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Abstract: The present work deals with the development of a horizontal vibratory rod mill
for mechanical alloying and synthesis of nanostructured materials. A simplistic model for
optimization of milling efficiency has been developed, and the optimal operating
parameters have been theoretically identified. The significance of developing such a mill
lies in the possibility of high temperature mechanical alloying, which can open up new
vistas for synthesis of nanoscale alloys.
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INTRODUCTION

Increased demand for high performance materials bas lthe key driver for modern day
materials research. It is now an established fattntiaderials processed under conditions far away from
equilibrium possess extraordinary properties which eertlem more useful than their conventional
counterparts. One of the most common non-equilibfuatessing techniques is high-energy mechanical
milling. Mechanical alloying involves alloying ofélpowders at elemental level. The mechanical milling
technique was first used effectively for the purpdsalloying by Benjamin, in 1966 [1].

This technique has been used effectively to proaitlege number of metastable materials with
unique properties [2-4]. Some of the advanced madersynthesized by these routes include
supersaturated solid solutions, amorphous and nastaliiye materials, as well as metastable
intermetallics. Amongst the materials in the lagegary, namely metastable intermetallics, transition
metal silicides enjoy tremendous technological imgooee due to their excellent structural and electronic
properties. One such material is nickel silicidegkBl silicides have been found to exhibit excdllen
low-resistant ohmic contacts and also as contactSdhottky barrier infrared detectors [5-10].

However, the high melting temperatures of these méidepigesent considerable difficulties
when processed by conventional routes. In thiseoantnechanical alloying has the potential to emerg
as an attractive alternative for processing ofigidéis. The effect of temperature on phase selectiongluri
milling is still a grey area. The presence of a largmber of congruent as well as non-congruent neglti
intermetallics, some of them very close to eachraithéhe binary phase diagram offer excellent scope
for fundamental studies as a function of milling temagture.

The central problem addressed in the present wotk ia mill whose geometry would be
amenable to be fitted to a furnace and thus betaddpr high temperature milling. Efforts have been
made to elucidate this issue from a theoretical petsge.

PHYSICS OF MILLING
The horizontal vibratory rod mill
The horizontal vibratory rod mill has been desigkedping in view the geometry which would
be compatible with a standard furnace. The standalidnills like the SPEX, P5 or P7 all have
complicated motions which prevent a suitable imgatation of heating system. The inherent design of
the present mill calls for the use of rods as millimgdia as opposed to balls.
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The mill has two different motions — rotation abautorizontal axis and vibration in the vertical
plane. The role of vibration is two-fold — on onendat helps in disturbing a perfect rotary motion,
ensuring that milling media do get detached fromwiaé wall and crash down; on the other hand they
also result in rotation of the rods about its ownsagonsequently, due to this rotation, the entrdppe
powders get sheared as well. This presents a duahtae of having shear as well as impact conditions.

The vibrations are generated by a cam fitted to v@dtion motor’. The cam, in course of its
motion lifts the roller directly on top of it. The tet in turn is connected to a platform on which the
‘rotary motor’ is mounted by means of a shaft. The phforms are interconnected by four springs as
shown in the figure below. Ultimately, it is the ¢erresulting from the spring deformation which results
in the vibrations. The mill is shown schematicafiyFig.1.
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Fig 1. Block diagram of the horizontal vibratory rod mill.

Mathematical formulation of rod motion
A Cartesian reference system is chosen. The coordéyatem is centered at the rotor of the

motor providing vibrations.

Kinematic equations

The entire motion is considered inxay plane, on a cross section of the vial perpendidoléas
axis of rotationThe reference frame is centered at the rotor of thatiim motor. The rod is assumed to
move on the vial wall under no slip conditions. Thgquations have been developed for a two-
dimensional case considering a cross section peiqéadto the central axis of the vial, as shown in fig
2. Furthermore, it is assumed that due to the higtidnal forces between the rod and the vial wall,
there is no relative slipping prior to the detachmerené

Fig 2. Definingthe problem



Concentrating only on the rotation of the rod whitieking to the vial walls around the vial
axis, the following equations may be written —

X =T, Ccos,t) la
y=r1,8in(e,t) +1 = (ry —ry sina,t) 1b
wherefg=1ry—1I;
Here (X,Y) denotes the coordinates of the régandr, are the radii of the vial and the rod respectively.
wy denotes the angular velocity with which the viahtes and is the time elapsed after initiation of rod

motion.wyis the angular velocity of the cam (vibration motarjidis the distance between the centre of
the cam (vibration motor) to the centre of the vial wiies at the highest point.
The velocity components of the rod may be given as

