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Abstract: In the present work, the synthesis and decomposition of low-dimensional materials from a
Nij5Mop5W1Csp system produced by mechanical alloying was reported. During the milling process,
the resultant phases were WMoC and NiC, and after sintering and quenching, MoNi3, WMo, NiyW,
WC, MoNi and Mo, C were found. The samples were analyzed by X-ray diffraction, scanning electron
microscopy, and energy-dispersive X-ray spectroscopy. Nanotubes with the lengths ranging from
500 nm to 2 um, spheres and novelty globular particles with sizes ranging from 40 to 600 nm as well
as “petal-like” estructure were observed. The results revealed the formation of a microstructure with
morphology similar to spinodal decomposition followed by a sequence of invariant reactions leading
the production of modulated and novel branched structures. We proposes a theoretical mechanism of
formation that is associated with the modulated structure observed after quenching.

Keywords: carbon; nanotubes; nanostructured materials; carbides; mechanical alloying; metallurgy
physics

1. Introduction

Material decomposition is a thermodynamic mechanism by which a single-phase ma-
terial spontaneously separates into two or more phases without nucleation. For example,
one type of decomposition is known as spinodal; it occurs when there is no thermody-
namic barrier to phase separation. According to Kostorz [1], “this decomposition has
been observed experimentally by the dynamics of phase changes in materials, which are
caused by transferring the material into an initial state that is not thermodynamically stable
like rapid cooling “quenching”, or, occasionally, rapid heating”; in fluids, the system may
also be prepared by a rapid pressure change. A particular case of interest is spinodal
decomposition and similar decompositions like this due to the type of geometries that can
be obtained from these phenomena [2]. The main characteristics of the phases obtained
after this decomposition is that one phase is rich in certain chemical components, while the
other is poor in those components. The physical and chemical properties of the two phases
are different. In the early stages of the formation of these separate phases, modulated
structures are observed that can later thicken [3]. The branched structures have attracted
the interest of researchers due to their applications such as the production of mesoporous
catalysts and microfilters for different substances and design of electrical contacts based
on copper alloys and membranes for electrochemical systems used in batteries, and due
to their improvement of the mechanical properties of the material by the promotion of
the hardening of the material by these modulated structures [4,5]. Material decomposi-
tion has been analyzed mostly in alloys and polymers. For example, some investigations
on decomposition have been performed in alloys and intermetallic compounds such as
Mn-Cu-Cr, Pt-Au, Fe-Cr, Ti-Cr-Mo-V-Al, Cu-Al-Mn [6-9]. Some investigations report that,
in decomposition processes, modulated structures can be formed [10]. An examination of
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the investigations reported in the literature indicates that decomposition with modulated
structures has not been analyzed in transition metal carbides and particularly in Mo, Ni and
W carbides; meanwhile, there has been a growing interest in the study of nanostructured
carbides [11-15]. These materials are usually produced by chemical reactions at very high
temperatures in the range of 15004500 °C [16]. In recent years, mechanical alloying has
been an excellent alternative approach for the production of these materials without the
use of high temperatures [17]. In this process, it is easy to produce stable and metastable
nanostructured materials, and this method also allows easy analysis of the phase trans-
formations and decompositions at the different stages of milling [18]. In fact, using this
method, nanoparticles and nanotubes for mono- and bimetallic transition metal carbides
can be easily obtained. It is important to analyze the microstructure of these metastable
nanostructured materials in order to understand the different diffusive processes and de-
composition reactions and the drastic changes that occur in the materials such as increased
chemical activity, drastic hardening, or changes in other properties, such as the electrical
and magnetic properties of the material [19].

