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Abstract

A detailed mathematical analysis is presented to advance the current understanding of the mechanics of milling operation in a planete
ball mill in terms of a global Cartesian reference space. The ab initio calculations have identified the role of milling parameters in
determining the condition of detachment of the ball from the vial wall. The condition of an ‘effective’ impact has been identified in terms
of the vial-to-disk speed ratio. It emerges from the analysis that the role of velocity components of the ball at the instant of its impact on th
vial wall warrants proper consideration, because the tangential force determines the lower bound of the vial-to-disk speed ratio conduci
for effective transfer of impact energy to the powder charge in the mill. Finally, a comparison of the experimental results of grain size
reduction during milling of elemental Fe and €Al powder blend with the similar predictions of the present analysis demonstrates for
the first time that elastic properties of the balls and vials play an important role in determining the rate of structural refinement during bal
milling. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction motion. However, the analysis does not provide a governing
principle to predict an optimum milling condition.
Mechanical alloying (MA) is a versatile route of solid state Subsequently, Abdellaoui and Gaffet [5], Gaffet [6] and
synthesis of nanometric novel materials with metastable Gaffet et al. [7] have suggested through more rigorous
microstructure and composition [1]. It is known that high analyses that the power of ball impact rather than the ki-
energy ball milling in a planetary mill leads to MA of the netic energy or frequency may determine the end products
constituent powders through a process involving repeatedand efficiency of the milling process. These models, how-
deformation, fragmentation and cold welding [1]. In the past, ever, overlook some important kinematic parameters like
several attempts have been made to simulate the dynamicghe angular variation of impact velocity in determining the
of this milling process in terms of ball velocity, frequency of effective amount of power/energy transferred to the powder
impact and power/kinetic energy transferred to the powder particles during a given collision event. In this regard, Bes-
charge during milling [2—14]. Maurice and Courtney [2] and sSet et al. [8] have proposed that the impact velocity may
Courtney [3] have simulated the mechanics of miling on be experimentally determined from the size of indentation
the basis of Hertzian criterion of perturbed impact to predict on a metallic surface. Magini and lasonna [9], lasonna
the volume of material affected per impact, impact duration, and Magini [10] and Magini et al. [11] have considered
strain/strain-rate, temperature rise and cooling rate. Boththe same kinematic conditions earlier proposed by Burgio
these analyses deal with the phenomenological aspects o€t al. [4], and calculated the energy transferred per impact
collision between two balls and/or a ball and vial wall rather to compare the latter with the experimentally determined
than the kinematics of the ball motion. On the other hand, electrical/mechanical power consumed. In spite of such an
Burgio et al. [4] have derived a set of kinematic equations elegant approach, the analysis have not yielded an optimum
to compute the velocity and acceleration of a ball in a plan- condition of milling in terms of power/energy for a given
etary mill, and thereby, estimate the energy transferred to MA condition. Watanabe et al. [12] have simulated the kine-
the powder particles. The ball distribution inside the vial is matics and related trajectory of the ball motion for a variety
considered to be independent of the kinematics of the ball of ball mill devices using Kelvin's dashpot-spring model.
The analysis as well as the photographic observation of
* Corresponding author. Tel+91-3222-83272; fax:-91-3222-55303. ball trajectory suggest that the relative direction of rotation
E-mail addresssskpabi@metal.iitkgp.ernet.in (S.K. Pabi). between the disk and vial (i.e. parallel and counter rotation)
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determines the nature of ball trajectory, i.e. cataracting and the kinematics and dynamics of a single ball could, in prin-
cascading motion, respectively. ciple, represent the overall process of mechanical alloying
Subsequently, Dallimore and McCormick [13] have pre- (MA) in a planetary ball mill. For estimating the effect of
dicted the grinding media motion in a planetary ball mill an individual impact, the effective amount of power/energy
by a two-dimensional discrete element method of computer transferred by the balls to the powder volume entrapped be-
analysis. They have compared the Kelvin and Maxwell tween the ball and vial wall needs proper evaluation. In this
visco-elastic models and elastic/plastic yield model, to regard, it is assumed that the kinetic energy of impact is
characterize the normal and tangential impacts. In addi- conserved within the colliding bodies.
tion, they have also considered the variation in ball motion  Following Abdellaoui and Gaffet [5], a single ball has
and energy dissipation during collision for varying milling been conceived as a point mass moving on the vial wall un-
condition in terms of the CuO/Ni reaction synthesis [13]. der the ‘no-slip’ condition. In addition, the present analysis
Regarding the nature of collision, Le Brun et al. [14] have considers the ball motion as a periodic event initiating from
expressed the collision events and their effectiveness fora given point on the vial wall that offers maximum reaction
MA through a kinematic parameteRtica)) Without defin- force on the ball. The kinematics of ball motion, in contrast
ing its significance in terms of the mechanism of collision. to that presented in Ref. [5], has been treated here in terms of
It is apparent from the earlier results [2—14] that most of a global reference frame having its origin (O) located at the