X :
v, = % =-wr,sin(wt) 2a
_dy_
v, = i W, cost) + w,r, cosi,t) 2b
Similarly, the acceleration is given by
d?x 5
« =~ =~ cos@t) 3a
dt
d?y
a, = = afr, sin@p) + &fr; sin(@ )] 3b

The detachment event

The condition for detachment event can be foundbguequating the forces acting on the rods
at the instant, with the vial reaction, and consetjyehe frictional force, being set to zero. Forcesray
on the rod at this instant are shown in the free badidgram of the rod in fig 3. IZ be the spring
deformation, equating the components of the forceélsdrradial direction, we get

T T
N = mafr, - kzcos{E - 9] - mgcos{z - 9] 4
Also, from the fundamental equation of dynamics we get
N = ma 5

The acceleration of the rod just at the momentathchment is given by 3. This can be resolved along
the radial direction and used in egn. 5. Resolvirgatceleration components along radial direction, we
get

a, (r) = -afr, cost).cosd 6a
a, (r) = afry sin(@yt) + &fr, sin(@t)].sin@ 6b

mn
Fig 3. Freebody diagram of therod

Substituting the values of vial reaction and rodeta@tion in eqn. 5, and realizing thé wl, o=\,
we get



mayr, —kzsind —mgsing = —m(wfr0 cos @+ wir, sinasing + &’r, sin® 9)
Simplifying the above expression,
2masr,
(k =ma)r, sina + mg
The above equation defines the angle of detachimetetms of the other milling parameters. Since the
value of Sird lies in the interval [-1,1], it is clear that demeent will not occur when thRHSvalue in
the eq 7 falls outside the interval. So, considetirafirst case, detachment will not occusif) > 1 or

o > (k =me)ry sina + mg
' 2mr,

For obtaining real values from the above expresdtom numerator should be positive. Hence
we arrive at the relation

m(cfry - 9)
k

sin@ = 7

8a

sing > 8b

This condition may be used to optimize the rotatadnthe individual motors along with the spring
stiffness constant. Clearly, all other things beiogstant, theRHSin the above expression takes the
minimum value whersinn = -1 and maximum whersine = 1. This suggests that detachment event
would be different for different cycles. However, it woubd reasonable to assume that over a
sufficiently large period of time, a sequence of cyaéll be repeated, and hence one can proceed with
the averaged expression as representative of the @nticess. The fluctuating value of fREISimplies

that there is a chance that for an arbitrary valuegfone may have a case where detachments occur
during some cycles, but not for others. In order toichvauch a situation, one should ensure that
detachment occurs even for the minimum value ofRRexpression. This can be done by setting the
condition w, remains less than tiRHSexpression with simset to -1 o set as(4p+3)1/2, where p

is a whole number. Hence the condition for havingement in each cycle is

o <\/mg—(k—mw5)rd

2mr,

9

The second case arises whgil) < -1. Since the numerator in tfRHS of the eqn. 7, for a negative
value of Sind, the denominator should be negative. Proceeding avitlegative value of denominator
and using the inequalitgind < -1, it is clear that this reduces to the relation 8.

Energy transfer in the mill
From the kinematic equations and the detachmerieriari derived above, the collision
coordinates may be described, and the energy traaisflee instant of collision calculated.

Collisions

The relatively large size of the rods, both in lénag well as diameter, ensures almost complete
filling of vials. Hence, unlike the popular ball-niily models, one cannot neglect the collisions betwe
the milling media. In fact, added to this factor, th&ation of the rods about their own axis lendargé
component of shear to the entire process. Based mmmeyy, one may consider all the rods as
equivalent (prior to detachment). Hence, consideffiregftill packing of vial doesn’t occur, and there is
always some clearance, we can safely ignore the atitenebetween consecutive rods moving around the
vial. Hence, while modelling of collisions, one hasaccount for the possibility of the collisionsJeén
the rods themselves, as well as the detached mbtharvial wall, while ignoring other interactions.

If the net time of flight isl;, then one can get the collision coordinates by sglthe equations
of motions of all the rods. Since the only force rgton the rod once it leaves contact with the wiall
is gravity, the equations, for the detached rod waeld

X, = Xy +Vt 10a

Y1 =Yg Wt -%gtf 10b



where Xy andYq are the detachment coordinates which may be efmilyd out from egn. 1 once the
value of # and a are known. These angular values, of course, bedomown as soon as the other
parameters, e.g. angular speed, rod mass, etc imknow

Assuming the milling to be carried out withrods, the angular relation between the detached
rod, when it is just about to get detached, andfheod is

&/ :9+(i_1)2_: 11

Here, the detached rod has the vake.

