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Abstract

The speed effect in high-energy ball milling with lattice strain induced, milling intensity and dislocation density in
mechanically alloyed powder particles as processing parameters. The milling conditions in cobalt-based multi-
component powders and their geometry played an important role. The collision geometry inside the vial would lead to
fragmentation and coalescence. The mathematical kinematics and dynamics modeling was preferred to find processing
conditions, microstructure and reaction mechanism. The structural and morphological properties of milled powders
were considered by using sophisticated techniques like Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) and X-Ray Diffraction (XRD).

Keywords: Mechanical alloying; Kinematics; Dislocation density; Crystallite size; Milling intensity

1. Introduction

Multicomponent alloys are high entropy alloy (HA), forms solid solution with equimolar ratio [1]. According
to the Gibb’s free energy, ASmix measured stabilizes the evolution over intermediate phases [2]. These multicomponent
alloys with different atomic radii cause astringent strain with possible ductility in BCC or FCC crystal [3]. The
multicomponent high entropy alloys (HEAS) have attracted scientific interest because of their tunable potential in
spintronics applications.

According to the literature reported, mechanical alloying (MA) by means of ball milling is flexible amongst
several existing methods for synthesis of alloys for non-equilibrium materials [4-7]. Synthesis of HE multicomponent
alloys by mechanical alloying (MA) could lead to many advantages followed by repeated fracturing and cold working
[8-13]. During mechanical alloying, several attempts have been made to analyze the mechanistic dynamic approach

with speed, time and frequency [14-26]. The overall idea related to change Gibbs free energy by altering the size of
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material through mechanical alloying. From the MA process, either material changes into the nano-material or contains
maximum glassy phase. Moreover, in nanocrystalline materials, the most important role would be played by surface
area and its associated gain boundary surface energy by unit area (ygn) Which can expressed by the following equation:

1.57 .V
AG.. == o¥m D
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While free energy to convert crystalline in glassy phase given by:

AG, = AH,, (T, -T) (2)
T

Where, AHjs is enthalpy of melting at melting temperature Tm, and molar volume V. The theoretical radii for glassy
phase from transformation process in nanocrystalline material is responsible for slip propagation from grain to grain

and is expressed by:

v
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This is because of stress concentrations formed at dislocation pileups. As a results of stress concentration between
dislocation, applied stress can split two edges dislocation at a minimum separation distance I¢; given by:

o
° 7(l-v)o,
where, G, b and v respectively are shear modulus, Burgers’ vectors and Poisson ratio [27].

Maurice et al. [14, 15] explained the strain rate, dynamic impact, rise in temperature during milling and cooling
rate used in milling kinetics using Hertzian criterion. Subsequently, Burgio et al. [16] studied the equations to calculate
the acceleration and speed of grinding media which is used in computing energy the transferred to powder particles.
Abdellaoui and Gaffet et al. [17-19] analyzed the ball impact power rather than frequency and Kinetic energy.
Watanabe et al. [24] also discussed ball trajectory and kinematics using Kelvin’s mechanical model. However,
Dallimore and McCormick explained about the motion of grinding medium using elemental model [25]. Earlier
investigations conducted until now explored milling parameters and its influence in finding kinetics of alloying.
Present wok investigates the detailed study of milling parameters of cobalt based multicomponent alloy powders
prepared by mechanical alloying.

2. Materials and Experimental procedure

Commercially available elemental powders of Cobalt (99.9 % purity), Chromium (99.9 % purity), Aluminum
(99.9 % purity), Manganese (99.9 % purity) and Tin (99.9 % purity) supplied by Alfa Aesar, USA used as starting
material constituents. Before mixing, powders annealed for 30 min. in hydrogen atmosphere to reduce if any surface
oxides present in it. The reduced powders mixed in ratio of 60 wt.%, 26 wt.% and 14 wt.%. The composition gained
was then allowed for mechanical alloying in high-energy planetary ball mill (Pulverisette-5) supplied by Fritsch
GmbH, Germany. During mechanical alloying, tungsten carbide balls (10 mm) used as grinding medium. The milling
jars having capacity of 250 ml and internally lined with tungsten carbide. The process was carried out at a variable
speed of 100-400 rpm maintaining ball-to-powder ratio (BPR) as 10:1. During the process, wet milling was carried by

using excess amount of process control agent (PCA) to avoid contamination and agglomeration in the system. To limit
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the process and avoiding the welding between vials and balls, milling was paused periodically at every 20 minutes. The
powder samples were collected at various stages of milling for their morphological analysis. The approach used to
calculate crystallite size and lattice strain is based on procedure discussed elsewhere [7, 28]. In this approach, three
most intense peaks in X-ray Diffraction (XRD) spectra used for calculation. The phase evolution in the milled powder
samples was studied by using monochromatic XRD, Pananalytical, X’Pert Pro equipped with copper target. The milled
powder samples compacted under single acting hydraulic press in a circular die with an internal diameter of 10 mm.
Microstructural characterization and composition of milled powders carried out using Scanning Electron Microscopy
(SEM) (JEOL, JSM-6390A, Japan) by accelerating voltage 10 kV and Transmission Electron Microscopy (TEM).