the investigations conducted so far in the area of dynam-

ics of planetary ball milling have either studied the role
of total power of impact B;) for MA or have attempted
to predict the trajectory of the ball motion within the vial.
However, further investigation is warranted to explore the
most conducive conditions for MA derived in terms of the
milling parameters. Moreover, the influence of the impact-
ing medium (balls and vials) in determining the kinetics of
MA has not yet been theoretically analyzed.

center of the disk (Fig. 1). Herey andry are the distances
between the origin and center (C) of the vial, and the lat-
ter and a ball, respectively. The rotational speed of the disk,
determined by the rotational speed of the line OGydsin

the anticlockwise (or positive) direction. In accordance with
the planetary motion of the mill, the rotational speed of the
vial in the clockwise direction relative to the line OCudis.
HereP(xo,Yo) is a point on the vial surface lying on the line
OC, that is taken as the point of initiation of the ball mo-

In the present investigation, we have presented a kine-tion. At any instant, the position vectorg; andy; (Fig. 1)
matic analysis in terms of a single Cartesian reference frameof the ball at a given timet{ may be expressed as:
for both the rotating disk and vial. The present model ex-

plicitly defines the role of milling parameters in determin- *1 = 7'd COSwdt + 1v COSwq — wy)t @)
ing the criterion for the detachment of ball from the rotating 4,4

vial wall prior to impact, so that the detachment angle never

assumes an unrealistic value in the subsequent analysis. FOp; = rq Sinwgt + ry Sin(wg — wy)t (2)

the first time, the effect of tangential component of the im-
pact velocity of the ball at the instant of impact has also
been taken into account under a no-slip condition to estab-
lish the criterion of the effective impact. Finally, the present A
analysis demonstrates that power consumed for elastic de-
formation Py) of the ball, which is determined by its elastic
properties, warrants due consideration in the milling oper-
ation. A comparison between the experimental results and
the predictions of the analysis reveals that a higher value
of (P;—Pg) at a comparable level d?; results into an en-
hanced rate of refinement the crystallite size in elemental Fe
or Cu—Al powder blend.
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2. Mathematical formulation

2.1. Kinematics of motion

The present analysis of the planetary milling operation, in
accordance with the earlier relevant models [4,5], considers
the overall process involving a number of balls in the vial as
e_quwalent to the CquIatlve effect of recurring impacts ofa Fig. 1. Schematic diagram showing positions of the ball on the vial surface
single ball on the vial wall. In other words, the balls are as- 4t the point of initiation of its motion (at=0), detachment (at=t;) and
sumed not to interfere with each other's motion, and hence, collision (=t;+t,) (see text).
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Consequently, the respective velocity components inxthe is a point on the surface of the vial with its center located

andy directions, i.ev, andvy, may be obtained as: at (Xc1,¥c1)- Hence,

dxy _ _ (x1 —xeD® + (1 — ye)? =1¢ (10)
Uy = — = —wgrd SiNwgt — (wq — wy)ry SIN(wg — wy)t )

dt - where xc1=rq cosd1 andyc1=rg Sind1.

