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Energy Transfer in Mechanical Alloying (Overview)

M. Magini and A. Iasonna

ENEA, C.R. Casaccia, Via Anguillarese, 301-00060 Roma, Italy

It is essential to understand in which way and how much energy is transferred from the milling tools to the powder
in the milling process. We have attempted to quantify the energy transferred per impact and per unit of mass in a plane-
tary mill assuming that collision is the dominant energy transfer event. Further, attrition mechanism (rolling/ sliding) has
been considered by evaluating the effect of filling the milling vessel. The energy transfers evaluated by the above modeliza-
tion have been proved to be able to correlate the input energy and the different solid state reaction undergone by the
Pd-Si system submitted to the milling action in both planetary and shaker mills. Measurements of power consumption
during the milling process have been also performed and compared with those based on theoretical modelization. The
fairly good agreement obtained gives a strong support to the validity of the theoretical background.
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I. Introduction

Mechanical alloying (MA) is a well established tech-
nique in solid state powder processing and has already
received industrial exploitation for the oxide dispersion-
strengthened alloys production after the pioneer work of
Benjamin®. At qualitative level the phenomena occurring
when milling ductile powders have been understood and
consist, essentially, in a continuous process of deforma-
tion, fracture and welding as described, e.g., in Ref. (2).

A deeper insight into the process would require to
know how energy is transferred from the milling tools to
the milled powder and in which way the energy trans-
ferred promotes network strains, atomic diffusion, tem-
perature and pressure rises, etc. The energy transfer, of
course, will depend on the kind of mill and, for the same
mill, on the operative milling conditions. The final goal
of a quantitative description of the process is to establish
predictive capabilities so that a wanted final product can
be planned as a function of the conditions of milling.

The first modelling attempts have been done in order
to estimate the temperature rise during collision®®. By a
more sophisticated model Maurice and Courtney® tried
to estimate relevant process parameters like impact time,
temperature rise, powder strain and others. We have
described the kinematic equations of a ball moving in a
planetary mill® and obtained an evaluation of the kinetic
energy of the balls. By that approach we were able to esti-
mate the energy transfer due to the ball impact and estab-
lish a fairly good correlation between milling conditions
and end products®?,

In the previous approaches®®, collision has been consi-
dered the only energy transfer event. Over a broad range
of milling operative conditions, the assumption is realis-
tic. However, when a ball milling, whatever it is, be-
comes filled up with balls, attrition phenomena (sliding
and rolling) play a role more important than collision

and the information coming from the models becomes
inadequate.

In principle, both collision and attrition should be con-
sidered. Collision prevails when the milling device con-
tains few milling tools as shown in Fig. 1(a): there the colli-
sion between balls and the opposite wall is the dominant
energy transfer event. When the mill begins to be filled up
with balls, it will approach the situation described for the
classical attritor for Oxide Dispersion Strengthened
Alloys production®, shown in Fig. 1(b), where shear
stress between neighbouring balls is the dominant energy
transfer event.

Recently, Le Brun et a/.® and McCormick et al.®
showed by video recordings that the movements of the
balls is rather different from the one depicted in Fig. 1(a)
and that sliding and rolling between balls occur even if the
filling of the vial is lows®. However, collisions still are
operative (probably not only with the opposite wall as
schematized in Fig. 1(a) but also between balls) and the
collision approach, as we will show in the following, is
able to give a satisfactory explanation of the experimen-
tal findings both at low level and also, with a correction
factor, at high level of filling.

II. Evaluation of the Energy Transferred during
the Milling Process. Construction of
an ‘‘Energy Map’’

As we have mentioned in the introduction the complex-
ity of the milling process can be, conceptually, simplified
in two different elemental mechanical actions by which
energy is transferred from the milling tools to the milled
powder: collision and attrition. The mechanism of colli-
sion prevails when the milling device contains a limited
number of balls. On the contrary it is expected that the
attrition mechanism prevails when the mill begins to be
filled up with balls.