Electron Microscopy (EM) used to study the morphological feature and distribution of particle size in powder particles.

2.1 Morphological analysis

The morphological feature and distribution of particle size for MAed powder particles produced after milling
was examined by using Scanning Electron Microscopy (SEM) (JEOL, JSM-6390A, Japan) equipped with EDS with
accelerating voltage 10 kV and Transmission Electron Microscopy (TEM).
2.2 Structural phase evolution
The structural phase formation and evolution of average grain size information has been revealed from X-ray
diffraction using CuK, radiation by scanning 20 angle ranging from 30° to 90° taking step size as 0.02° with integration
time 4 seconds. The broadening of peaks in X-ray can be explained by Voigt and Gaussian function [29]. The
instrumental broadening has been corrected using standard silicon as reference material. By assuming r as measured
line profile which is considered for standard profile g with structurally broadened profile p, includes the strain and size

effects. For instance, if p and g considered to be Voigt functions, then
e =0c *Pc and I5 =0g * Pg 3)

where, C and G of r and g profiles gained from FWHM and peaks internal breadth [30]. Average crystallite size and

induced lattice strain estimated by using relation:
(5.~ £,) 050 =22+ 4(e)sin) @

where, A is CuK,, radiation wavelength, (5, — f,) is FWHM of milled powders and & is the lattice strain induced during
milling.

3. Mathematical Analysis

3.1 Dynamic of energy calculation

On considering that if the balls do not change the speed along the flight, then the energy input during milling can be
expressed as [12]:
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RETVL ®)
2
and the speed of ball given by the following expression:
2 22 2 o
Vb=6—7oz{RpQ +(R,~R,)e [1+2gﬂ (6)

where, Rp, Rv and Ry will be the radii of plate, vial and the balls respectively, ® and Q will be angular frequency of
plate and vial, mp, Vb, and Ny is the mass of balls, speed of balls and the number of balls. Total milling intensity I

(energy each weight unit of powder) is given by:

| = PENt ©)

Where ¢ is impact frequency , t milling time and w;, is weight of powder. The impact frequency calculated from the
following expression :

- 60(Q2—w)n, (8)

L 2

Joardar et.al. [31] explained milling of nanocrystalline NiAl alloy by dynamics and reported the existence of long-
range ordered structure under various conditions. They considered planetary motion of balls and formulated the
efficiency factor according to equation (8) by incorporating the large number of grinding balls in the vial.

3.2 Milling motion Kinematics

In evaluating balls position on vial surface during alloying in ball mill, we will consider the kinematic of single ball
inside the vial [16, 17]. So for to calculate individual impact, amount of energy transferred by balls to powder. It
supposed that kinetic energy conserved in colliding bodies. The kinematics: of ball rotation clearly described by
Abdallaoui and Gaffet et al. [17] as shown in Figure 1. According to schematic drawing, consider radial distance of
collision and vial as rq and ry. The angular rotation of main disc is od and that of vial is wy. At the early stage of motion
i.e.t=0, P (Xo, Yo) is the ball position. Similarly, at whatever time t, ball position (x, y) expresses as:

X = rg cos gt + rvcos (od- o) t 9)
Y =14 sin ogt + rysin (od- o) t (10)
Similarly, the speeds in respective x and y directions may be given as:
Vx = dx/dt = - @q rd sin o4t - (o4 - ®v) v sin (od- oy) t (11)

Vy = dy/dt = w4 cos wdt - (0d- ®v) I'v cos (od- wy) t (12)
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v

Figure 1 Schematic diagram illustrating the ball position on vials surface [17-19]

4. Results and Discussion
4.1 Microstructural Study

The microstructural and morphological variations at different milling intervals is shown in Figure 2-4. At
early stage of milling, powder particles deformed by compression forces representing the.characteristic of ductile to
ductile transition. In general, the exponential relation is valid between the deformations. The crystallite size is given by

k =30exp(—1.03¢) (13)

where, € is strain produced in material.
By using this expression, Maurice et al. [14,15] analyzed the thickness of lamellae structure and suggests it’s
exponential relation from deformation of material during mechanical alloying process.