2.3. Kinematics of impact

and

d . .
vy = o1 _ wdrd COSwat+(wg — ay)ry COSwd — wy)t (4) After the_ detachmeqt even_t,_ the ball conthues_to move in

dr a given trajectory and its position at successive time steps is

o calculated from the components of velocity in the direction

2.2. Detachment criterion of coordinate axes at the moment of detachment. The unac-

_ . - celerated motion of the ball continues for an intergaintil
Resolution of the centrifugal force originating from the it collides with the vial surface (Fig. 1). The time step is re-

rotation of the vial and disk along the directiéhCo in stricted such that the distance of the ball center from the vial
Fig. 1 yields the net reactiolj acting on the ball ata given  wall at the final step, sayry, should be less than the ball
position on the vial wall as: radius. Position of collision on the vial surfad&(xz,y2), is
iven by:
N = m[r(wg — o) + rqwd® cosg] (5) J Y
X2 = X1+ Ucl2 (11)

where¢ is the angular distance described by the ball at a

given moment during its motion on the vial wall starting and

from Po in Fig. 1, andm the mass of a ball. In_|t|at|ng |Fs V2 =y1+ vyt (12)
motion from Py, the ball remains in contact with the vial

wall as long asN is positive. This condition yields (from  Considering the position of the ball at the point of detach-
Eq. (5)): ment, and subsequent collision in terms of the respective
) position of the center of the vial
ry(wd — wy)
COSp = —————5— ) 1+ vtz — x2)? + 1+ vyt2 — ye2)?

rdwd
2 2
. . = - - 13
At the point of detachment, i.e. @t=¢1, the resultant re- (¥1 = xer)”+ (1 = yer) (13)
action on the ball is reduced to zero, iN=0. As a conse-  wherexc; andycy are the position coordinates of the centre

quence, it is evident from Eg. (6) that: of the vial at the instant of collision (Fig. 1). Substituting,
5 (xc1? + Ye1?), (xc2® + ye2?), X2 andyc, obtained in terms
cosey = _ rv(wd — wy) @) of rq, Eq. (13) can be rewritten (fdp>0) as:
2
rdad

- . (W24 vD12? + 2(x1vx + y1vy)t2 — 2{x1rg COLP1 + wat2)
It may be noted that a similar expression has been obtained * Y * ’

in an earlier analysis [5]. However, the limiting value of + y1rd Sin(g1+wqt2) } —2{vxrg COSP1+wdt2)
cos¢ (>=—1) expressed by Eq. (7) is utilized here to define + vyrgSin(g1+wdr2) }ta+2(x1xc1+y1yc) =0
a detachment parametes) @s: (14)
§— rv(wg — oy)? ®) It is interesting to note here that only &(x1,y1) and

N rdwg? P2(x2,y2) the ball remains attached to the vial wall and

Eq. (14) is satisfied. At any other point on the trajectory of

the ball duringty, the left-hand side of Eq. (14) would yield

a negative value, indicating that the ball does not remain at-
tached to the vial. In the event of a collision, the resultant
velocity (v) of impact of the ball is obtained from Eqg. (14) as:

Since S must be confined within the limit €S<1, it can
dictate the possible values/combination«gf andwy for a
given mill (i.e. known values af, andrg) such that the ball

is detached from the vial wall at a given point to make an
impact at some other point on the vial wall considering the
condition expressed by Eq. (7) at the point of detachment: 12 = wy%rg? + (wg — wv)?r? + 2wd(wd — wy)ryrd COSr

2 2
$pr=m —costs 9) ="+ vt (15)
wherev; and vy, respectively, are the radial and tangential

components of impact velocity and the angle of incidence
(y) in Fig. 1 is expressed as:

According to Fig. 1, the interval between the ball moving
from the positionPg(Xo,Yo) to P1(X1,y1) on the vial surface
can be obtained ds=¢1/wy. In the same interval, i1 is the
angular displacement of the line OC, then=¢1wq/wy. At v o1 Y2 Ye2 1 { vy
the moment of detachment, the position of the Ba(ii,y1) y =tan w/) tan X —xe2) tan (16)

Uy
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2.4. Re-initiation of ball motion

After an impact, the ball needs to move to a point situated
at the vial surface on the line OC for initiating the next cycle.
The time elapseds) for this motion is given by:

t3=— 17)

Wy
wherea=[27 —(¢1+wyt2)].

