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Abstract: V-Si-B and Mo-Si-B alloys are currently the focus of materials research due to their excellent
high temperature capabilities. To optimize the mechanical alloying (MA) process for these materials,
we compare microstructures, morphology and particles size as well as hardness evolution during the
milling process for the model alloys V-9Si-13B and Mo-9Si-8B. A variation of the rotational speed of the
planetary ball mill and the type of grinding materials is therefore investigated. These modifications
result in different impact energies during ball-powder-wall collisions, which are quantitatively
described in this comparative study. Processing with tungsten carbide vials and balls provides slightly
improved impact energies compared to vials and balls made of steel. However, contamination of the
mechanically alloyed powders with flaked particles of tungsten carbide is unavoidable. In the case
of using steel grinding materials, Fe contaminations are also detectable, which are solved in the V
and Mo solid solution phases, respectively. Typical mechanisms that occur during the MA process
such as fracturing and comminution are analyzed using the comminution rate KP. In both alloys, the
welding processes are more pronounced compared to the fracturing processes.

Keywords: Mo-Si-B; V-Si-B; mechanical alloying; process optimization; impact energy;
microstructure; microhardness

1. Introduction

In the last few decades, the development of new high temperature materials, e.g., for power
plant components, has been oriented towards economic and environmental aspects [1,2]. There is
considerable interest in increasing the efficiency of thermodynamic processes by the substitution of
conventional materials like nickel-based superalloys or heat resistant steels. This might be undertaken
using two different approaches with respect to the selection of materials. Firstly, using novel
high temperature materials beyond the potential of those materials mentioned above will result
in an increase of the thermodynamic efficiency, since the maximum process temperature depends
on the maximum temperature capability of the material used for the components. Secondly, by
using lightweight materials with similar mechanical properties compared to conventional materials,
the reduction of mass inertia will also affect the efficiency of the process. Amongst other refractory
metal-based alloys several new molybdenum and vanadium alloys, which follow the approaches
described above, provide excellent mechanical properties in a wide temperature range, offering
promising possibilities in terms of various high temperature applications [3–9].

Molybdenum has an ultra-high melting point (Tm = 2623 ◦C), high mechanical strength and good
ductility. The mechanical properties of molybdenum and molybdenum solid solutions are significantly
dependent on the type and the concentration of interstitials, e.g., oxygen, and alloying additions, for
example Zr, Si, Nb or various oxides [10–16]. In many research studies molybdenum is alloyed with
6–13 at. % silicon and 5–12 at. % boron aimed in the formation of silicides with an outstanding creep
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resistance at ultra-high temperatures of up to 1400 ◦C [2,11,16–19]. Coevally, the oxidation resistance
of molybdenum alloys is improved by these silicide phases due to the formation of well-sticking
protective (boro-)silicate glass layers which form during annealing [20]. It is well-accepted that
the most promising microstructures of multi-phase molybdenum alloys (specifically of the Mo-Si-B
type) consist of a molybdenum solid solution (Moss) matrix phase strengthened by homogeneously
distributed silicide particles, which results in balanced mechanical properties at ambient and high
temperatures [2–4,21,22].

Vanadium (Tm = 1910 ◦C) offers high strength values, even at high temperatures up to 1430 ◦C
and simultaneously has a very low density ($ = 6.11 g/cm3) in comparison to other high melting
point metals or refractory alloys [8]. Vanadium solid solutions (Vss), which are considered as materials
for fusion reactors, are alloyed with Cr, Si and/or Ti, having typical concentrations in the range
between 3 and 6 at. %, respectively [6–9,23,24]. These materials provide high tensile strength values
up to 700 MPa, but show a drop in strength at temperatures above 700 ◦C. Oxide or carbide particle
reinforced vanadium alloys show improved hardness, long-term stability and creep life at 800 ◦C
compared to reference alloy V-4Cr-4Ti [9,25]. When compared to Vss alloys, significantly enhanced
mechanical properties are provided by eutectic Vss-V3Si alloys. These materials have yield strength
values of around 600 MPa at 800 ◦C, showing the substantial potential of silicide reinforced vanadium
materials compared to the solid solution V-4Cr-4Ti alloy with only 240 MPa at 800 ◦C [26].

Nunes et al. [27] presented a V-Si-B phase diagram that provides similar crystal structures in the
V-rich corner as compared to the Mo-rich corner of the Mo-Si-B system [28], namely the Vss phase (A2)
and the silicides V3Si (A15) and V5SiB2 (T2). This allows us to follow a similar alloying concept as
used for the development of Mo-Si-B alloys [2,21,22] for producing silicide reinforced metal matrix
materials. While the Mo-Si-B system has been comprehensively researched over the last decade
with respect to microstructure evolution, the phase stability as well as the mechanical and oxidation
properties [2–4,19–22,28–30] and the properties of alloys from the ternary V-Si-B system are widely
unknown. For the model alloy V-9Si-13B, our preliminary results [31] verified the formation of the
three phases Vss, V3Si and V5SiB2 as expected by the phase diagram [27].