In a real milling process with a given mill and a given
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(a) PLANETARY MILL
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() SHAKER MILL

(b) ATTRITOR

Fig. 1 (a) Scheme of the planetary ball mill. w, and w, the angular
velocities of the ball mill plate and of the vial, respectively. The trajec-
tory of a ball is indicated. (b) Classical attritor for ODS production.
(c) Scheme of a shaker mill. The device receives impulses in three
directions of the space although the amplitude of the motion is
prevailing in one direction.

charge the two mechanisms are certainly both operative
and cannot be separated. Cinematographic video re-
cordings®® shows that even when collision is largely
dominant, tumbling of the balls occurs and both sliding
and rolling contribute to the global process of energy
transfer. However, it is possible to set up experiments in
which it is expected that one of the two mechanisms is
dominant so that energy transfer can be analysed in the
wanted conditions.

1. Collision regime

Collision has been assumed to be the energy transfer
event in the first hints attempted to get information on
the MA process®®, Subsequent modelizations®® were
also based on collision although attention was drawn on
the fact that when the mill begins to be filled up with
balls, a ““filling factor’’ had to be taken into proper con-
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sideration®.

Nevertheless, when the filling charge of the mill is low,
as next described, the collision can be assumed to be the
prevailing energy transfer source and this assumption un-
derlies this section. If the collision is the basic event by
which, during milling, power is transferred from the mill
to the powder, then the main problems to solve are:

(i) evaluation of the kinetic energy of the ball: (1/2)
mv?;

(ii) evaluation of the fraction of the kinetic energy
given to the powder;

(iii) evaluation of the quantity of material entrapped
in the collision event.

(1) Kinetic energy of a ball in a planetary mill

Recently, McCormick et al.® suggested an improve-
ment of the basic model described in Ref. (6) considering
a ‘‘slip factor’” that takes into account the sliding
phenomena between balls and wall. By this factor the cal-
culated trajectory of the moving balls becomes more
realistic and similar to that video recorded®®.

Nevertheless, the collision still remains the primary
energy transfer event and the main conclusions previous-
ly drawn are still valid. The summary of the previous
kinematic equations® with further graphical evalua-
tions"?, allow to derive the relative impact velocity, vy, of a
ball impacting on the wall:

(2 =Kb wap (1)

where R, is the radius of the plate of the mill. K, depends
on the geometry of the mill and, for the planetary mill
here discussed, is worth- ~1.06 for a point ball and
~0.90 for a ball of diameter of 10 mm“?,

For each measurable rotation speed of the supporting
plate, w,, the relative impact velocity is known from eq.
(1). The kinetic energy involved in the collision is then
given by (1/2)myv:, being m, the mass of the ball. The
energy released in each collision is given by:

AE=K% myvs )
where K, is a coefficient depending on the elasticity of the
collision. For perfect elastic collisions the energy release
is null (K,=0) and is total (K,=1) for perfect inelastic
collisions. Combining egs. (1) and (2) we have:

AE=K mywiR3 3)

where K. includes the constant values of egs. (1) and (2).

Figure 2 is the graphical representation of eq. (3) and
gives the energy released per hit as a function of the oper-
ative milling conditions affecting the energy transfer,
namely: the rotation speed of the mill and the mass of the
ball (i.e. the diameter, like in Fig. 2, for a given material).
The energy transfer greatly depends on the elasticity of
the collision and this point is dealt with in the next sec-
tion.
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Fig. 2 Energy dissipated per hit plotted versus the rotation speed of
the planetary mill (in rounds per minute) when using stainless steel
balls. The number near each curve is the ball diameter in millimetres.

(2) “‘Free fall”’ experiment-Evaluation of the kinetic

energy transferred to the powder

The family of curves represented in Fig. 2 have been
drawn for K,=1 (perfect inelastic collision) and give
therefore the maximum of energy released in a collision
event. If the collision is not totally inelastic (0<K,< 1),
the curves will be lowered down accordingly. Whatever
be the real situation in a real milling process, the energy
release depicted in Fig. 2 concerns the “‘system’’ involved
in the collision event, that is the powder trapped, the im-
pacting ball and the hited region wall. Which fraction of
the total energy involved is really given to the powder un-
der processing? The analysis of the collision event shown
in the following answer to the question.

