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Abstract

In the current research, the effect of mechanical alloying (MA) of iron-coated NbC and Si on the material s fineness and
crystal structure was investigated. The MA experiments were carried out in a batch-type laboratory scale stirred media mill
for various residence times up to 240 min in isopropanol. During MA, milling energy was measured, and stress energy (SE)
was calculated. Morphology and material structural changes, during the mechanical alloying process, were determined by
means of scanning electron microscopy (SEM) and powder X-ray diffraction (XRD), respectively. The particle size
distribution of the product was measured by a Horiba 950 LA laser particle size analyser. Evolution of phases during high-
energy milling of NbC, Al-Fe-carbide, Fe, and Si was studied as a function of specific milling energy. Transformations in
the crystal structure were revealed, namely the generation of cementite and Nb-Si-carbide, which was proved by XRD
results and thermodynamic calculations. As result of the experiments, optimum MA conditions were determined. The
application of the mechanical alloying method gives the opportunity to produce nanocrystalline phase from the initial iron-

coated NbC and Si powder.
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1. Introduction

Efficient synthesis of materials with low energy
demands is very important aspect for both scientific
and industrial fields. It is in this area, mechanical
alloying is very useful. MA is a solid state process
which is employed in producing nanocomposite
structures and compounds via a series of
mechanochemical reactions [1-4]. The structure of the
material gets disordered and defects are created [5]
particularly when high energy ball mills like planetary
mills or vibratory mills are used. These high energy
mills change the surface properties of solid materials
[6-8]. Mechanical alloying in wet media in tandem
with ball mills is still highly unexplored area both in
terms of fundamental research and technical research.
The basic process involves elemental powders
colliding with high speed stirred media, thus suffering
plastic deformation leading to a high density of lattice
defects and dislocations [9-11]. These effects in
addition with momentary increase of temperature of
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powders caught between the high speed balls will
encourage the diffusion process. Homogenous alloy
powders are produced as a result of all the above
factors [12]. These nanocrystaline powders have a
characteristic microstructure, mostly helpful in
various potent applications [13, 14].

The present research aims at development of iron-
coated NbC powder which has high wear resistance,
hardness and thermal stability. These properties are
tailor made for application areas of laser melt
injection moulding, rapid tooling and laser assisted
mould repair where NbC powder can be used as
coatings [15]. Laser powder deposition is widely used
in rapid tooling and for coating [16]. In situ [17] and
ex situ [18-21] synthesis of Metal Matrix Composites
have been reported using pre-prepared NbC by
depositing (in situ) or MA method (ex situ) Nb-Si,
Nb-Cr and Nb-Al composites. The iron-coated
Niobium carbide was chosen for its ability to
synthesise and formation of the Fe + NbC + Fe,C
composite with uniformly distributed nanocarbide
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phases, which result in increasing the microhardness
of the reinforcement powder [22]. This carbide
exhibits some important characteristics for
tribological applications additionally to high hardness
[23]. However, fabrication of iron coated NbC has not
been reported so far by MA.

Mixtures of iron coated NbC and Si powders
corresponding to nominal composition of 85% NbC
and 15% Si were characterised by X-Ray diffraction
(XRD), scanning electron microscopy (SEM) and
laser particle size analysis (LPSA). These techniques
help in revealing the kinetics and mechanism of in situ
formation of NbC during MA.

The aim is to report the possibility of in situ
synthesis of nanocrystalline Si in NbC matrix (15wt%
Si) with high energy ball mill at various times of 5, 15,
30, 60, 120 and 240 minutes. Investigating the
properties of in situ iron coated NbC-Si composite as
function of milling time and finally discussing the
crystal structure transformations associated with NbC
and Si. The changes are then compared to the raw
materials of iron-coated NbC and Si prepared in
laboratory using planetary mill.

2. Materials and methods
2.1. Scanning electron microscopy (SEM) and
energy dispersive X-ray analysis

Scanning electron microscopy is a powerful tool
appropriate for investigating composite materials’
surfaces/cross-sections. The application of a low-
energy electron beam in the analysis of materials at
the nanoscale is playing a significant role in many
research areas. It employs decelerated primary
electrons for better resolution and specificity of the
resulting analysis [24]. The type of SEM used to
investigate the samples is an S-4800 Hitachi with
Bruker YAG energy dispersive detector. The primary
beam energy was 30 kV.

