation caused by
mechanical impacts between media milling and the powder particles with repetitive fracturing during
the MA process, which was the reason of the decrease in the particle size [37]. In addition, the formation
of the nanostructured MoWC bimetallic carbide (Table 3) contributed to the reduction of the particle size
since the existence of micro-sized carbides, that can act as grinding agents and lead to the refinement of
the particle size, creates a great amount of tension energy during the milling process [38].
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Figure 7 and Table 4 show the characteristic peaks from elemental microanalysis of the elements
C, W, and Mo, as well as O, Fe, and Zr, observed at 150 h of milling. O, Fe, and Zr phases were
not detected in the XRD analysis, which indicated that only a small amount of cross contamination

was obtained.
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Figure 7. X-ray spectrum and semi-quantitative analysis of the milled sample at 150 h.

Table 4. Results of semi-quantitative composition of the sample milled at 150 h.

Element %Weight Element % Atomic
CK 54.59 CK 86.56
O-K 5.18 OK 6.16
Fe-K 0.73 Fe-K 0.25
Zr-K 4.32 Zr-K 0.90

Mo-K 26.11 Mo-K 5.18
W-K 9.09 W-K 0.94

To determine the distribution of the elements in the powder particles, Figure 8 shows the SEM
micrographs and corresponding X-ray elemental maps obtained from SEM of the sample milled at
150 h. Figure 8 clearly shows that the sample was primarily composed of W, Mo, and C, which led to
the assumption of the presence of the MoWC phase. Besides, the X-ray elemental map showed O, Fe,
and Zr as cross contaminations that can be attributed to vial and media milling during MA.
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I 10 pm ' Fe Ka1l
Figure 8. Elemental maps showing the distribution of C, W, Mo, O, Zr, and Fe of the sample during

MA at 150 h.

3.1.4. High-Resolution Electron Microscopy

Figure 9a shows the HRTEM micrograph of particles milled at 150 h with a semi-oval morphology,
and the size of one of the particles was approximately 25 nm. This particle was formed by the
aggregation of smaller carbide clusters. One of these clusters was analyzed with the help of the
program DigitalMicrograph. A specific area was selected to measure the interplanar spacing (d-spacing)
by performing the following procedure. First, the fast Fourier transform (FFT) of the selected area
was calculated (Figure 9d), and then the image was filtered with the mask command (Figure %e).
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From Figure 9e, the high-resolution image was obtained by means of inverse Fourier transform (IFFT)
(Figure 9¢). In Figure 9c, the interplanar distances were calculated as seen in Figure 9b. The values
obtained were d = 0.232 nm and d = 0.161 nm. These values were compared with those calculated by
XRD, finding a difference of 2.17%; this suggested that the d-spacing measured corresponded to 110
and 200 reflections of the MoWC solid solution from the (002) zone axis, respectively. An important
characteristic of the 25 nm particle observed in Figure 9a,c was that there was an atomic disorder,
related to a short-range atomic array as in the solid solutions [17,28].

'
. =0.232 nm

-10 q
¢0.765 nm

'

0.0 0.5 1.0

200
B(002) MoWC

Figure 9. (a) High-resolution transmission electron microscopy (HRTEM) micrograph of a powder
particle of the nanostructured MoWC system at 150 h of milling, (b) d-spacing measurement with the
Digital Micrograph (D.M.) software, (c) Inverse fast Fourier transform (IFFT) image of the selected area,
(d) simulated fast Fourier transform (FFT), and (e) FFT mask.

3.2. Vickers Hardness

One of the main characteristics of metallic carbides is hardness. Table 5 summarizes the average
values of Vickers hardness obtained for each sample at different milling times.

Table 5 shows how hardness increased when the grinding time was increased, between 25 and
50 h, and the hardness percent change was 27.4%. From 50 to 75 h, it grew up to 87.04% and from 75 to
125 h, a value of 10.05% was observed. The augmentation in hardness diminished with decreasing
crystal size. There are refinements of the microstructure and a high density of defects like dislocations
in the powder processed by MA [7]. According to the literature, the typical carbide hardness for Mo,C
shows values from 15.5 to 24. 5 GPa and for W,C, the hardness value is about 22 GPa [39]. In Table 5,
the samples milled at 25 and 50 h showed hardness below these values. At 75 h of milling, hardness
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was similar to that of Mo,C. At 150 h of milling, hardness was higher than that one of the individual
carbides (Mo,C and W;,C), which showed that a new type of carbide in a solid solution was obtained
as discussed previously. The X’pert HighScore Plus software was used in order to calculate crystal
size from the X-ray spectrum data. In short, hardness increased with grinding time, while crystal size
decreased. The microhardness values were higher than those reported in literature [7].

Table 5. Evolution of Vickers hardness at different milling times.