In addition, molybdenum, tungsten, and nickel carbides stand out as crucial com-
pounds in industries, prized for their exceptional toughness, high melting points, and wide-
ranging uses. For example, molybdenum carbide (Mo;C) is highly valued for its strength,
finding common application in cutting tools, coatings used for high-speed machining,
and as a catalyst in numerous chemical processes due to its ability to resist corrosion and
withstand high temperatures [20]. Tungsten carbide (WC) is renowned for its unparalleled
hardness and extensively used in drill bits, cutting tools, abrasives, and as a material for
parts that need to resist wear in machinery. Nickel carbides are employed in catalysts,
electroplating, and as initial materials for creating other nickel-based compounds because
of their chemical reactivity and catalytic properties in various industrial processes. These
carbides hold pivotal roles in multiple industries, elevating durability, efficiency, and perfor-
mance in a diverse array of applications [21]. Bimetallic molybdenum-nickel carbides are
composite materials formed by the combination of molybdenum carbide (Mo,C) and nickel
carbide. These compounds exhibit unique properties stemming from the synergistic effects
of both metals, offering enhanced catalytic performance compared to their individual com-
ponents. Their structure and composition often lead to improved catalytic activity, stability,
and selectivity, making them valuable in various chemical processes [22]. Continued studies
on the synthesis methods, structure-property relationships, and optimization of MoNiW
carbides aim to unlock their full potential for broader industrial applications, advancing the
fields of catalysis, energy conversion, and environmental sustainability [22]. These carbides
have also shown promising results as corrosion-resistant materials. For example, W-NiMo
carbides provide superior corrosion resistance and higher passivation capacity than the
WC-Co alloy [23].

In the present work, we present an easy method to obtain modulated nanoparticle and
nanotube structures in a NiMoW carbide during a decomposition mechanism. The initial
chemical composition proposed in this paper is selected because we obtained this carbide
in our previous research, and we also tested its catalytic activity in hydrodesulfurization
(HDS) reactions without any previous thermal treatment to produce it [24]. Therefore, it is
important to analyze the type of decompositions that occur in this material and whether
these decomposition reactions affect its chemical activity. Several investigations focus on
simulations and theoretical study of spinodal-type phenomena [1]. The contribution of
this work is also to show that some of these theorical microstructures can be observed
experimentally, along with proposing a theoretical mechanism for the formation of the
modulated structure obtained in this study.

2. Materials and Methods
2.1. Synthesis

W (98.9% purity, 5 + 2 pm), Mo (99.8% purity, 25 + 3 pm), Ni (99% purity, 50 + 2 pm)
and C (99.8% purity, 11 + 3 um) from Sigma Aldrich Company were used as raw materials
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and carbide precursors. The initial composition of the powders was as follows: W: 10 wt.%;
Ni: 15 wt.%; Mo: 25 wt.%; and C: 50 wt.%. The raw materials underwent 180 h of continuous
mechanical alloying in a horizontal noncommercial low-energy ball mill instrument at a
rotational speed of 600 rpm (180 h of continuous milling). The initial powders and media
milling were loaded into a stainless steel vial inside a vacuum glove box under argon
atmosphere. Cylindrically shaped high-density ZrO; zirconia grinding media with two
sizes, 12.7 mm x 12.7 mm and 9.5 mm x 9.5 mm, were used. The ball-to-powder weight
ratio was 10:1. The synthesized powders were compacted on a stainless steel die at a
pressure of 34.3 kPa to produce a compacted sample with a cylindrical shape, thickness and
height of 2 mm and 5 mm, respectively. The sample tablet was introduced into a quartz
vial sealed with argon atmosphere and placed into a TF55030A-1 tube furnace (Thermo
Scientific Company, Waltham, MA, USA) heated to 900 °C at a rate of 20 °C per minute
for 1 h. Then, the quartz vial (with sample inside) was quenched in water at 0 °C with a
cooling rate of 29.16 °C/s.