2.2. X-ray diffraction

The phase composition was determined by a
Bruker D8 Advance XRD powder diffractometer (Cu-
Ko radiation, 40kV, 40mA) in parallel beam geometry
(Gobel-mirror). Patterns were recorded in 2-70° (26)
range, with 0.007° (20) steps in 42 seconds, with
Vantec-1 position sensitive detector (1° window
opening). Phase identification was made by
Search/Match (multiple iterations) on ICDD PDF2-
Release (2012).

2.3. Particle size analysis
Particle size distribution and geometrical specific

surface area of the ground and mechanically alloyed
material were measured and calculated by a Horiba

LA-950V2 laser particle size analyser in isopropanol
media. Calculation of particle size distribution from
measured data was carried out using the Mie theory,
taking into account the refraction index of the
material.

2.4. Materials

The raw materials used in this study are iron-
coated niobium carbide and silicon. The iron-coated
NbC used for laboratory experiments contains 53.04
wt% of Nb, 25.73 wt% of C, 19.74 wt% of Fe and 1.5
wt% of Al according to the scanning electron
microscopy investigation as shown in Figure 1 and
Table 1. The iron-coated NbC and Si were prepared in
laboratory for mechanical alloying and it is discussed
in detail below.
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Figure 1. The scanning electron microscopy (mapping
analysis) images of initial iron-coated NbC
particles

Table 1. The chemical composition of NbC

Elements C Al Nb Fe Total
wt % 25.73 1.5 53.04 19.74 100
At % 68.61 1.78 18.29 11.32 100

From the SEM images in Figure 1 it is possible to
observe that the NbC particles are embedded in iron,
which contains significant aluminium (Table 1)
according to the X-maps. The X-ray diffraction
analysis revealed the existence of Fe-Al-carbide and
Fe as distinct phases, beyond NbC. Silicon sample
was obtained from the Bay Zoltan Nonprofit Ltd. for
Applied Research and its Industrial Laser Technology
Laboratory in Budapest. Characteristic particle sizes
of silicon after preparation were as follows: median
particle size d50=7.18 um and 80% passing size d80=
46.09 pm.
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2.5. Experimental
2.5.1 Material preparation in a planetary ball
mill

The iron-coated NbC was prepared separately in a
Retsch planetary ball mill prior to mechanical
alloying in a stirred media mill. The aim of this step
was to grind the feed iron-coated NbC down to finer
than 63 um size. The container of the mill was made
of steel and filled with steel balls. The grinding ball
size was 40 mm, and there were three of them in the
mill chamber. After the first milling stage, the mill
product was sieved at 63 um, the fine size fraction
was collected, and the coarse fraction was fed into the
mill again and ground until reaching finer size than 63
pm (quantitatively ground). The scanning electron
microscopy images of the iron-coated NbC powder
after the grinding process can be seen in Figure 2.

Figre . SE images of the ion—coate NC powder after
the grinding process

W
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Figure 3. EDS spectrum of SEM images in Fig. 2.

From the EDS spectrum analysis of point 2 (in
Figure 3) of SEM images in Figure 2, Fe-Al-carbide
particles are observed covering the NbC particles,
which have been detached from between NbC
particles during the milling process. Also, it can be
observed that there are some signs of copper in EDS
analysis, because the powder was placed on the top of
a copper tape as a conductive layer for the SEM and
EDS analysis.

The Silicon was prepared separately for

mechanical alloying with the same planetary ball mill.
The aim was to grind the feed silicon down to finer
than 63 pum. The grinding process and circumstances
were similar to that of the previously presented case.

i

Figure 4. Photo and SEM images of silicon powder (a)
before grinding (b) after the grinding process

Images of the silicon powder before and after the
grinding are shown in Figure 4. The effect of the
grinding process on the particle size is observed,
which is reduced from the initial 5 mm down to < 63
pm. Furthermore, the shape of the particles became
irregular, with sharp edges compared to the original
rounded particles.