2.5. Frequency of impact

The total time for a complete cycle of ball motion is
determined by the time through which the ball is in contact
on the vial wall {1), the interval between a detachment and
subsequent reattachment to the vial wal),(and the time
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be reversible in nature, the duration of impag} ¢an be
obtained from Ref. [15] as:

8
fi =294
Ur

(24)

Hence, taking the reversible nature of impact into account,
the compression time may be obtainedast;/2.

In the present analysis, the mass and radius of curvature
of the vial are considered to be infinity relative to those of
the ball. Thus, a suitable modification of the expression for
linear momentum in the tangential direction yields [15]:

d
Fe=m (v + orrp) (25)
whereF; is the tangential component of the impact force,
vt the tangential component of the velocity at the point of

elapsed between a collision and subsequent initiation of thecollision, andw, the relative angular velocity. Similar mod-

next cycle of motion tg). Time period for one complete
cycle may thus be expressed as:

t=t1+1+13 (18)
Hence, frequency of collision is given by:
1
f=- (19)
It

2.6. Dynamics of ball impact

Considering that the ball does not change its velocity dur-
ing a flight along the free path, the available kinetic energy
(Et) of the ball of massrf) in the event of an impact is

expressed as:
Ei=05 I'T]\/2 (20)

Thus, the total powelR;) transmitted by the ball per impact
is obtained as:

P =15 (21)

Some of the earlier studies [13,14] have considered the

ball—vial collision to take place under a Hertzian impact
condition [15], and in the present analysis too, this condi-

ification for the conservation of the moment of the momen-
tum [15] of the ball about the axis normal to the plane of
motion passing through the point of impact yields:

d
a[mvt”b + m(rp? 4 rg?)ar] =0 (26)

Here,rq is the radius of gyration of the ball about its center
of mass. Eliminatingo, from Egs. (25) and (26} can be
obtained as:

e ()
1+ rp?/rg?) \ ds

ConsideringF; to be operative throughout the intertalto
bring the tangential velocity down to zero, Eqg. (27) yields:

fc m 0
/0 dy = —(Ft)—(l ) /vt dv

ThereforeF; can be obtained by integrating Eq. (28) to give:

)

k= (27)

(28)

_ m
A+ m?/rgd)

Ut

Fi —
: (&

(29)

3. Experimental

tion has been adopted. Considering a circular area of impact,

the radial component of the impact force, from the Hertzian
impact theory [15], can be obtained as:

A\ (Y 3/2
Ff=<§)rb T2)"

wherery, is the ball radiusg the approach distance of the
ball toward the vial surfacey, the elastic modulus, andthe
Poisson’s ratio. Hence, the normal pressyxg {s obtained
as:

(22)

Fy
Pn=

=5 (23)

wherea is the radius of the circular impact area obtained
from Ref. [15]. If the deformation of the ball is taken to

In order to determine the influence of milling param-
eters on the kinetics of MA, ball milling 0f-300 mesh
size, elemental Fe powder and a powder blend of nomi-
nal composition (expressed in atomic percentagepSlys
has been performed in a Fritsch Pulverisette P5 planetary
ball mill with individual constituents having a purity level
of >99.5wt.%. In order to investigate the role of elastic
properties of the milling media, ball milling of the same
weight of powder (20 g) has been conducted separately in:
(@) in chrome steel vials of,=75mm using balls with
mp=4.2g andY=2.1x 10" GPa atwy=300 and 260 rpm;
and (b) WC vials ofry,=75mm and balls ofn,=8.4g and
Y=7.04x 101 GPa atwg=240rpm. Grain sized;) varia-
tion has been determined from the broadening of the X-ray
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diffraction (XRD) peaks obtained from samples collected at 45