The egn. 11 can then be used in tandem with egnH&@ce the coordinates of th¥ rod during
collision is given by

X =T, cos{{ﬁ +(0 -1 %Tjtf } 12a

y, =1, sinﬂeﬂi —1)27”}f } +1 —[rd -y Sin(at; )] 12b

It further follows that the closest distance of apgtobetween the two rods would be equal to theafum
their radiireft. The rods being dimensionally equivalefds amounts to their diamet@ry. This leads to
the relation

(Xl_xi)2+(y1_yi)2 :4rd2 13
The equations 10, 12 and 13, when solved simultsigavill give the collision coordinates. However,
the transcendental nature of these equations prechrdanalytical solution, and hence an iterativéh(wi
respect to time) numerical approach is required. In suchpproach, the equations 10 and 12 will be
evaluated after each time step, and subjectecetéotitowing check

(Xl_Xi)2+(y1_yi)2S4rd2 14

If this criterion is satisfied, then it is implidibat collision has occurred in the time step under
consideration, and the collision coordinates camiben by the average of the coordinates of the two
rods at the start and at the end of the time stelpruconsideration. The iteration scheme is thenearok
If the condition is violated, it means that collisioas not occurred, and the iteration has to continue.

In the case of collision between the detached ratithe vial wall, a similar approach may be
adopted, with minor modifications. Instead of consig an ith rod, we need to consider the
circumference of the vial to be composed(pircsf equal length. The degree of accuracy would be
higher for largerq values. The arc which is touched by the rod asavds contact would then be
considered as the'larc, and the other arcs would then be numbered dngbydSuppose, during the
collision, the detached rod hits tﬁg arc, the collision coordinates for the rod will bgep by egn. 10.

The coordinates of the arc will be given by an eigmasimilar to eqn. 12, with slight modifications.&'h
new expression will then be given by

X, =T, co{(eﬂj —1)%7jtf} 15a

y, =T, 3in|:(6+ (] _1)%7'ij } +1 —[I’d = Iy Sin(wt; )] 15b

The closest approach between the rod’s center angdimé on the arc would be attained during the
collision and would equal the rod’s radius. Hence hare the condition

2 2 _ .2
(X:L_Xj) +(y1_yj) =TI 16
In principle, the simultaneous solution of eqns. 1®,and 16 should describe the collisions. However,

once again due to the complex nature of the equativmdved, we need to resort to a time-iterative
numerical approach, with the following check beirgfprmed at the end of each time step.

2 2 2
(Xl_Xj) +(y1_yj) = 17
If this criterion is satisfied, then it is implidibat collision has occurred in the time step under
consideration, and the collision coordinates camilien by the average of the coordinates of the two

rods at the start and at the end of the time steépruconsideration. The iteration scheme is thenearok
If the condition is violated, it means that collisilbas not occurred, and the iteration has to continue.



Impact frequency and energy
The average frequency of the impacts is given by
w
= Pa 18
2
wherep is the average number of collisions per cycle. Foistie of simplicity, assuming a reasonable

high value ofwy, P can be taken as equal to 1.

Assuming the collisions to be plastic, it can bsuased that there is a complete transfer of the
kinetic energy. Due to the small diameter of thé, tfze vertical movement of the rods would be less,
and the contribution of the gravitational potengakrgy would be negligible. In such a case, theggne
transferred would be given by

E:%rTM2 19

Shear forces acting on the powders

Unlike ball mills, the larger contact area of the radsults in generation of shear forces in
addition to the impact. In fact, it is believed tsaear is the predominant mode in a rod mill. Theshe
forces may come into the picture in two ways. Ritdtie shearing may be manifested due to the motion
of the rods against the vial walls. Secondly, theayrarise due to the rubbing action between the two
colliding rods. In this section we evaluate the slieeces acting on the powders due to milling.

Shearing of powders due to rod-rod contact

The force that acts is only the gravity force. Daethe spinning of the balls there will be a
tangential (shear) stress acting on the powder partetrapped between the two colliding rods. The
shear stress will then be given by

W
T=pup, = ﬂ[?j 20

Where [ = coefficient of friction between rod and powder paes, P, = pressure in the radial
direction,A = contact ared/V = component of weight of the falling rod in the difen of the line

joining the rod centers (fig.4).
SinceW is small, the shear stress produced thus will belsmal

Powder
particles

Direction of Wr

Fig 4. Shearing of powdersduetorod-rod collisons
Shearing of powders due to rod-vial contact
Since the rod sticks to the vial wall due to a¢acgntrifugal force, the contact of rod with the
vial wall may be assumed to be of Hertzian type.
The maximum pressure in this case occurs at thdlenldngth of the rod and is given by

_ 2N, 1
™ b
And the average pressure is given by
p., = N, 22
¥ 21b

whereN is the normal force between the rod and the vial (ial the centrifugal forcéna)?r, Mmis
mass of rod) and b is the half length of Hertzian adrgaven by