2.5.2 Mechanical alloying

The previously prepared (milled and sieved) iron-
coated NbC and silicon samples were mechanically
alloyed in a batch stirred media mill with a grinding
chamber volume of 530 cm®. The grinding chamber
was equipped with water jacket cooling in order to
control the temperature of the grinding chamber.
During the mechanical alloying experiments, the
temperature of the grinding chamber was a constant
3042 °C. The stirrer consisted of perforated triangular
shaped disc rotors fixed on a drive shaft. The
revolution number (circumferential speed of the rotor)
can be adjusted by a frequency control unit. The
consumed electric power during the experiments was
measured by a microcomputer-controlled digital
energy meter Carlo Gavazzi WMI1-DIN for the
characterization of the specific grinding energy. The
energy meter recorded the electric work in cumulated
form; in this way, the grinding work could be
calculated as the difference between the initial and the
final values. By measuring the no-load electric power
consumption, the instantaneous power, and the mass
of the product, the specific milling work can be
determined as follows:

[(P(0))ar (1)

where P(t) is the measured electric instantaneous
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power and mp is the mass of the final product. The
milling experiments were carried out in a stirred ball
mill using different milling times: 5, 15, 30, 60, 120
and 240 minutes. The circumferential speed (tip
speed) of the rotor in the stirred ball mill was 10.56
ms™!. The weight of the feed material was iron-coated
NbC 24.6 g and Si 4.35 g with 147.36 g isopropanol
added as the liquid medium for one batch. The media
filling ratio was 70% during MA. The grinding
medium was sintered zirconium silicate beads with
the size range of 1.0-1.2 mm, specific weight of 4.1
kgl-1 and microhardness was 1000 HV.

3. Results and discussion
3.1 Material fineness

Figure 5 shows the change of the volume ratio as
function of changing particle size in the mechanically
alloyed iron-coated NbC+Si particles.
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Figure 5. Volume ratio of the mechanically alloyed iron-
coated NbC+ Si

From Figure 5, it can be stated that the shape of
the curve is bimodal in the initial stages of experiment
and it changes with residence time. After 60 min
residence time, the curve can be observed as shifted
from bimodal to a unimodal shape, dominantly
unimodal, and the particle size range also changes as
function of time. The narrowest particles were
produced after 240 min.

Figure 6 shows the cumulative particle size
distribution curves of the mechanically alloyed
NbC+Si particles. Significant fluctuation can be
observed in the particle size distribution.
Remarkably coarsening of the particles appears at 30
min residence time, probably due to the aggregation
and/or agglomeration and/or mechanical alloying of
the particles. After this, the NiC+Si ground material
became finer, coarser and, then, finer again. No
significant shift in particle size either progressive or
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Figure 6. Cumulative particle size distribution curves of
the mechanically alloyed iron-coated NbC+ Si
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regressive was observed. However, this shift was to be
expected as in the case of brittle materials in general.
But, when the grinding kinetics was investigated, the
non-brittle behaviour of the materials was found to be
cause behind this behaviour which results in more
deformation and structural changing than particle size
reduction.
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Figure 7. The specific surface area as a function of milling
time

In Figure 7, the geometric (outer) specific surface
area is plotted as a function of milling time. A sudden
decrease in specific surface area was noticed at 60
min milling time in the stirred media mill. According
to the kinetic consideration in the milling procedure,
it can be divided into three main stages. In the first
stage, the specific surface area rises linearly with the
milling time (the so-called Rittinger section) with the
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maximum specific surface area reached (56 459
cm’cm) at 60 min milling time. In the second stage,
the slope of the specific surface area decreases
(section of aggregation), while in the third stage, the
specific surface area decreases drastically with the
milling time (which can be explained by the
phenomenon of agglomeration) down to 16 000
cm’cm>. However, from the cumulative undersize
curves, no tendency can be observed; the specific
surface are calculated from it shows the general trend
[25] that was to be expected with brittle materials.
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Figure 8. Characteristic particle sizes (d50 and d80) as a
function of milling time

Figure 8 shows the variation of the characteristic
particles size values as a function of milling time for
(NbC+Si) powder mixture, specifically with the
median and 80% passing size plots. It is evident that
the maximum particle size of the starting powder
mixture was about 63 pum. Comparing with the
growing trend depicted by diameter on cumulative
d50, the median particle size of (NbC+Si) powder
mixture in diameter and d80 reaches a maximum at 30
min milling time and then stabilizes between 60 and
240 min. However, during this process, the primary
niobium carbide and silicon particles suffer from
phenomenon of cold welding following the work
hardening, resulting in the activation of the fracture
mechanism. When the rate of cold welding and
fracturing processes reach equilibrium, the steady
state is achieved as reported by Zhang et al. [26].