However, the preparation of homogeneous, silicide reinforced vanadium or molybdenum alloys
via an ingot-metallurgical process route is difficult since the high melting point or massive differences
in the densities of the alloy components result in an economic or procedural limit [21,26,32]. From
Mo-Si-B alloys it is well-known that coarse and inhomogeneous microstructures with an intermetallic
matrix phase (which typically result from the ingot metallurgical processing) yield in a low fracture
toughness and a high brittle-to-ductile transition temperature [16,21,22]. A powder metallurgical
processing route based on gas atomized powders could be feasible, but the cost-efficiency is low
due to high pre-heating temperatures and the expensive process gas, which are required to achieve
homogeneous alloy powders [16]. Hence, a powder metallurgical route with a mechanical alloying
(MA) process at ambient temperatures provides an energy-efficient alternative which allows us to
combine elements with low and high melting points and has significant effects on the subsequent
consolidation process since the sintering kinetics is improved by the energy stored in the highly
deformed and activated powders [33,34]. Liu and Cui reported on MA of Mo-Si and V-Si powder
mixtures and the critical role of the milling conditions for the alloying process and the quality of the
final products [35]. They show that milling of V-Si powders using a comparably low energy led to
amorphization, while higher energy milling resulted in the formation V3Si and V5Si3 intermetallic
compounds. Liu and Cui used vials and milling balls made of steel and tungsten carbide to provide
various activation energies during the milling process of the binary alloys.

Our present study focuses on MA processes of model alloys taken from the three-phase
regions of the Vss-V3Si-V5SiB2 and the Moss-Mo3Si-Mo5SiB2 system, respectively, aiming for the
fabrication of ultrafine and homogeneous V-Si-B and Mo-Si-B (supersaturated) solid solution powders.
Such properties are essential for achieving homogeneous compact materials after hot pressing or
field-assisted sintering which provide the desired metal-matrix microstructure reinforced with silicide
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phases [11,16,19]. A variation of the rotational speed of the planetary ball mill and the type of grinding
materials enables the variation of the impact energy and, therefore, helps to optimize this process.
The quantity of the energy transfer due to the appearing impact forces between the milling balls,
the powder particles and the wall of the vials is decisive for the progress of the MA process and,
therefore, the development of homogeneous pre-alloyed powders. High quality MA powders in turn
affect the properties of the bulk materials after consolidation, which are well-known for different
multi-phase materials [36]. Therefore, in this work a consideration of the kinetic energy transferred into
the powders during MA is considered in terms of microstructural changes, the morphology, the size
and the hardness of the powders.

2. Experimental Procedure

For this study the alloy compositions V-9Si-13B and Mo-9Si-8B (all compositions in at. %),
were chosen from the respective ternary phase diagrams described by Nunes et al. [27] and Sakidja
and co-authors [28]. The intention of selecting these compositions was to control an equalized
proportion of silicide phases and solid solution phases, in order to enable a balance of high temperature
strength and low temperature ductility. For this purpose V (purity: >99.9%), Mo (purity: 99.95%),
Si and B powders (purity: 99.9%) were prepared under protective argon atmosphere (without any
additional control agents) and milled in a planetary ball mill (Retsch® PM 400, Haan, Germany) with a
powder-ball ratio of 1:14. To investigate the influence of several process parameters different milling
conditions were applied (Table 1). Using a variation of the rotational speed of the planetary ball mill
(150 rpm, 200 rpm) and the utilization of different grinding tools—namely vials and balls made of
stainless steel (SS; d = 10 mm) and tungsten carbide (WC; d = 8 mm)—different impact energies due to
ball-powder-wall collisions were generated during the milling process (Table 1). Samples for analyses
were taken by interrupting the milling process at defined periods of time (1 h, 2 h, 5 h, 10 h, 20 h
and 50 h). For all trials, X-ray diffraction (XRD) measurements using a X′Pert powder diffractometer
(PANalytical, Kassel, Germany) with Cu-Kα radiation were performed to analyze the MA progress
concerning the presence of elemental Si or B to estimate the V(Si,B) and Mo(Si,B) solid solution
formation. Furthermore, particle size measurements were conducted with laser diffraction analysis
(Mastersizer® 2000, Malvern, UK) in purified water dispersion and evaluated based on the Fraunhofer
diffraction theory. An investigation of the microstructure as well as the particle morphology was carried
out by scanning electron microscopy (SEM; ESEM XL30 FEI/Philips, Hillsboro, OR, USA) combined
with Energy Dispersive X-ray (EDX) analysis. Prior to that, the powder samples were mounted in a cold
embedding material (Technovit 4071, Heraeus Kulzer, Wehrheim, Germany), ground using SiC paper
with a grit of 500, 800, 1200, and polished with a 3 and 1 µm diamond suspension. Iron contamination
was quantified using EDX measurements in selected areas of minimum 30 large powder particles or
particle agglomerates. Since the quantification of boron cannot be performed by EDX measurements,
the amount of boron was assumed to be equal to the nominal composition for the calculation of the Fe
concentration. The quantity of tungsten carbide impurities was evaluated on the basis of high contrast
SEM micrographs using the Image J software. Moreover, microindentation tests were performed at
the embedded powder particles using a Vickers indenter (HV 0.01) and an indentation time of 5 s,
including a series of 30 experiments per sample. The optimum set of the parameters for MA (which
resulted from this study) was used to produce larger quantities of pre-alloyed powders to investigate
the phase evolution during compaction. Therefore, the MA powders of alloys V-9Si-13B and Mo-9Si-8B
were compacted using the field assisted sintering (FAST) process. First, the loose, pre-alloyed powders
were filled in a graphite die-and-punch unit, and were directly heated by a DC current utilizing the
Joule effect. A heating rate of 100 K/min up to 1500 ◦C or 1600 ◦C for the V-9Si-13B and the Mo-9Si-8B
alloys, respectively, followed by a 15 min holding time, was used to consolidate the samples. The
whole process was performed under vacuum (P < 10 Pa) and a uniaxial pressure of 50 MPa. Samples
for SEM investigation were prepared from the compact buttons by electrical discharge machining and
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grinding from 180 grit down to 1200 grit, followed by mechanical polishing with a 3 µm and 1 µm
diamond suspension successively and then finished using colloidal silica.