The SEM results reveals the presence of two kinds of phases ie., the phase with spherical morphology and other
with flaky. During milling, the constituents with brittle nature converted into angular or sub angular or spherical
nature. While the ductile phases had resulted in flaky morphology. The size of flakes/ angular particles were
decreasing with milling time. Finally, MAed powder particles found to be about 10 nm particles of brittle phase.
Moreover, certain form of agglomeration in the milled particles can be clearly seen at a rotational speed of 150 rpm
during milling. This agglomeration is because of predominance of welding mechanism and increased inter-diffusion of
Al, Cr, Mn and Sn in Cobalt. After certain hours, a steady state condition arises where an equilibrium exists between
the rate of welding and fracturing [32, 33]. As milling continued after this condition, smaller particles undergo to bear

more deformation. Agglomerate creating the larger particles without any further decrease in size.
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The deformation occurs between powder particles because of the stacking fault energy which results in the slip
dislocation and dominates it. It is reported that dislocation slip in nanostructured material obstructed by small sized
grains which effects to continue the twinning. Homogeneous nucleation inside grain boundaries overlap stacking faults
of dissociate dislocations.

The associated phenomenon at different milling intensity shown in Table 1. From tabulated results, it was clearly
understood that the use of 10mm balls can increase milling intensity. Furthermore, as milling proceeds, re-welding of
particles increases fracturing intensity which improves homogeneity and particles morphology. As we observed, the
morphology between 100 rpm and 250 rpm milling speed shows coarser particles but almost perfect homogeneity
occurs after prolonged hours. The results obtained shows better efficiency in accordance with results achieved from
greater kinetic energy of balls which is sufficient enough to rupture larger elemental particles [1]

In mechanical alloying, the continuous deformation of powder particles is due to severe plastic deformation of
cobalt, chromium, manganese, tin and aluminum particles. Maurice and Courtney [14] taking logarithm of ratio
between the original and actual thickness of particle and calculated the strain developed in MAed powder. In the early
stage, welding between the particles formed during collision. As the deformation increases, the phase shift will occur
by self-propagation of induced temperature. On interesting note, it was found that the crystallite size reaches a
minimum and rms strain reaches a minimum value, possibly because of stress relaxation. TEM study confirmed that
the value of crystallite size obtained is in good agreement with values estimated from XRD data. Figure 5-7 shows
TEM micrographs for Co.CrAl, CooMnAl and CooMnSn MAed powder particles. Also increased lattice constant with
increasing milling speed implies that aluminum and tin dissolved into cobalt lattice forming solid solution [34].

Table 1 Milling condition and calculated parameters for preparation of alloy after 50 hr

S.No | (ov | (Qp=mv/2 | BPR | Time | Ball PCA Velocit Eb Milling
) ) (hrs) | (mm y (Joule | Intensity, It
) (m/sec) ) (J/g) x108
1 | 100 50 10:1 | 50 10 Stearic 0.6394 | 0.0016 0.0363
2 | 150 75 10:1 | 50 10 S?eca;(rjic 0.9591 | 0.0036 0.818
3 200 100 10:1 50 10 S?;l(rjic 1.2787 | 0.0064 1.4544
4 250 125 10:1 50 10 S?;l(rjic 1.5984 | 0.0100 2.2725
5 300 150 10:1 50 10 S?:e;(rjic 1.9181 | 0.0145 3.2725
6 350 175 10:1 50 10 S?ece;?ic 2.2378 | 0.197 4.4542
7 400 200 10:1 50 10 S?eca;gic 2.5575 | 0.0257 5.8177
aci
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Figure 2 SEM micrograph of Milled Co.CrAl powder at various speed (a) 100 rpm (b) 150 rpm (c) 200 rpm (d) 250

rpm (e) 300 rpm (f) 350 rpm (g) 400 rpm
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Figure 3 SEM micrograph of Milled Co,MnAlI powder at various speed (a) 100 rpm (b) 150 rprh' (c) 200 rpm (d) 250

rpm (e) 300 rpm (f) 350 rpm (g) 400 rpm. |
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Figure 4 SEM micrograph of Milled CooMnSn powder at various speed (a) 100 rpm (b) 150 rpm (c) 200 rpm (d) 250

rpm (e) 300 rpm (f) 350 rpm (g) 400 rpm

Figure 6 TEM micrograph of CooMnAl at 400 rpm
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Figure 7 TEM micrograph of CooMnSn at 400 rpm

4.2 STRUCTURAL PHASE ANALYSIS

Figure 8-10 shows the XRD pattern of Co2CrAl, CooMnAl and CooMnSn powders at different milling times and
variable speeds. No oxide peaks are visible in the XRD profile because of the continuous use of PCA. According to
XRD profiles, there shows an increase in peaks broadening with the increase in milling period, which result in the
lattice strain development and grain refinement as well. Another noticeable fact from XRD pattern, shifting of peak
towards the lower angle. The evolution of average crystallite size (L), and the strain (o) of powders mixture is shown
in Figure 11. It shows noticeable rapid decrease in crystallite size in 100 to 300 milling speed followed by a sluggish
decrease from 300-400 rpm values. Average crystallite size of mixture powder nearly found to be 14 nm. In the early
stage, Al peak dissolved at 150 rpm speed forming solid solution. During the various stages, it is noticeable that owing
to severe distortions introduced in lattice that would lead to severe plastic deformation during mechanical alloying of
powder particles. As the milling speed exceeds, the crystalline phase varied accordingly.

p— —————

A

Intensity (a.u.)