2.2. Characterization

A D8 Focus diffractometer (Bruker, Karlsruhe, Germany) with a graphite monochro-
mator, and CuKa radiation (A = 0.1542 nm) was used to analyze the phase structure of
NijsMoysW1oCsg powder particles. The scanning speed was 4°/min, and the scanning
range was 20-100°. Pattern identification was performed using the International Center
for Diffraction Data (ICDD) database. The respective weight percentage composition was
calculated using the reference intensity ratio method (RIR) employing the X'pert Plus
software [25]. The morphology of NiMoW carbide powders was observed using a high-
resolution scanning electron microscope (SEM; model JSM 6701F, JEOL, Tokyo, Japan)
with a work distance of 7.5 mm and an acceleration voltage of 5.0 kV. The elemental com-
position spectrum was obtained by energy-dispersive X-ray spectroscopy (EDS) carried
out using a SEM instrument. The elemental analysis obtained by EDS was compared to
phase diagrams from the Scientific Group Thermodata Europe (SGTE) reference for carbide
and intermetallic phases besides XRD results to identify the type of material produced by
mechanical alloying and quenching. Average particle size calculations for the unmilled,
milled, and nanotubes from the SEM samples were carried out using the Image] software.
A schematic diagram of the powder preparation process is shown in Figure 1.

@ Miling (M) © sintering (S)

Horizontal ball mill

180 hours Sample

cme. e
e | 34.3 kPa
Initial Powders (IP) ° Quenching (Q)
HR-SEM
XRD

Figure 1. Schematic diagram of the process.
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3. Results and Discussion

Figure 2a shows X-ray diffraction (XRD) results for the sample milled at 180 h. The ob-
tained phases were C, Ni, WMoC, and NiC. Figure 2b shows the X-ray diffraction (XRD)
pattern of the quenched NiWMoC powders. The results revealed the presence of MoNigs,
WMo, NigyW, WC, MoNi and Mo,C. Some of the diffraction peaks observed for the heat-
treated metallic carbide powders were not detected in the corresponding XRD pattern
of the sample obtained by milling (Figure 2a). This suggests the occurrence of WMoC-
NiC decomposition. Previously, we prepared the same system under different synthesis
conditions, and this kind of decomposition was not observed [26,27], indicating that the
crystal deformation conditions used in this work, namely 180 h of milling, followed by
sintering, heat treatment, and quenching, supply the energy for the decomposition of the
milled phases and therefore the formation of new phases during sintering and quenching.
Table 1 summarizes the crystallographic data of the phases obtained by mechanical milling
and quenching.

18000
o0 ONi OC eWMoC HENiC (a)
120004 Milled
9000 ¢
S 6000
s i 0
=~ 3000~ [ * *
2 18000 Jk 20 1 A * o
& o @ MoNi @MoNi, A WMo e Ni,W
£ 15000 ONi OC 8WC *MoC (b)
12000 4
] A
000, Quenched
6000 +
3000
0 T
20

20 (deg.)

Figure 2. (a) Sample milled at 180 h and (b) the XRD pattern of NiWMoC of the quenched sample.

Table 1. Crystallographic data of the milled (M) and quenched samples (Q).

Phases (M—Milled

and O—Quenched) Crystalline Structure  Lattice Parameter (nm) Phase Percentage % ICDD Card *

WMoCM Cubic a=03148 70.28 Ref. [26]
cM Hexagonal a=0.2464, c = 0.6736 20.26 120212
NiM Cubic a=0.3523 8.96 040850
NicM Cubic a =0.3539 0.50 140020
wce Hexagonal a=0.2900, c=0.2831 23.44 654539

WMo - - 16.04 Unknown
MoN ig Orthorhombic a= 0.5c0=64(;.2 425 A224, 12.44 652587
MoNi@ Orthorhombic a=09128,b =0.9134, 1.16 481745

c=0.8835

NiQ Cubic a=0.3523 0.32 040850
Mo,CQ Hexagonal a=0.3012,c=10.4735 8.00 350787
N i4WQ Tetragonal a=0.5730, c =0.3553 7.46 652673
ce Hexagonal a=0.2464, c = 0.6736 31.14 120212

* International Centre for Diffraction Data.
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Figure 3a presents the SEM images showing the morphology of the unmilled sample.
The characteristic morphology of the initial powder was flake-like with an average size
of 18 pm. After milling for 180 h, the powder particle size decreased considerably due to
work hardening and fracture via a fatigue mechanism [28]. An average particle size of
approximately 4 pm was obtained after 180 h of milling (Figure 3b).