Table 1. Milling conditions, process parameters and energy of collision after Abdellaoui and Gaffet [37],
in V-9Si-13B and Mo-9Si-8B powders.

Alloy Composition (at. %) V-9Si-13B Mo-9Si-8B

Grinding Material Steel (SS) Tungsten Carbide (WC) Steel Tungsten Carbide

speed ball mill (rpm) 150 200 150 200 150 200 200
Ekin collision (mJ/hit) 11.6 20.6 11.9 21.2 11.6 20.6 21.2

milling time to achieve homogenization (h) 20 10–20 20 10 50 20 20
Fe impurities in the homogenized particles (at. %) <2 <2 <2 <2

WC particles in the homogenized particles (%) 0.2 0.45 0.8
Fe impurities after 50 h of milling (at. %) <2 <2 <2 6.7

WC particles after 50 h of milling (%) 0.75 1.75 1.7

3. Results and Discussion

3.1. Microstructure Evolution

Table 1 summarizes the technical parameters used for this comparative study on MA of V-Si-B and
Mo-Si-B powders. It is expected that the type of grinding tools and the rotational speed of the planetary
ball mill will influence the milling behavior. To get an idea about the effect of the specific parameters a
constitutional assumption of the kinetic energy Ekin, which is transferred from the grinding balls to the
powders during ball-powder collisions, is given by Abdellaoui and Gaffet [37], which is based on the
fundamental dynamic principle

Ekin =
1
2

mbv2
c (1)

In this equation, mb is the mass of the balls and vc the velocity of the collision. The calculation
of vc is based on specific geometrical conditions of the planetary ball mill that involve the following
parameters: rm—distance between the center of the vial and the center of the basic disc of the planetary
ball mill, ωe—angular speed of the basic disc, r*—effective radius (i.e., the difference between the
vial radius and the ball radius),ωr—angular speed of the vials and α—angular position of the ball in
the vial:

vc =
√

r2
mω

2
e − 2rmωer ∗ωrsinα+ r∗2ω2

r (2)

The calculated values of the collision energy Ekin are summarized in Table 1 for all milling
experiments performed in this study. The specific process parameters used for the calculations are
given in Table 2. It is obvious that there is a significant difference of the impact energy for milling
processes performed at 150 rpm and 200 rpm, whereas the type of grinding material seems to have a
minor effect.

Table 2. Parameters for the calculation of vc and Ekin.

Grinding Material Steel Tungsten Carbide

ball mill speed (rpm) 150 200 150 200
mb (kg) 0.004 0.006
ωe (s−1) 15.71 20.93 15.71 20.93
ωr (s−1) 39.25 52.35 39.25 52.35
rm (m) 0.150 0.150
r* (m) 0.033 0.034
α 14.87 14.91 14.94 15.10