1/2
b= 1—|/f+1—|/22 7 N -
E, E, |4 |

r
whereVq, V5 are the Poissson’s ratios of the rod and vial mateeajsectivelyEq, Eo are the

modulus of elasticity of the rod and vial materialspectively, and
1 1 1

24
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The average shear stress due to rotation of the vigglthe contact period of the rod with the vial wall
is

T =D, 25

wherel is the coefficient of friction between the rod-powden vial-powder.
There will be one more component of shear due tepimning of the rod (caused by the couple
from the spring force). This is given by

kzsin(ﬂ - Hj
2
r= 26

21 b
Replacing the value &, we get the expression
. L TT
kry smafsm(2 - Hj

r= 27
21 b

The shear stress can then be obtained by substith&éngalues of andé at the collision points.

RESULTS AND DISCUSSIONS
The mechanics of the model can be used to developnaber of predictions. These are
discussed below.
Estimation of maximum permissible rotational speed
The basic aim of the model is to predict the maximallmwable rotational speed at which the
detachment event can occur, and consequently thgyetransfer can be improved upon. This value

critical value of &, can be estimated using the relation 8. The variaifore, with &, is shown in fig.

5. While it is evident that increasing.,, has an effect on a larger permissible value.of it is not too
effective. This may be attributed to the fact the vibration is transmitted through the spring, amal t
spring forcekz has a relatively low value due to the small valfithe vibration amplitude.
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The cam design
It is to be noted while plotting the above relatetweend, and G, we have used “minimum

permissible” values oSina determined in relation 9. The plot for the minimuermissible values of



Sina and the vibration rpm is shown in the fig.6. It i®iséhat the values remain roughly close to zero.
This implies that half of the valuesf o are suitable for having any collisions at all. Byddarge, the
values ofa which lie in the third and fourth quadrant would besuitable. Consequently, it is felt that
the present cam design doesn’t result in maximunieffcy.

This situation can be improved by a double actiagcwhich would be shaped in form of an
ellipse. Such a cam design would ensure that thevailies thatt can ever take in the mill are those in
the [-mw,+ mr] range. A double acting cam would ensure that effelgtivt never goes outside the

[-m,+ mx] interval. This ensures that the criterion for “minimum perrnitis value of Sina is
always met, and the possible number of collisioris deubled.

Shearing of the powders: component due to the vibrations

The major mechanism operating in rod milling isah€onsidering the geometry of the present
mill, it is obvious that in addition to the standahear components which are present in other rdd, mil
there is an additional shearing due to the spinnfripedrods induced by vibrations. The shear stresses
on the powders due to this spinning can be estinadeng relation 27.

CONCLUSIONS
The phase fields evolving during ball milling differ sificantly compared to the equilibrium
phase fields. Size reduction of the crystallitesémo levels introduces a large number of interfaces.
Hence the phases with lower interfacial energy averéal. Consequently, the non-congruent melting
intermetallics get bypassed in favor of the congrueeiting intermetallics. With the current mill
geometry, rod milling seems to be a better optioogmosed to ball milling.

Maximum milling efficiency may be realized using a peo combination ofw, and wy.
However, an arbitrarily large vibration frequency cd®tchosen, since high frequency vibrations would
prove detrimental to the mill. Based on the moié, suggested that an operating conditiomef= 200

rpm andwy = 800 rpm would be the optimum keeping in mind thaldequirements of attaining a high
energy transfer and preserving the structural integifitthe mill. The lack of alloying in the vibratory
mill is ascribed to operating the mill at conditsowhich are reasonably far away from the optimum. In
fact, as calculations in section 4.4.1 demonstraeresent operating conditions results in pinmihthe
rods against the vial since the rotation rpm is \@blbve the maximum permissible frequency for even a
single detachment event over an arbitrarily large lmemof cycles. This prevents any impact or shear due
to rubbing / collisions of the rods against onethan

The milling efficiency may be further improved by mailifg the cam’s shape from circular
(which is essentially “single action”) to ellipticglwhich would be a “double action” case). The
eccentricity of the ellipse should be chosen accgrdinthe required vibration amplitude. It has been
demonstrated that the force transmitted throughphiegis not too effective in initiating the detachmhe
event by disturbing the rod’'s motion. Hence possilsiegpe exists for enhanced amplitude. The
restriction to the proposed increase of the ampituebuld once again be restricted by need for
preserving the structural integrity in addition e tconstraints imposed by the furnace size.

Shearing of the powders is seen to be strong functibtie Hertzian length. The length in turn
is dependent on the radii of the rods and the vialelsas their elastic modulii. In this context, stfelt
that greater vial filling (or larger rod size) would iease the shearing. However this would obviously
come at the expense of impact. Also, based on tpeession, it is felt that materials like tungsten
carbide would be more suitable for the vial and trdsr
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