Figure 3. SEM micrographs of the (a) unmilled (mixed) sample and (b) sample milled for 180 h.

Figure 4 shows the SEM micrographs of the quenched sample. Phase separation due
to a decomposition mechanism in a flake-like carbide is shown in Figure 4a. The dark
flake-like shape corresponded to the carbide phase, while the bright branch-shaped struc-
ture corresponded to the intermetallic MoNi3 phase based on the chemical composition
of this region. The results of the EDS point chemical analysis from the yellow selected
area Figure 4a are presented in Table 2 (Spot 1). This region had an atomic composition of
73.34 at.% Ni, 22.98 at.% Mo, 2.67 at.% C, and 0.98 at.% W with slight oxidation. It must
be noted that decomposition was related to a spontaneous separation of phases, and the
interdiffusion process increased when the phases interacted with each other. This inter-
action can be attributed to the mechanical energy produced by mechanical alloying (MA)
that leads to the deformation process in the powder particles during the mechanosynthesis
process according to the literature [18]. Then, the formation of stable nuclei and their
boundaries is forbidden, leading to the formation of a branch-shaped structure. Branched
structures are formed when an energy gradient affects a specific region of the separated
phase by decomposition that leads to regions rich in one phase intercalated with regions
rich in another phase [29,30]. Figure 4b shows the formation of globular carbide particles
with the diameters of approximately 500 nm (darkest zone). In these particles, decomposi-
tion and the formation of nanotubes were observed. Under the tubes, a branched bright
pattern was observed. However, in one of these particles, instead of branched structures,
the bright regions had a “petal-like”shape, which is probably evidence of a decomposition
mechanism [31].