Representative X-ray diffractograms of the milling progress of V-9Si-13B powders are presented
in Figure 1. While the diffractogram of the untreated V-9Si-13B powder composition (0 h; corresponds
to the elemental powder mixture) clearly shows the characteristic peaks of the pure elements, the
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formation of a V(Si,B) solid solution is significantly progressed after 2 h of milling as shown in Figure 1a.
Only small peaks of Si remain after that short milling time which is in good agreement with the results
of our previous experiments on the MA of V-Si, Mo-Si and Mo-Si-B powders with Si concentrations in
the range between 9 and 15 at. % [19,38]. Further indicators for the dissolution of Si in the V lattice
are the peak shifting (marked with the red line in Figure 1a) as well as an elimination of the clear
separation of the Kα and Kβ peak due to the varying parameters of the unit cell by the formation of
a V(Si,B) solid solution. It must be noted that a small amount of boron is also dissolved in the solid
solutions. However, this element has a very small solubility [39,40] and a less pronounced effect on the
lattice parameters due to its comparatively small atomic radius. Here it is assumed that Si substitutes
the V or Mo sites, respectively, and B occupies the interstitial sites as it was also observed in a previous
study during MA of Mo-Si, Mo-B and Mo-Si-B powders [19]. In general, all observations in the present
study follow this trend, but the development of these characteristics is significantly dependent on the
milling parameters.
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Figure 1. X-ray diffractograms of mechanically alloyed V-9Si-13B powders: (a) milling progress during
the treatment with WC tools at 150 rpm and (b) effects of the type of grinding tools (WC-tungsten
carbide; SS-stainless steel) and the rotational speed on the milling progress after 20 h.

The data in Table 1 demonstrate that the influence of the rotational speed of the planetary ball mill
on the impact energy is more pronounced than the type of grinding materials. The milling progress for
both grinding materials correlates proportionally with the increasing impact energy which is strongly
influenced by an increased rotational speed of the ball mill. To reach the target of homogeneous
pre-alloyed powder particles, the process runs more economically using a rotational speed of 200 rpm
due to the reduction of the process time compared to the use of 150 rpm. A comparative assessment of
the milling progress in V-9Si-13B powders depending on the milling parameters is given in Figure 1b.

Due to the calculated values for the energy of collision (Table 1) and the meaningful results of
the XRD data (Figure 1), it is concluded that MA using a rotational speed of 200 rpm will enable the
fastest processing and, therefore, the most efficient way to produce homogeneous particles or even
supersaturated solid solution powders. There might be a small additional benefit when using tungsten
carbide balls and vials instead of steel materials, but the small difference of the collision energies of
0.6 mJ/hit is not assumed to contribute significantly to the milling progress at comparatively short
milling durations. Though tungsten carbide is a very hard and brittle material, contamination of the
mechanically alloyed powders with flaked particles of tungsten carbide (visible by the WC peaks in
Figure 1) was already detected after 10 h of milling (even at comparatively low collision energies at
150 rpm) yielding in the impurity concentration of 0.2% after 20 h of MA. A higher rotational speed of
200 rpm led to an increase of tungsten carbide impurities to an amount of 0.45% for V-9Si-13B and
about 0.8% for Mo-9Si-8B powders, after 20 h respectively, which are visible by the bright spots in
Figure 2. This fact reduces the attractiveness of this grinding material substantially. The contamination



Metals 2016, 6, 241 6 of 16

with WC particles may be reduced by processing with a lower rotational speed of 150 rpm, although
this will definitely extend the time needed to achieve homogeneous powder microstructures (Table 1),
thus making the process less cost-effective.
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Figure 2. Microstructures of mechanically alloyed powders processed with WC tools after 20 h at
200 rpm: (a) V-9Si-13B and (b) Mo-9Si-8B. The dark spots are due to remaining Si and B and the white
spots are identified as WC particles.

However, there is also contamination in the powders milled in steel vials with steel balls, which
grows with increasing impact energy and milling duration (Table 1). Typical values for the Fe
contamination detected by EDX analyses are lower than 2 at. % for all experiments with V-9Si-13B
and Mo-9Si-8B powders up to 20 h of MA. Milling for 50 h leads to a contamination of the Mo-9Si-8B
powders with 6.7 at. % Fe, while the concentration in V-9Si-13B remains below a level of 2 at. %.
According to the phase diagrams provided by [40], low concentrations of Fe as observed in the MA
powders of V-9Si-13B and Mo-9Si-8B are solved in the V or Mo lattice, respectively.

Taking the concentrations and the type of the impurities (WC particles vs. Fe solved in the host
lattice) into account, MA leads to higher product quality using stainless steel balls and vials (Table 1).
Since oxidation studies by Sossaman and co-authors [41] have shown that minor additions of Fe
can improve even the high temperature oxidation performance of Mo-Si-B alloys, Fe contamination
seems to be tolerable in this material system. However, the effect of Fe additions in V-Si-B alloys is
still unknown.