different stages of milling using the Scherrer equation [16].
While, instrumental broadening has been corrected by
subtracting the broadening obtained from the annealed (at
600°C for 2 h) coarse grained (>%0m) sample from the ob-
served broadening, the contribution of strain to line broad-
ening was eliminated by a Lorentzian curve fitting exercise
[17]. However, the determination of the variation of solubil-
ity of Al in Cu for CugpAl1g composition as a function af
has not been included in the present study. This is due to the
fact that several factors, other than the milling parameters,
are known to interfere in the variation of lattice parameter
of a given element, e.g. the grain size itself [18,19] as well
as contamination from the milling media or milling environ-
ments [20]. In fact, theoretical and experimental analyses Fig. 2. variation off as a function ofwg for different levels ofwy. The
have shown that a significant rate of alloying in the MA pro- broken line corresponds @y/wg=1.
cess is achieved only afteg is brought down to<100 nm
[21] and, hence, the variation df with t can well represent
the effectiveness of milling condition.

®, =650 rpm

30r

f(Hz)

0 N A
150 350 550
@y (rpm)

750

ball from the vial surface has taken place before analyzing
any collision event. The milling conditions compelling the
ball to remain attached to the vial surface throughout the
cycle of its motion need to be avoided for an effective MA.
4. Results and discussion
4.2. Frequency of impact
4.1. Detachment criterion
In this analysis, the total time§ for a complete cycle of

It is known that, for a given vialr() and disk radiusrg), ball motion can be computed through Eq. (18). Hence, the
the main process variables for MA in a planetary millage ~ frequency ) of impact for a single ball may easily be ob-
and wq [2]. Earlier attempts to construct the milling maps tained from Eq. (19). From the present analysis, it is found
in terms ofwy andwy using the experimental results of mi-  thatf increases withog (Fig. 2) in @ manner similar to that
crostructural evolution during MA have aimed at identifying reported by Abdellaoui and Gaffet [5]. Both these analyses
the optimum milling conditions for generating the desired indicate thatf gradually approaches a plateau, the level of
microstructure [5—7]. The present mathematical analysis of Which increases wity (Fig. 2). Here, it is also interesting
the milling dynamics aims at predicting the milling condi- to note thaff increases withvg as long asdv/wq)>1 for a
tion in terms ofwq andwy, for the occurrence of the most ~ given level ofwy, As (wv/wg) is reduced below unity,grad-
effective impact between the ball and vial wall to achieve ually approaches the plateau and this transition is delineated
MA. by the broken line in Fig. 2. Thus, the present analysis pre-

In the present analysis, the valueg gfry and ball radius ~ dicts that the level of is determined both byq andwy, but
(rp) are taken as 132, 35 and 5mm, respectively (typical of the limiting value off is determined byvy/wq ratio.
a planetary mill), unless otherwise stated. In order to define
the periodicity of the ball motion, it is assumed that the ball 4.3. Kinetic energy and power
initiates its motion from a point of maximum resultant cen-
trifugal force on the vial surface, i.Bg (Xo,Yo) in Fig. 1. The
displacement of the ball on the vial wall is traced through
an iterative computationrAt=10"°s) method using Egs. (1)
and (2) until the detachment condition (at positiBn in

Fig. 3 presents the variation of total kinetic energy) @s
a function ofwqy obtained from Eq. (20). It is interesting to
note thatg; manifests a monotonic increase with, but is
insensitive to variation iy . In other words, the total kinetic

Fig. 1) laid down by Eq. (7) is satisfied. Subsequently, the
motion of the ball is monitored until the ball undergoes an
impact (positionP in Fig. 1) satisfying the condition in ac-

cordance with Eq. (13). The velocity of the ball at the points
P1 andP2 are obtained from Eq. (15). It may be noted that

energy per impact seems to depend primarilyegrwhich
is in accordance with the earlier prediction by Abdellaoui
and Gaffet [5].