3.2 Microstructure

The samples for SEM analysis are prepared by
taking a small amount of (NbC+Si) powder after each
milling process at 5, 15, 30, 60, 120 and 240 min, then
the powder is placed in the resin mould. After the
resin dries, the particles of powder were on the upper

surface of the
investigation.

sample and ready for SEM

Figure 9. SEM images of the iron-coated NbC-Si powder
after mechanical activation for 5-240 min milling
time

From the SEM images in Figure 9, the effect of
milling for different periods of time (5-240 min) on
the variation of the particles size of NbC-Si powder
can be seen. At the beginning at 5 min milling time,
the particle size starts to decrease, then the
agglomeration stage can be noticed at longer milling
periods (240 min). It is not possible to distinguish
particles of NbC from Si, which indicates that they
have reached the nanometer size.

Figure 10. SEM images and EDS spectrum of the iron-
coated NbC-Si powder after MA for 5 min
milling time

Figures 10 and 11 show the SEM images and EDS
spectrum of the NbC-Si-Fe-Al alloys after 5 and 240
min of the process, respectively, where the effect of
milling can be seen for different times, namely the
microstructure of the NbC-Si powder and the particle
size. It is known that the MA process consists of three
main stages: cold welding, fracturing, and steady-state
condition [27]. Due to the high surface energy of the
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Figure 11. SEM images and EDS spectrum of the iron-
coated NbC-Si powder after MA for 240 min
milling time

fine particles and the consequent domination of cold
welding and agglomeration over fracturing
mechanisms, irregularly shaped powders with a wide
particle size distribution are developed at the early
stages of milling (e.g. 5 min).

By increasing the milling time, the powder
particles are hardened, and due to the accumulation of
strain energy [28], the particle hardness increases, and
therefore the tendency of cold-welded powders to
fracture increases, and the particle size is significantly
reduced. Afterward, a balance between the cold
welding and fracturing rates is achieved, and the
particle size reaches its steady-state condition [28,
29], which is associated with the narrow particle size
increasing as it is shown in Figure 11.

The SEM image in Figure 11 shows that at low
milling time (e.g. 5 min), the element distribution is
uniform, and the EDS spectrum image clearly
presents a homogeneous element distribution. Also, at
sufficiently high milling time (e.g. 240 min), the
element distribution is more uniform, and that the
difference between dark and light areas is the result of
little difference in the concentration of the carbon
element, thereby indicating a sufficient milling time
for alloying.

3.3 Phase composition

Figure 12 shows the XRD spectra of the iron-
coated NbC-Si milled powders as a function of
milling time. As can be seen from the patterns, in the
initial powder mixture, sharp diffraction peaks related
to NbC, Si and Fe are evident. Also, minor phases
such as Al-Fe-carbide and Fe-carbides are observed.
At the initiation of milling, due to the development of
nano-sized structure and the introduction of a high
level of micro-strain, the sharp peaks are considerably
broadened. By further milling, the peaks of the initial
materials gradually vanish.
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Figure 12. XRD images of iron-coated NbC-Si powder after
MA for different milling times