The microstructure evolution during MA using steel balls and vials is represented in Figure 3
using the example of milling for 2 h and 20 h for each trial. Typical mechanisms of multi-component
systems during MA are flattening of the ductile components due to high plastic deformation, cold
welding and fracturing of the brittle components. These effects influence the microstructure, the
particle size and the morphology of the powders. With an increase of the rotational speed from
150 rpm to 200 rpm the impact energy almost doubles from 11.6 mJ/hit to 20.6 mJ/hit (Table 1).
An effect of the varied energy of collision can be clearly observed by the microstructure evolution
after 2 h of milling (Figure 3). Thus, all micrographs of the powders milled at 200 rpm show the
formation of a lamellar microstructure consisting of individual layers of elemental V or Mo (the light
grey phases, respectively) and fragmented elemental Si and B (dark grey), which are embedded in the
ductile phases. In contrast, larger layers of elemental V or Mo, which is typical in an early state of MA,
can still be found after the similar duration of milling using a rotational speed of 150 rpm.

After 20 h of milling the microstructures of the powders make it obvious that a lower energy
transfer into the powders will reduce the progress of MA significantly and extend the duration of
the process to achieve homogeneous powders and (supersaturated) solid solutions (Figure 3c,d,g,h).
Similar trends as shown for milling with steel tools have been also observed for the process using
tungsten carbide vials and balls. In this case, the problem of significant contamination by the abrasive
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wear of the grinding tools accompanied with irregularly dispersed WC particles in the solid solution
particles must be taken into account (Table 1 and Figure 2).Metals 2016, 6, 241; doi:10.3390/met6100241 7 of 16 
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mechanical alloy (MA) using steel balls and vials.

3.2. Particle Size and Morphology

In general, the MA process affects deformation, cold welding and fracturing mechanisms that
influence the particle size and the morphology of the powders. Figure 4 shows the particle sizes
(d50) for V-9Si-13B and Mo-9Si-8B powders for different milling trials. The increase of the powder
particle size during the initial time of the mechanical alloying process can be explained by a significant
deformation of the particles, accompanied with the formation of fresh surfaces and subsequent cold
welding processes, specifically of the ductile components V and Mo in the V-9Si-13B and Mo-9Si-8B
powder compositions as also observed in [34,42,43]. These effects are also expressed in the micrographs
shown in Figure 3.
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In the present experiments at 200 rpm the growth of the particles is observed during the first 5 h
of milling which is in good agreement with previous studies on V-Si [38] and Mo-Si(-B) [19] powders.
A lower kinetic energy, generated by using a rotational speed of 150 rpm, extends the duration of
welding processes (correlating with rising particle sizes) up to a maximum of 20 h in the case of
V-9Si-13B powders milled with stainless steel tools. Milling durations for periods longer than 50 h lead
to a decrease of the powder particle size.

Figure 5 shows the corresponding morphological evolution of the powders during milling with
steel balls and vials at 200 rpm using the example of Mo-9Si-8B. During the initial state of MA the
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particles change their morphological characteristics due to the mechanisms mentioned above; welding
processes result in increased particle sizes (in the first 10 h of the milling process, Figure 4). Thus,
during the first hours of MA irregular particle types are formed. Due to the ongoing flattening the
particles lose their original morphology, which equalizes during the advanced MA process.
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balls and vials and 200 rpm.

After 20 h of milling the microstructural homogenization is nearly finished as presented in Figure 3
and the particle sizes of both types of alloys are again decreased to the level of the initial powder
particle size but have a nearly globular morphology (Figures 4 and 5). This reduction in particle size is
due to cold working and strain hardening which increase the brittleness of the particles and support
fragmentation or comminution processes until an equilibrium state between welding and fracturing
is reached. Similar results have been found in powders of alloy V-9Si-13B milled under the same
conditions. It is noticeable that contamination may influence the evolution of the particle size, too.
Thus, higher concentrations of Fe in Mo-Si-B powders than observed in the present study seem to
influence the increase of particle sizes [19].

Generally, the observations at 150 rpm show just a slight deviation from the trend observed at
200 rpm. At the beginning of the process the powder particle size remains nearly constant in the
range of a few micrometers up to 5 h of milling using the milling equipment made of WC. In this
trial, a significant increase of the particle size was determined after 5 h of milling. Another finding
of the experiments at 150 rpm was the phenomenon of agglomeration of the powder particles with
increasing milling time. Similar mechanisms can be observed for the powder particles milled with steel
materials using a rotational speed of 150 rpm. However, during the mechanical alloying process the
powder mixtures become activated which results not only in agglomeration but also in adhesions at
the vial wall and the grinding balls. It must be noticed that the lower rotational speed of the planetary
ball mill leads to the formation of very strong adhesions on the vial wall for both grinding materials.
By contrast, a higher speed of the ball mill and thus a higher energy impact provides flowable powder
particles over the whole process time.

3.3. Microhardness

The evolution of the microhardness depending on the milling progress is presented in Figure 6.
In all case studies the hardness seems to increase during the first 20 h of MA and then, the values
remain nearly constant up to 50 h. In general, the hardening mechanisms that may occur during
the MA process are work hardening, grain refinement (Hall-Petch hardening), dispersion hardening
and solid solution hardening as observed also in other powder materials [36,44]. The hardening by
dispersed particles is not taken into account for the present study on V-9Si-13B and Mo-9Si-8B powders
since the formation of silicide particles has been found to occur only after annealing or sintering [19,31]
or a duration of minimum 100 h of MA [38].
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using different milling parameters (SS—stainless steel; WC—tungsten carbide).