40 ‘0 MI
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Figure 8 XRD profile spectra of Co.CrAl at variable speeds
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Figure 9 XRD profile spectra of CooMnAl at variable speeds
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Figure 10 XRD profile spectra of CooMnSn at variable speeds
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Figure 11 Variation in crystallite size and micro-strain in Co2CrAl, CooMnAl and Co.MnSn with different rpm values

After 250 rpm of milling speed, peaks start to merge which results in their intensity decrement. The decrease in
peak intensity increases milling intensity with speed of the milling (as shown in Figure 12). However, the energy
between atoms cause temperature increases as milling intensity increases which results to decrease the diffusion
coefficient [35]. Another noticeable interesting point, calculated milling intensities are close with broader peaks
suggesting comparably smaller crystallite sizes and overall much better alloying in 400 rpm was realized.

Figure 13 explains the percentage of phase evolution during milling. The phase formation noticed within 30 hours of
mechanical alloying at 200 rpm. This milling time led to disappearance of Al peaks. Crystalline refinement and atomic
scattering of aluminum to a few nanometers results in broadening of XRD peaks. The lattice constant also shows a
variation of milling as shown Figure 14. In milling, lattice constant continuously increases up to maximum value of
1.76 nm roughly. The increase in lattice parameter described because of introduction of internal strains through severe
plastic deformation or diffusion of Al, Cr, Mn and Sn in Co lattice [36]. The crystallite size and dislocation density
results shows fracturing of particles which gets dominated till 30 hours. However on subsequent milling, the

dislocation density predominates showing the constituents are elastic in nature.
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Figure 12 Variation of peak intensity and Milling intensity at various rpm

0,77
0.76 = Co,CrAl z
& CoMnAl 4
A Co,MnSn - A
= 075 . A
= o
GJ’ @ a -
& 074 o -
8 F
2 g A -
Z 0.73 4 A
=
-
A
0.72 -
- .,
‘)'71 | . T . T L) T . T ¥ T . T
100 150 200 250 300 350 400

rpm of ball mill

Figure 13 Variation of phase percentage in Co2CrAl, CooMnAl and Co,MnSn with different rpm values
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Figure 14 Change of lattice constant in Co2CrAl, CooMnAl and Co,MnSn
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Figure 15 Change of dislocation density in Co.CrAl, CooMnAl and Co2MnSn under different milling speeds

Dislocations are often linear defect responsible for plastic deformation in mechanically alloyed materials. The
dislocations density represented by following equation [36, 37]:

po =243 (14)

Where b is Burgers vector of dislocations which is equal to 0.3420 nm for Co; L is crystallite size and ¢ is micro strain.
Two sections of density dislocation clearly noted in Figure 15. While milling, usage of 100 rpm to 250 rpm,
dislocation density slightly increases from 0.45*10'%/m? to about 0.63*10'%/m2. The dislocation density shows a
considerable increase and reaches a maximum value of about 0.97*10'%/m? in 300 rpm and 400 rpm. This can be

explained by the fact that during the milling, collision takes place between balls that gave rise to temperature, so the
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dislocations may undergo climb. Owing to this, dislocation formed may undergo by moving no conservatively out of
their glide plane with atomic defects which needs greater energy. So diffusivity increased by decline of crystallite size.
Also, instance of plastic deformation will induce a local fusion. It supports alloy formation by diffusion at high

temperatures. The diffused layers within powder particle continuously fractured lead in diminishing diffusion distance.

5. Conclusions

Co-based multicomponent alloy powders successfully prepared by mechanical alloying. From earlier results
reported, it infers that milling conditions played a necessary role and would be a responsible factor in getting desired
properties. For carrying out desired properties namely crystallite size, particle size homogeneity in material, milling
carried out for 50 hours at variable speeds ranging from 100 rpm to 400 rpm. In doing so, continuous use of process
control agent is important to avoid the welding mechanism. Based on experiment performed, the material loses its
crystalline nature either on milling beyond 50 hours or on increasing the speed. Both factors are responsible for

development of amorphous nature in alloyed powder.
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