EDS analysis of Spot 2 (shown in Figure 4b and Table 2) indicated the presence of
Mo, Ni, C, and W with a very low atomic percentage of oxygen in the central particle,
where the phase contrast was very clear, and the structures were modulated in petal-like
shapes. Notably, a nanotube emerged from a small core located between this same nanotube
and the petal structures (see Figure 4b). Since MoNi3 was detected in XRD results (see
Figure 2b), this phenomenon may be attributed to a peritectoid transformation in which
MoNi; was separated into the aNi + MoNi phase [19]. The decomposition of the MoNis
phase can explain the clear separation of the carbon from the MoNi intermetallic phase at
the nanotube base (see Figure 4b). This separation occurs due to segregation phenomena
during quenching [29] and possibly involves a ferromagnetic-diamagnetic interaction
between nickel and carbon. Another reason for the separation of MoNi and carbon is
the poor solubility of Ni in graphite at the heat treatment temperature used in work [32].
Interestingly, as observed in Figure 4b, the nanotube that emerged is not morphologically
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similar to the spiral structure shape that also emerges from a particle, as shown in Figure 4d.
Figure 4c shows that a large number of nanotubes with different lengths were produced
that had an average length of approximately 1 um. The results of the EDS analysis of this
region (see Table 2 for the results obtained from Spot 3 in Figure 4c) indicated that the
highest composition fraction was due to carbon. It is known that the length and diameter
of nanotubes depend on several physical and chemical parameters, and the reason for the
production of nanotubes with a variety of lengths remains unknown [33]. It is necessary to
analyze the base of the nanotubes shown in this work to research the role of its support; we
will investigate this in future work. It is known that SEM images depend strongly on the
properties and chemical composition of the samples. For example, Figure 4 shows petal-
like, globular, spheres and branched structures which are brighter than the rest of the area
in the micrographs. Table 2 lists the chemical composition of these structures. According to
Egerton, this is due to the fact that secondary electron (SE) emission in the SEM is reduced,
and many of the secondary electrons are attracted back to the sample surface and the bright
zones occur most likely due to the surface charge that accumulates at the edges and ridges
of materials that are not sufficiently electrically conductive [34]. Therefore, this sample
is associated with the formation of intermetallic globe-like structures with homogeneous
phases in brighter particles (see Figure 4d). However, one-dimensional structures with
spiral-like shapes were also observed, which tend to be brighter when they are in touch
(between globe-like structure and spiral structure, see Figure 4d). These spiral structures
had closed ends, suggesting that they are components of some nanotube-type structure.
The EDS results for the globule-like structures showed that they were composed mostly
of Mo, W, and Ni (see Figure 4d and Table 2, Spot 4). We also observed the formation of
triangular prisms (see Figure 4e), which, according to the EDS point chemical analysis from
Spots 5 and 6 (see Figure 4e,f) are rich in C and W, corresponding to the C (Spot 5) and WC
(Spot 6) phases with crystal structures in the hexagonal and trigonal systems, respectively.
Notably, this prism displayed a graphite crystal with triangular terrace shapes (shown in
Figure 4e). Figure 4f shows spheres with diameters ranging from 40 to 600 nm. The strong
contrast among these spheres indicates heterogeneous phases, suggesting that the brightest
spheres corresponded to intermetallic phases and the darkest spheres were carbide phases.
This is confirmed by EDS results shown in Table 2 for Spots 7 and 8. The darkest one
is composed of 72.56% and 27.26% of C and W, respectively, and the brighter sphere is
composed mostly of Ni and Mo. The production of the spheres showed in Figure 4f is
related to the formation of small droplets during heating the powder particles at 900 °C
leading to their coalescence and increasing the diameter and size of the spheres through
Ostwald ripening. Zhang et al. demonstrated theoretically that it is possible to obtain
this morphology in a decomposition mechanism [35]. Their simulations showed that the
evolution patterns (morphology) in decomposition at the very beginning stage of the phase
decomposition into two separated phases deviate slightly, but at longer times of heating,
the parent structure starts to break up and gradually can form spherical droplets due to
surface tension [35].

Figure 5 shows the evolution of the phases and the formation of the petal-like struc-
ture of NijsMoysW19Csg after quenching. Examination of SEM images suggests that the
transformation mechanism for the production of these petal-like structures can be proposed
as follows: (1) production of WMoC-NiC-Ni-C (Table 1) with flake-like morphology during
mechanical alloying of Nij5sMoys5W19Csp at 180 h (see Step 1 in Figure 5); (2) formation of the
MoNij intermetallic phase caused by a decomposition mechanism (see Step 2 in Figure 5);
(3) branch thickening of the MoNij intermetallic to produce the petal-like structure (see
Step 3 in Figure 5); (4) transformation of MoNiz to MoNi + aNi caused by peritectoid
decomposition in addition to the nanotubes emerged from this particle due to the repulsion
between the intermetallic phase and carbon (see Step 4 in Figure 5). If we compare EDS
elemental composition (shown in Table 2) against the Mo-Ni phase diagram during heating
process [36], the MoNi3 phase tends to move to the MoNi + Ni region; therefore, XRD results
confirm the presence of these decomposed phases (see Figure 2b and Table 1). Isostructural
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transformation is an important characteristic during the decomposition mechanism; it is
evident that none of the phases identified after mechanical alloying or quenching corre-
spond to the parent of the MoNi3 phase (as observed in Table 1). This behavior is due
to an intermediate parent phase (which is unknown), which was produced between the
sintering and the quenching process. We think that potential applications of the samples
observed in this work can be extended to additional catalysts if the preparation of these
materials is properly controlled. For example, in Figure 4b, the petal-like structured particle
has a modulated ferromagnetic MoNi phase on its surface. These petal-like structures are
separated from each other and resemble commutators of direct current (DC) in motors and
generators. It is possible that when introduced into a magnetic field, this particle rotates
and acts as a motor and can act as a generator. This application may be attractive for use in
generator /motor microelectromechanical systems MEMS [37].