However, there are three relevant and coexisting mechanisms working during MA of the V-9Si-13B
and Mo-9Si-8B powders which contribute to the evolution of the hardness: Firstly, plastic deformation
of the powder particles induced by ball-powder collisions promote work hardening by increasing the
dislocation density [45]. This work hardening mechanism has been found to make a major contribution
to the total hardness of V-Si alloys [38], which is expected to be analogous in the three-component
systems investigated in this study. Secondly, the ball-powder-wall collisions lead to reduced grain
or domain sizes down to nanostructures as observed in our preliminary studies on Mo-Si(-B) and
V-Si powders [19,38] and is also well-known for other materials [44,46]. Thirdly, the microhardness of
the powder particles increases due to solid solution strengthening by alloying additions of Si and B,
(and Fe due to the contamination in case of milling with the steel equipment), which are dissolved in
the V and Mo lattice [19,38,39].

All these mechanisms are affected by a variation of the kinetic energy transferred from the
grinding balls to the powders (Table 1) and are also dependent on the duration of milling. This is
clearly shown in Figure 6, since the data for the powders treated at 150 rpm (grey symbols) show
significantly lower hardness in comparison to the powders milled with 200 rpm (black symbols).
However, even if the difference in the kinetic energy using steel or WC balls seems to be quite small,
i.e., 0.3 mJ/hit at 150 rpm and 0.6 mJ/hit at 200 rpm, the increased impact energy transferred by the
WC balls results in higher hardness values as shown in Figure 6. However, the hardness value might
be also influenced by small tungsten carbide particles due to the contamination (Figure 2).

Interestingly, the microhardness values of alloys V-9Si-13B and Mo-9Si-8B develop in a similar
manner during processing with the steel equipment using the same milling parameters, yielding
in hardness values of around 10 GPa after 20 h and 50 h of milling. These values are also in
good agreement with the values obtained in earlier milling studies on binary V-Si materials [38].
The consistency of the hardness values beyond milling times of 20 h is seen to be due to the achieved
homogeneous state of the MA powders and the previously observed equilibrium between welding
and fracturing (Figures 3–5).

It is noticeable that the microhardness of the supersaturated solid solution powders produced
by MA is significantly higher than the values measured in bulk V-Si-B and Mo-Si-B materials in the
respective Moss [22] and Vss phases [31], with values of about 9 or 7 GPa, respectively. This is due to
supersaturation of Si and B in the V or Mo lattice by the MA process compared to the near-equilibrium
state after the sintering processes.
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3.4. Description of the Occurring Process Mechanisms

Fracturing and comminution as well as welding processes, which are essential for the progress of
MA, are highly energy-consuming. Only a minor part of the impact energy is available for significant
deformation and fracturing as energy losses (e.g., friction losses, losses for plastic deformation)
consume the largest share. The efficiency, which is the relationship between the effective work and the
total work spent on the comminution process, is often below 1%. Furthermore, the energy losses lead
to a warming of the balls and vials, the powder particles and the milling atmosphere [47,48].

The necessary work for comminution can be approximately determined by half empiric models.
Corresponding comminution models described by Rittinger, Kick and Bond combine the specific
comminution work WS with the process result, which is determined by the particle size d. The theory
of Bond can be used to describe the comminution process for a collective of particles in particular
for comminution processes in a planetary ball mill [49–51]. The general comminution law of Bond is
given by:

Ws,B = 10Wi

(
1√
dF,80

− 1
dI,80

)
(3)

where Ws,B: the specific comminution work, dI,80: the 80%-particle size of the initial particles, and
dF,80: the 80%-particle size of the final product. The work index Wi indicates the specific work spent
on the comminution process, which is needed to grind the powder particles from an infinite size to
a particle size of dF,80 = 100 µm [52]. Since experimental studies have shown that the work index Wi

from Equation (3) differed for ultrafine powders milled in a ball mill, Bond [49] suggests a correction
factor Ai—Equation (4)—if the resulting particle size is expected to be below 70 µm. This correction
factor is necessary to compensate the energy losses that occur during ultrafine size reduction since
sticking particles on the milling tools lower the effectiveness of the impact processes:

Ai =
dF,80 + 10.3
1.145dF,80

(4)

Bond [49] derives this empiric correction factor Ai from a milling process of cement clinker which
can be transferred to other materials like quartz [53], talcum [53] and gold ore [54]. By transposing
and multiplication of Equations (3) and (4) the modified work index Wic for ultrafine size reduction
according to Bond [49] is as follows:

Wic =
0.1145dF,80Ws,B

(dF,80 + 10.3)
(

1√
dF,80
− 1√

dI,80

) (5)