The further analysis of the XRD patterns indicates
that increasing the milling time has a significant effect
on the transformation of different phases in the
powders. The peak broadening caused by crystallite
size reduction is observed for each phase, with the Si
being significantly reduced already at the 5 min stage.
After 240 min of milling, it was observed that the
diffraction peak of silicon has disappeared, meaning
the silicon changed to an amorphous phase. Since the
formation of the amorphous phase during MA
depends on several factors such as the milling
conditions and the alloying system, different
amorphisation reactions have been proposed [30]. The
one consisting of a shift in the peak position and a
continuous broadening of the XRD peaks due to a
continuous reduction of the effective crystallite size is
responsible for amorphisation of the present alloying
system during MA. The XRD peaks have revealed
that the NbC(111) and NbC(200) phase powder
mixtures exhibit a series of changes during the
milling. Compared to the starting material, the NbC
phase demonstrates lower and broader diffraction
peaks with the net height and net area increasing with
the milling time until reaching the maximum value at
30 min of milling time, then decreasing until reaching
the minimum value at 60 min, and then increasing
again after 120 min of milling time. This phenomenon
demonstrates that the powder mixture only undergoes
sub-microstructural changes of NbC phase owing to
the severe plastic deformation of the Nb particles [31,
32].

Stirred media milling for 240 min or more leads to
a remarkable broadening of Nb diffraction peaks and
a decrease in the intensity of Si and Fe diffraction
peaks. The peaks of Si and Fe disappear after 120 min
of milling, indicating the formation of a solid solution
(or secondary solid solution) of Si, C and Fe phase in
NbC phase. It is well known that high velocity stirred
media milling supplements an input of high energy to
the powder system. During this process, a large
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number of flaws, including dislocations and new grain
boundary, are generated, rendering the diffusion
between different components facile and the
occurrence of a solid solution of Si and Fe phase in
NbC phase.

Stirred media milling provides the particles an
intense plastic deformation at extremely high strain
rate, which results in the creation of high-density
lattice defects and dislocations, as well as the
recovery phenomena [11, 33]. When the rate of the
former is higher, the dislocations increase, resulting in
a dislocation cell structure that ultimately creates low-
angle grain boundaries. As the milling continues, low-
angle grain boundaries transform into a whole
nanocrystalline structure. In this stage, the crystallite
size decreases and the lattice strain increases
dramatically. The constant values of crystallite size
and lattice strain reveal the balance of the creation and
disappearance of dislocations.

4. Summary

An ultrafine nanocrystalline Nb-Si-Fe-C alloy
powder is produced by green chemistry in stirred
media milling at room temperature. During this
process, the particles undergo cold welding, plastic
deformation and work hardening and recovery stages.
Milling time is an influencing parameter in producing
alloy powders. As the velocity reaches up to 10.56
ms-1, cold welding is the dominant mechanism during
milling, and no solid solution has been observed even
after milling for 240 min. The ideal milling conditions
are 10.56 ms-1 for 240 min, leading to nanocrystalline
Nb-C-Fe and Si alloy powder particles with a
crystallite size under 20 nm.
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Apstrakt

Tokom ovog istrazivanja ispitivan je uticaj mehanickog legiranja praha NbC i Si prevucenog gvozdem na finocu materijala,
kao i na njegovu kristalnu strukturu. Eksperiment mehanickog legiranja je izveden u mlinu sa obrtnim kucistem u
laboratorijskim uslovima, tokom razlicitih vremenskih perioda do 240 minuta i u prisustvu izopropanola. Tokom
mehanickog legiranja izracunata je energija mlevenja, kao i energija napona. Morfologija i strukturne promene u
materijalu tokom ovog postupka su odredene pomocu skenirajuceg elektronskog mikroskopa (SEM), kao i rengentskom
difrakcijom (XRD) praha. Raspodela Cestica razlicitih velicina je izmerena pomocu lasera za analizu velicine Cestica
Horiba 950 LA. Razvoj faza tokom dinamicnog mlevenja NbC, Al-Fe-karbida, Fe i Si je ispitivan kao funkcija specificne
energije mlevenja. Otkrivene su promene u kristalnoj strukturi, odnosno formiranje cementita i Nb-Si- karbida, sto je i
dokazano XRD analizom i termodinamickim izracunavanjima. Kao rezultat eksperimenata, utvrdeni su optimalni uslovi za
mehanicko legiranje. Primena metode mehanickog legiranja pruza priliku da se dobije nanokristalna faza od pocetnog
praha NbC i Si prevucenog gvozdem.

Kljucne reci: Niobijum karbid; Silicijum; Mehanicko legiranje; Nanostruktura, Sastav faza.

@ 00

BY SA