We have simplified the collision event occurring in a
mill by letting balls of different diameter fall with gravity
on a large plate of the same material. The heights of
launches were such that the impacting velocities repro-
duced those occurring in a mill. Firstly, rebounds of bare
balls have been recorded by a videotape camera and the
rebound yields obtained by the relation:

n=h'/h @

where #=1—K, and A’ and & are the heights of the
launch and of the rebound respectively. The energy
involved in the collision is given by:

1
Eo—_—mbgh:? myvi &)

and the energy after the jump given by:
Ei=mwgh’ =nmE, ©6)

The same experiments have been carried out with balls
charged with powder taken out at different times during
the milling process and the 7., rebound yield with coated
ball, measured. Typical rebound yields for both bare and
coated balls are shown in Fig. 3.

The energy released during the collision, is simply
given by the total energy involved in the impact, E,,
minus the energy restituted as potential energy mygh’,
that is:

AE=E,—E;=E,(1—1n) )

The AE values are shown in Fig. 4. Table 1 gives
representative values of the free fall experiments with
bare balls.

It is shown in Fig. 4 that in the early stages of milling
(see the points at 1 hour) the energy dissipation per hit
approaches the boundary limit of the total dissipation
energy (upper straight line of the figure) which is realized
when the ball does not rebound at all.

The two limiting curves of Fig. 4 (bare balls and total
dissipation) indicate that, for any given E,, most of the
kinetic energy dissipated per hit goes to the powder.
Moreover, it is obvious that when the ball is coated the
energy dissipated into the ball is much lower than that
shown in Fig. 4 for bare balls.

The previous qualitative observation is better quan-
tified by the following simplified treatment. During the
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Fig. 3 Rebound yield of bare and coated balls, 7, plotted as a func-
tion of the kinetic energy of the balls at the moment of the impact,
E,. Open symbols refer to bare ball of diameter: (O) 5 mm; (<) 6
mm; (0) 10 mm; (V) 12 mm and (A) 15 mm. Full symbols refer to
coated balls (1 hour of milling) of diameter: (®) 8 mm and (m) 10
mm. A TiAl powder (Ti:Al=1:1) has been used to coat the balls in
these experiments as well as for the experiments of Fig. 4.



126

50 L AEX103
Joule/ hit

40

301

20 -

10

T

| 1

20 40 60 80
Eyx103/7

100

Fig. 4 Energy dissipation during impact, AE, plotted versus E, (see
Fig. 3). The open symbols refer to the bare balls of Fig. 3. The full
symbols refer to experiments with balls charged of powder at differ-
ent milling times ®, X, A, ¥ and m=1,2, 5, 15 and 30 h of mill-
ing. At each milling time one symbol has been used for each of the
ball used in the free fall experiments. The upper straight line
represents a total dissipation energy curve (see text). The lowest
curve, as well as those at 1 and 30 h of milling, have been drawn
through the experimental points for clarity.

impact time we can conceive that the total energy E, is
partitioned between the ball and the powder:

E,=E,+E, ®)

where the term E; takes into account also the contribu-

Table 1 Parameters of the free fall experiments with bare balls. d;, and
m,, diameters and masses of balls; A, the heights of launches; ¥, and
E, the velocities and the energies at the impact; 7, the rebound yield
and AE, the energy dissipated in the impact.

d, 107* m, 1073 h v, E, 1073 " AE, 1073
[m] [ke] [m]  [m/s] | ° [7
5 0.514 1.00 443 5.05  0.87 0.7
1.40 5.24 7.07  0.85 0.1