Basically, this modified work index Wic can be seen as a kind of grinding resistance representing
the reciprocal value of the grindability [53]. As a result, the grindability k can be expressed by
this equation:

k =
1

Wic
(6)

Investigations by Kano et al. [53] for planetary ball milling processes lead to the conclusion that
the comminution work Ws,B can be replaced by the impact energy EKano:

EKano =
ns

∑
z=1

1
2mP

mbvr,z
2 (7)

Furthermore, Kano et al. [53,55] present a relationship between the comminution rate KP,
the grindability k and the impact energy Ekano as follows:

KP = k·EKano (8)
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Assuming that the number of hits is ns = 1 and the amount of powder is negligible, the impact
energy EKano corresponds to the kinetic energy Ekin calculated after Abdellaoui and Gaffet [37] (data
presented in Table 1) resulting in:

KP = k·Ekin (9)

The comminution rate KP describes the rate constant of the comminution process and gives
a representative value for changes of the mechanisms during the milling process [53]. Hence,
the comminution rate KP is used in this work to describe the dominating mechanisms during the MA
process as a function of the impact energy.

Based on these relationships, Figure 7 illustrates the behavior of V-9Si-13B and Mo-9Si-8B powders
depending on the impact energy Ekin for the respective duration of milling. The comminution
rate KP may have both negative and positive values. Positive values of KP describe a crushing
behavior, in analogy to a size reduction of the particles. The higher the comminution rate, the faster
the comminution process of the powder particles. To the contrary, negative values of KP indicate
an increase of the particle size due to cold welding or agglomeration processes occurring during
mechanical alloying.
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Figure 7. Comparison of the milling behavior of V-9Si-13B and Mo-9Si-8B alloys depending on the
duration of milling and the impact energy.

In contrast to Kano et al. [53] who investigated the mechanisms in single-component powders,
in the present study on multi-component materials most of the KP values are not positive (Figure 7).
A reason for that is seen in the opposite characteristics of the ductile and brittle alloying elements.
The ductile components V or Mo tend to cold welding (i.e., negative KP values) and the brittle elements
to fracturing (KP > 0).
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Figure 7 demonstrates the dominance of cold welding processes which is visible by negative
KP values after 1 h of milling in the experiments performed at 200 rpm. The slope of the graphs in
Figure 7 is determined as the grindability k (Table 3). In the initial process, k did not vary significantly
in most of the experiments, which can be seen by the slight slope of the lines. An exception is given in
case of the steel processed Mo-9Si-8B alloy. This alloy shows significant particle growth. This effect
might be explained by a smaller particle size of the initial Mo-9Si-8B powders in comparison to the
V-9Si-13B powders, as the reactive surface of the powders is higher and welding processes are more
pronounced. Lower impact energies created by a rotational speed of 150 rpm have relatively low KP

values (between −0.131 and 0.084), which indicate that neither the comminution nor the welding
process are working significantly.

Table 3. Grindability k and comminution rate KP of V-9Si-13B and Mo-9Si-8B powders depending on
the milling time and the impact energy influenced by the rotational speed of the planetary ball mill
and the grinding materials (SS—stainless steel; WC—tungsten carbide).

Duration of
Milling (h)

V-9Si-13B Mo-9Si-8B

WC; 150 rpm WC; 200 rpm SS; 150 rpm SS; 200 rpm SS; 200 rpm

k (hit/mJ) KP (-) k (hit/mJ) KP (-) k (hit/mJ) KP (-) k (hit/mJ) KP (-) k (hit/mJ) KP (-)

1 0.007 0.084 −0.015 −0.312 −0.009 −0.107 −0.007 −0.136 −0.099 −2.047
10 −0.010 −0.115 −0.007 −0.138 −0.011 −0.131 −0.001 −0.006 - -
20 −0.002 −0.025 0.008 0.179 −0.006 −0.070 0.009 0.194 −0.065 −1.329
50 - - −0.009 −0.193 −0.004 −0.050 0.013 0.262 −0.040 −0.832

After 10 h of milling, when the state of homogenization is further advanced, KP tends to values
around 0, which means that the size reduction and particle growth processes are almost in a state of
equilibrium (Table 1). This trend continues up to 20 h of process time for all V-9Si-13B powders, which
had already achieved a homogenized state. Only the Mo-9Si-8B powders continue to weld even after
20 h of milling with steel balls at 200 rpm. This might be due to the effect of the Fe impurities, which
are solved in the Moss phase and may support particle growth [19].

With ongoing process time from 20 h up to 50 h, the individual process development for each trial
proceeds in a similar trend. However, the Mo-9Si-8B alloy still tends to weld. Over process time the
slope of the graphs decreased but did not show significant positive values of KP since the occurring
comminution processes did not lead to particle size reductions (dF,80) smaller than the starting particle
size (dI,80).