Sample (h) Speed (rpm) Crystal Size (nm)  Vickers Hardness (GPa)  Vickers Std. Dev. (GPa)

25 500 118.3 10.5 1.1154
50 500 84.1 13.35 1.1542
75 500 58.7 2497 2.0584
125 1500 45.6 27.48 2.0685
150 1500 40.8 31.48 2.1258

3.3. Desulfurization Properties

Fourier transform infrared (FTIR) Spectroscopy

Figure 10 shows the infrared (IR) spectrum obtained after the aqua-thermolysis process at 200 °C
of heavy crude emulsion: without sample (Figure 10a) and with sample milled at 125 h (Figure 10b) and
150 h (Figure 10c). According to the sample milled at 125 h, a wide peak was observed at 3422 cm™!,
corresponding to the hydroxy (O-H) group, which indicated that the water used reacted with the
compounds in the crude oil, promoting the formation of alcohols and carboxylic acids. The strong
absorption bands at 2925 cm™~! and 2856 cm™! corresponded to saturated compounds (C-H), showing a
slight increase due to hydrogenation of the unsaturated groups; this hydrogenation was caused by the
Mo phase. The sample milled at 150 h showed an increase and widening in the peaks to 490 cm~! and
607 cm~!, corresponding to polysulfides and disulfides, respectively. Aqua-thermolysis is a technique
that can generate free radicals during the breaking of molecules; these free radicals participate in
polymerization reactions, producing larger molecules [40]. There is an increase in chemical activity in
desulfurization of about 15% caused by an increase in Fe in the sample. According to the literature,
the increase in Fe amount can lead to increased chemical activity, as reported with a Fe content of about
0.85 at.% [20]. The appearance of 1066 cm™~! peak suggested that the reaction led to chain breakage,
but then were polymerized, forming larger polysulfide molecules. This phenomenon indicated the
desulfurization of heavy oil by the sample milled at 150 h, but then a polymerization reaction was
observed after the aqua-thermolysis process. For both samples, there was a loss of peak intensity at
822 cm™!, corresponding to the group C=C; this can be attributed to three factors: (1) hydration of
alkenes—water is added to the double bond forming alcohols, (2) hydrogenation of alkenes—hydrogen
is added to the double bond forming saturated compounds, and (3) breakage of double bonds [41].
One event that is always present in MA synthesis is the cross contamination in samples, usually of
Fe due to wear and tear of the milling tools. If the proposal of using MoWC material is for catalysis
during the aqua-thermolysis of heavy oil, the presence of Fe can interact with asphaltenes causing
the reduction of the strength of the C-C, C-N, and C-S bonds. Therefore, it is an element commonly
used in the synthesis of catalysts for hydrodesulfurization, such as hematite (Fe,O3), which shows
excellent catalytic activity in reducing the viscosity of heavy oil [37,42]. Figure 8 shows the distribution
of the elemental SEM maps. The distribution showed that these particles were mainly composed of
carbon and molybdenum, with a small contribution of tungsten, demonstrating the presence of the
nanostructured MoW bimetallic carbide in a solid solution under X-ray results.
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Figure 10. Infrared (IR) spectrum of extra-heavy crude oil during aqua-thermolysis at 200 °C, (a) without
the catalyst, and with catalysts milled at (b) 125 h and (c) 150 h.

4. Conclusions

Nanostructured WMo and WmoC phases were successfully synthesized by MA with a crystal size
of 40.8 nm after 150 h with the nominal composition W1 5MoCy 5 wt.%. WMoC was a bcc crystalline
structure with a lattice parameter (a) of 0.3148 nm. The WMo crystalline structure was bcc with a lattice
parameter () of 0.315 nm. This system was a nanostructured solid solution of WMo and WMoC phases.
At the first stage of milling, the W atoms substituted the Mo atoms, producing the MoW alloys with a
bcc crystalline structure and a lattice parameter size closer to that of Mo, and then during the last stage
of milling, the C atoms were introduced to the interstitial position of the bimetallic MoW alloy matrix
without distorting the lattice. According to the Miedema model, in the MoW system, the formation of
the MoW phase during the MA was associated with using a non-equilibrium synthesis technique that
can provide extra energy. Further research is required to understand the transformation from MoW to
MoWC ternary system by Miedema model calculations. The Vickers hardness of the material increased
as the nanostructured metallic carbide in the solid solution was formed by increasing the milling
time. This mechanical mixing showed a high microhardness value compared with other monometallic
carbide materials. The microstructure, hardness, and desulfurization properties of the MoWC phase
were totally dependent on the particle size and grinding time. The samples synthesized at 125 and
150 h of milling showed a reduction of sulfur molecules at 200 °C. However, these samples did not show
hydrogenation or the production of lighter chains of compounds caused by a polymerization process,
maybe because the emulsion required a higher temperature for optimal activation. There was an
increase in chemical activity in desulfurization of about 15.6% caused by an increase in Fe in the sample,
possibly because it needs a ferromagnetic material presence. The chemical activity of a catalyst depends
on its electric mobility; in this paper, the catalyst was a diamagnetic carbide, which can show repulsion
caused by the ferromagnetic metals (like Fe), thus forming an electric current, and then, the presence of
Fe activates the chemical activity of this material. Even though the chemical activity of the samples did
not present high percentages of desulfurization or hydrogenation, this experiment served to show
the importance of adding chemical activators to the carbide samples in the aqua-thermolysis process.



Appl. Sci. 2020, 10,9114 16 0f 18

These chemical activators must have a ferromagnetic behavior, or have an energy out of equilibrium,
high enough to guarantee high rates of hydrogenation and desulfurization as observed in the reference;
catalyst leaching and reusability for the removal of oil should be the subject of future studies.
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