Fig. 4 records the variation of total powd?) estimated
through Eq. (21) as a function afy at different levels of

although a similar relation as that expressed in Eq. (7) haswy. SinceP;=Ef, the functional relationships betweéh

been derived in some earlier analyses [5,14], the limiting
value of cogp imposed in the present treatment enables the
prediction of a detachment criteria in terms of the milling

(or Et) with wq are similar. HoweverP;, unlike E;, is not
independent ofvy, particularly atwq>200 rpm, which may
be attributed to the influence af, onf. In this regard, the

parameters that would ascertain whether detachment of thevalue ofP; obtained in the present analysis using the identi-
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Fig. 3. Variation ofE; as a function ofwy for different levels ofw,.

cal milling parameters as that reported in Fig. 4 of Ref. [7]
for r,=33 mm has been compared with the same (Fig. 5a).
It is apparent from Fig. 5a that the results obtained from
the present analysis (solid lines) is in good agreement with
that obtained from Ref. [7] despite a slight difference in
the method of calculation df. However, with decreasing
value ofry, only a marginal divergence in the valueRfis
obtained in the present analysis in contrast to the significant
difference in the same reported in Ref. [7]. Similarly, it is
evident from Fig. 5b that the theoretical and experimen-
tal results presented by Magini and lasonna [9] manifest
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reasonable agreement with the results of the present study

under comparable conditions; although the magnitud®, of
predicted by the present model is consistently lower than
that predicted by them. This difference may originate from
the fact that the experimental value &f obtained by Mag-
ini and lasonna [9] corresponds to the power input to the
mill by a mechanical device, whilB; in the present study
signifies the cumulative power of impact obtained from
the planetary motion of the balls which does not include

30 v T
o, = 650rpm

550
450
350
250

P,(W)

i

400
w, (rpm)

200 600

Fig. 4. Variation ofP; as a function ofwy at different levels ofw,. The
dotted lines represent the rangeRyfrequired for amorphization of Ni-Zr
by mechanical alloying (as reported by Abdellaoui and Gaffet [5]).

Fig. 5. (a) Variation ofP; as a function ofvg and its comparison with the
same reported by Gaffet et al. [7]. (b) VariationRfas a function ofvg

and its comparison with the same (both predicted and experimental results)
as reported by lasonna and Magini [10] under comparable conditions of
milling.

any frictional loss of energy in the power transmission
system.

4.4. Direction of impact

Earlier, Le Brun et al. [14] have considered the angle of
impact in a qualitative manner by classifying the different
modes of interaction between the ball and vial wall (i.e. im-
pact and frictional) in terms ofu{,/wq). The present anal-
ysis attempts to examine more thoroughly the role of the
angle of incidencey) of the ball on the vial wall (cf. Fig.
1). The variation ofy with (wy/wq) in Fig. 6 demonstrates
that y is oriented in the anticlockwise (positive) direction
for (wy/wg)<1, which is in the reverse sense to thatugf
(clockwise). At wy/wg)=1, the incidence is normal to the
vial surface, i.ey=0. For y/wg)>1, y is oriented in clock-
wise (negative) direction and is parallel to that of rotation
of the vial (clockwise) at the point of incidence. The vari-
ation of y with (wy/wg) (as noted in Fig. 6) manifests its
influence on the variation of the radidf{ and tangential
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Fig. 6. Variation ofy as a function ofw,/wgq at wg=400 rpm. Note that
y=0 at wy/wq=1.

0.5

(Ft) components of the impact force, as shown in Fig. 7.
It is evident from Fig. 7a thafE, does not show significant
variation with @y/wq) at any givenwg; but increases sub-
stantially with an increase img. However, the direction of
Fy is insensitive to that of. On the other hand;; contin-
ually decreases withu/wq), and it changes its sign from
positive to negative atf,/wg)=1 (Fig. 7b). It may be noted
that Eq. (7) yieldsp=90° at wy=wy (i.€. ry is perpendicu-
lar to OC in Fig. 1). Similarly, Eq. (15) yieldg=wqrq for
(wylwg)=1, i.e. perpendicular to OC. Thus, it appears that
the ball, when detached from vial wall &=90°, moves
alongry, and subsequently undergoes an impact normal to
the vial surface. This prediction is at variance with the value

17500
_ @
14000 @, = 600 rpm
— T T s00
< 10500
- - 400
7000f —— 1300
200
3500
0.3 0.8 1.3 1.8 2.3
(b)
O w4 =200 rpm
=300
Z 400
&~ -600
600
-900
0.3 1.0 1.7 24
o /oy

Fig. 7. (a) Variation ofF, as a function ofw,/wq for different levels of
wq. (b) Variation of F; as a function ofw,/wy for different levels ofwg.
Note thatFi=0 for w,/wg=1 for all levels ofwg.
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of (wylwg)=2.26 quoted by Le Brun et al. [14] for a pure
(i.e. radial) impact. However, it is not possible to identify
the origin for such a difference in the absence of the rele-
vant mathematical derivation underlying similar prediction
in Ref. [14].