Table 2. EDS results for the spot in the SEM images shown in Figure 4.

SEM_EDS ) C (at.%) Mo (at.%) Ni( at.%) W (at.%) O (at.%) Fe (at.%)
(Figure 4)
Spot 1 2.67 £ 0.04 22.98 £+ 0.41 73.34 +0.84 0.98 £+ 0.09 0.23 £ 0.01 -
Spot 2 12.18 +0.13 66.48+ 0.54 15.99+ 1.02 522 £0.01 0.13 £ 0.04 -
Spot 3 97.42 +0.75 0.95 4+ 0.01 0.32 £+ 0.02 0.44 4+ 0.01 0.87 £ 0.03 -
Spot 4 1.26 +0.03 65.78 + 1.64 14.05 £+ 0.67 18.91 + 0.86 - -
Spot 5 93.80 & 2.01 - 0.99 £ 0.01 435 +0.22 0.35 £ 0.02 0.51 £0.04
Spot 6 78.15 £ 1.78 410 £0.52 - 17.58 £ 0.75 0.17 £ 0.02 -
Spot 7 72.56 + 1.57 0.18 £ 0.03 - 27.26 £0.75 - -
Spot 8 1.04 +£0.01 343 £0.43 64.52 £ 0.74 - - 0.14 £ 0.04

* EDS spectra can be downloaded, please check the data availability section.

Figure 4. SEM micrographs of the quenched sample, (a) decomposition in the lamellar structure,
(b) SD in carbide microparticles, (c) nanotubes, (d) nanoparticles with spiral tubes, (e) triangular
growth of graphite and triangular prism of WC and (f) micro- and nanospheres of metal carbides and
intermetallic phase with Ostwald ripening phenomena.
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Figure 5. Theoretical model of steps of modulated structure formation.

4. Conclusions

In the present work, mechanical alloying of Nij5sMoy5W19Csp was carried out, and the
following phases were found after grinding at 180 h: Ni, C, WMoC and NiC. After quench-
ing, XRD confirmed the presence of graphite (31.14% wt.), hexagonal WC (23.44% wt.),
WMo (16.04% wt.), MoNi;3 (12.44% wt.), Moy C (8.00% wt.), NigW (7.46% wt.), MoNi (1.16%
wt.) and Ni (0.32% wt.). A decomposition mechanism similar to spinodal occurred during
the synthesis process, leading to the generation of MoNi3 and NigW phases with branched-
like morphologies, microparticles, and petal-like shapes in microparticle structures. As this
decomposition developed very quickly and occurred followed by several phase transfor-
mations, no evidence of the isostructural transformation typical of spinodal decomposition
could be observed. Based on SEM observations, we proposed that MoNi3 transforma-
tion into «lNi and MoN!i is due to the peritectoid transformation, and this transformation
promotes nanotube formation. According to the results of this work, nanotube growth is
promoted when a carbide system has enough energy and favorable thermal conditions
for decomposition. It is possible that the formation of xNi ferromagnetic particles forms
nanotubes with fewer imperfections due to the repulsion between the ferromagnetic metal
and diamagnetic carbon. Curved nanotubes were observed tending to spiral-like shape
structures in the samples with low atomic percent of Ni and where particles did not present
a high decomposition fraction. As additional evidence of decomposition, the nucleation
of globular intermetallic structures and the formation of triangular WC prisms were ob-
served. Future research on the interplay between decomposition mechanism and nanotube
formation behavior is needed.
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