3.5. Microstructure of Compact Materials

Due to the findings described in the previous paragraphs we used milling tools made of steel,
a rotational speed of 200 rpm and a milling duration of 20 h to achieve homogeneous pre-alloyed
powder particles in both types of alloys. Such powders were compacted using the field-assisted
sintering method as described in Section 2. As expected by the phase diagram, a decomposition of the
supersaturated Vss powders into the phases V3Si, V5SiB2 and Vss is observed during sintering [27].
Since the silicide phases precipitate from the supersaturated Vss phase, they form homogeneously
distributed islands, which are embedded in a matrix of the Vss phase (Figure 8a). A similar
reaction yielding to the phases Moss, Mo3Si and Mo5SiB2 develops during the compaction of the
pre-alloyed Mo-9Si-8B powders (Figure 8b), which is also in good agreement with the respective phase
diagram [28].

The type of microstructures we achieved for compact V-Si-B and Mo-Si-B materials appear similar
to the microstructure concepts of other multi-phase high temperature materials, like cobalt-based or
nickel-based superalloys and Co/Ni model superalloys [56–58]. In all cases intermetallic particles are
incorporated in a solid solution matrix.
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4. Summary and Conclusions

The present study reports on mechanical alloying (MA) processes of V-Si-B and Mo-Si-B model
alloys, which are currently the focus of materials research due to their high temperature capabilities.
The alloy compositions are taken from the three-phase regions of the Vss-V3Si-V5SiB2 and the
Moss-Mo3Si-Mo5SiB2 system, respectively, which is seen as the promising region for the selection of
high temperature structural materials. These alloys combine a ductile V or Mo solid solution phase,
respectively, with silicide phases providing high temperature strength and oxidation resistance.

The MA process aims for ultrafine and homogeneous (supersaturated) solid solution powders,
since such powder characteristics are essential for achieving homogeneous microstructures after
hot compaction processes. This provides the desired metal-matrix microstructure reinforced with
silicide phases [11,16,19]. In order to optimize the MA process, impact energy is adjusted to achieve
satisfying powder quality and, at the same time, process parameters are balanced for economic reasons.
This is achieved using variation of the rotational speed of the planetary ball mill, the type of grinding
materials and the duration of the milling process. Therefore, a consideration of the impact energy
transferred during ball-powder-wall collisions during MA is used to discuss the microstructural
evolution, the morphology and the hardness of the V-9Si-13B and Mo-9Si-8B powder particles.

The most important conclusions drawn from this comparative study are:

1 MA is shown to be a beneficial process in providing the aimed homogeneous solid solution
powders after a duration of 10–20 h of milling depending on the alloy and the process parameters.

2 The progress of MA is significantly dependent on the rotational speed of the planetary ball mill; the
material of the grinding balls and vials, i.e., stainless steel and tungsten carbide, are comparably
less pronounced.

3 The use of tungsten carbide vials and balls provides just slightly improved impact energies
compared to the steel tools. However, tungsten carbide is a very hard and brittle material and
contamination of the mechanically alloyed powders with flaked particles of WC is unavoidable,
not even when processing with a lower rotational speed. Using grinding materials made of steel,
Fe contaminations are detectable in the milled powders. Due to the solubility of Fe in the V and
Mo lattice, respectively, these impurities are dissolved in the solid solution phases.

4 The microstructural evolution in both types of alloys follows the same trend: During the first 2 h
of milling, typical layered (lamellar) structures form due to high deformation (flattening) and
welding of the ductile elements V or Mo, respectively, and fracturing of the brittle components.
Longer milling or an increased rotational speed of the ball mill leads to the decrease of the lamellar
spacing and the homogenization until a supersaturated solid solution phase forms.

5 A balance between economic priorities (short duration of the milling process) and acceptable
contamination is made by using milling equipment made of steel; a milling time of <20 h in the
case of V-9Si-13B and 20 h in case of Mo-9Si-8B, and a rotational speed of 200 rpm.
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6 The evolution of the particle size and the morphology during the initial state of MA is affected by
the properties of the individual components, which means that the ductile components flatten
and weld during the initial state of MA and the brittle components tend to fracture. These
mechanisms yield in irregular powder morphologies. After about 20 h of milling at 200 rpm
nearly globular particles are formed which are seen as appropriate products for subsequent
powder consolidation processes.

7 Fracturing and comminution mechanisms which occur during MA can be described by the
comminution rate KP. In both types of alloys the welding processes are more pronounced
compared to the comminution processes, which is expressed by mainly negative KP values.
During the MA process the slope of the KP-Ekin graphs decreased but did not show significant
positive values of KP since the occurring comminution processes did not lead to a particle size
reduction smaller than the initial particle size of the elemental powders.

8 The compact V-9Si-13B and Mo-9Si-8B materials show the desired microstructures consisting of a
Vss or Moss matrix and dispersed particles of the silicide phases.
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