The experimental results of Le Brun et al. [14] have
been presented in terms of microhardness and morphology
of deformed Cu powder as a function abfwq). Here,
the higher values of microhardness have been obtained at
(wvlwg)=1, though the corresponding microstructure of de-
formed Cu powder shows a faceted, instead of platelike,
morphology. They postulated that the chaotic nature of ball
motion at (y/wqg)=1 results into the dominance of the fric-
tional mode of interaction between the ball and vial wall.
However, the faceted morphology and higher microhardness
of Cu powders atdy/wq)=1, in comparison with the same
at (wv/wg)>1, seems to suggest that impactsat/{pg)=1
are primarily of the radial type as predicted by the present
analysis. At fv/wg)<1, Fi becomes positive, because the
ball spins in a direction opposite to the that of the vial. As
a result, the powder particles within the impact area start
sliding relative to each other in the opposite direction. Thus,
the particles would tend to sweep out from the contact area
between the ball and vial wall. As a result, the more posi-
tive is theF; , the greater would be the tendency of the ball
to have direct interaction with the vial surface without suf-
ficient amount of powder particles trapped in-between. This
would lead to a higher level of friction and wear induced
contamination of the end product. However, whgracts in
the same direction as that of the vial rotation fegfwy)>1,
the ball and vial spin in the same direction. This condition
is conducive for the tangential as well as normal interaction
forces of impact to promote effective deformation of the en-
trapped powder, as predicted in [2].

4.5. Experimental validation

Earlier, several investigations have indicated that power
of impact plays the governing role in determining the ki-
netics of MA. In this regard, Magini et al. [11] have re-
cently demonstrated that the rate of MA remains the same
when a planetary ball mill is operated in equi-power ab-
sorption conditions, in spite of allowing a large variation in
the milling parameters. However, the role played by elas-
tic properties of the impacting medium in determining such
kinetics has not been taken into consideration. It may be
noted that a considerable fraction of total powey) (gen-
erated by an impact is spent for the elastic deformation of
the ball Pg=pr°mr,28; £/6Y [2]). Thus, the effective power
(Pe) transferred by the ball during an impact to the powder
can be obtained d@3.=P;—Py. Naturally, P takes into ac-
count the elastic property of the milling media. Figs. 8 and 9
show the calculated variation 8f andPe, respectively, as a
function of wgq for WC and chrome steel media typically in
a Fritsch P5 planetary mill havingy,/wg=1.25,r,=10 mm,
rq=132 mm, and,=35 mm. Fig. 8 reveals that an identical



92
3.0
g wC
~1.5¢ Chrome steel
R,
/
0.0 . .
150 200 250 300 350
@y (rpm)

Fig. 8. Variation of P; as a function ofwq for WC and chrome-steel
milling medium.

level of P; can be achieved aiy—=240 rpm in a WC vial and

at 300 rpm in the chrome-steel vial. Here, it is interesting
to note from Fig. 9 thaPe for milling in the chrome-steel
medium at 300 rpm is higher than that for WC medium at
240 rpm. However, an identical level B can be achieved
in WC and chrome-steel medium by millingag=240 and
260 rpm, respectively. A similar comparison with respect to
the normal pressurgg) exerted by the ball during an im-
pact is shown in Fig. 10. It appears that is at a higher
level in case of WC vial than in the chrome steel vial for
the range ofvg considered here.

In an attempt to compare the effects Bf Pe and pp,
ball milling: (1) the first set of experiments are conducted
at the identical level oP; (cf. Fig. 8) using WC medium
at wg=240rpm and chrome-steel mediumcaai=300 rpm;
and (2) in the second set at the same levelPgfusing
WC medium atwg=240rpm and chrome-steel medium at
wd=260rpm. The grain sized{) reduction data obtained
as a function of milling time for elemental Fe powder and
Cu in Cw2Al1g powder blend are shown in Fig. 11a and
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Fig. 9. Variation of Pe as a function ofwg for WC and chrome-steel
milling medium.
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Fig. 10. Variation ofp, as a function ofwq for WC and chrome-steel
milling medium.

b, respectively. It is evident that in either case a faster rate
of reduction ind; is exhibited by the sample milled in
chrome-steel vial withwg=300 rpm than that in WC vial
with wg=240 rpm, although the level & is same in either
case (Fig. 8). On the other hand, a similar rate of reduction
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Fig. 11. Variation ofd; as a function of milling time for: (a) elemental
Fe; and (b) Cu-18 at.% Al ball milled in WC and chrome-steel vials with
selected levels ofyg.



P.P. Chattopadhyay et al./Materials Chemistry and Physics 68 (2001) 85-94 93

in dc is achieved both in elemental Fe powder and for Cu 5. Conclusions

in CugoAl 15 powder blend when milling is conducted at the

same level 0P, i.e. wg=240 rpm in WC andvq=260 rpm The ab initio calculation of milling mechanics in a plane-
in chrome-steel medium, respectively (cf. Fig. 9). Thus, it tary ball mill in terms of a global Cartesian reference frame
appears thalPe rather tharPy, is the more appropriate cri-  has yielded the relevant kinematic and dynamic functions
terion for determining the milling performance, and hence associated with mechanical alloying. The important conclu-
the elastic modulus of the milling medium warrants due sions are:

consideration in the MA process. It may be noted that the 1. The detachment paramet8mpredicts the feasibility of
higher level of elastic modulus in case of WC in compari- detachment of a ball from the vial wall in terms of the
son to that of chrome-steel vial is manifested in the value  milling variables g, wy, rv andrq). The detachment, in

of p (Fig. 10). However, a faster kinetics revealed in case  turn, ensures the succession of impacts.

of chrome-steel medium at 300 rpm in comparison to that 2. The values of the total powBf computed as a function of
in WC medium at 240 rpm indicates that the higher level of  the disk speedy in the present analysis show reasonable
pn in case of the WC medium cannot ensure a faster rate of  agreement with the values of the same reported in the
grain-size reduction during ball milling. The slower alloying literature.

kinetics in WC medium, compared to that in chrome-steel 3. Among the various milling parameters, the disk speed
medium has earlier been observed in other alloy systems 4 seems to exert the most significant influence on the
[20]. It might be postulated that Fe contamination from the radial force that actuates deformation.

steel medium may be responsible for this behavior. How- 4. The direction of the tangential force dictates the effec-
ever, such an argument may not hold good for milling of Fe  tiveness of an impact and, hence, limits the lower value
powder in steel medium, where the contamination effectis  of the vial-to-disk speed ratie,/wq necessary to induce

marginalized. an impact conducive for ball milling.
5. Comparison with the experimental results of milling Fe
4.6. Critical remarks and Cu—Al blend shows that an enhanced grain refine-

ment rate is achieved with a higher level of effective

In summary, the present analysis distinguishes itself from  powerPe even at the same level of total powRy. How-
the earlier mathematical models of the milling mechan-  ever, comparable kinetics are obtained at similar values
ics by several important features. Unlike the earlier mod-  of P, rather tharP;. It is also noted that a much higher
els [2-14], the present analysis explicitly defines through  value of normal pressung, in the case of WC medium
a detachment paramet&r(Eq. (8)) the feasibility of de- in comparison to that in the chrome-steel medium does
tachment of the ball from the vial wall as an a priori func- not ensure an enhanced kinetics in the former.
tion of the milling variables, to ensure that the detachment
angle (1) does not assume an unrealistic value for a ball
vial impact. The nature of variation df E; and P; with Acknowledgements
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