6 0.889  0.60 3.43 5.23  0.84 0.8
1.00  4.43 8.72  0.81 1.7

1.40  5.24 1221 0.77 2.8

10 4.085 0.60  3.43 24.03  0.84 3.9
1.00  4.43 40.06  0.80 8.0

1.40 5.24 56.08  0.79 11.8

12 7116 060  3.43 41.88  0.77 9.5
1.00  4.43 69.79  0.71 20.0

1.40  5.24 97.73  0.67 32.5

15 13.899  0.60  3.43 81.80 0.72 22.6
1.00 443 13630 0.68 43.6

1.40 5.24  190.90  0.67 63.0
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tion coming from the plate. After the jump the energy res-
tituted may be expressed as

MmE.=nyEy+1pE, )]

where 7, and 7, have been defined and measured and 7, is
the elastic yield of the powder. Since, it is reasonable to
assume, for plastic metals, that #,=0, it follows that

Eb=E071t/71b (10)
and therefore from eq. (8)
E,=E,(1—1:/ 1) 11)

from which E, can be estimated. From a starting guessed
E, value, 7, is obtained through the relation (#v; E,) of
Fig. 3 and hence a first evaluation of E, can be done. The
procedure can be iterated, through egs. (8) and (11) , up
to a constant E, value. Exemplification values of such
evaluations are reported on Table 2. It can be seen from
the table that with respect to the total energy dissipated
(column 5), the energy dissipated onto the powder, E,
(column 6), amounts practically to the total in the early
stage of milling. If we consider that our experiments with
coated balls have been carried out using a free surface
plate (i.e. the measured 7, values are greater that in the
real milling process where the vial walls, like the balls,
are covered with a thin powder layer), it is highly reasona-
ble to assume that in the early milling stages the kinetic
energy is totally dissipated and this energy is totally given
to the powder.

(3) Quantity of material trapped in a collision event

The analysis of the collision previously described allow
to assume that the curves of Fig. 2 really represent the
energy given to the powder in a real milling process, at
least as long as the collision can be considered to be in-
elastic.

A further step can be accomplished by evaluating the

Table 2 Fraction of energy given to the powder in free fall experi-
ments with coated balls of 10 mm launched from 100 cm height at
different milling times. The meaning of column headings are the same
as in Table 1. A, B, C identify different balls for the same experi-
ment.

Time AE, 107 E, 107°

1 A 0.16
B 02 021 31.6 30 95
cC 022

2 A 035
B 032 0.33 26.8 24 90
Cc 032

5 A 045 0.43 21.2 16 78
B 0.4l

15 A 043 042 22.8 19 82
B 0.41

30 A 064 0.5 16.4 9 55
B 0.3
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powder entrapped during the collision. We know from
the experiments that in the early stages of milling most of
the powder adheres to the surface of the balls and the vial
walls. It should not be far from reality to assume that the
powder trapped in between during a collision is, at the
minimum, the one adhering to the surfaces. Measuring
the weight of the balls as a function of the milling time,
we can estimate the surface density, o, of the covering
powder.

The area of impact is a circular area whose radius is
given, in the Hertzian collision approximation?, by

Ru=[6(RiR2)/(R:+R2)]*’ (12)

or, considering R (the radius of the vial)> >R, (radius
of the ball=d,/2), '

Ry=0%RY’ 3)

with §=4;+J, the sum of compression of the colliding
tools as illustrated in Fig. 5. At the maximum of compres-
sion Ry max takes the following form for colliding media
of the same material:

Rumex=1.107620*my* R E*2 14)

E being the Young modulus of the material. Once known
the maximum impact radius, the maximum impact sur-
face, Smax is obtained. The maximum quantity of trapped
material is given by:

Omax =207 R, max 15)

where the factor 2 assumes that twice the surface density
(ball and vial surface) must be considered. The final equa-
tion expressing the energy transferred per unit of mass is
obtained dividing eq. (3) by eq. (15):

AE/ Qna=1[7.66 % 102 R}2p* E*| dyw}*/ o (16)

—

S~

c

Fig. 5 Scheme of the collision event of a ball of radius R, and relative
velocity v, against a flat surface. Dashed and solid lines represent the
non deformed and deformed bodies. R, is the radius of the contact
surface; 8, and &, are the displacements along the impact axis.
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where p is the ball material density. Expressing all the
variables in international units, for our planetary mill
(R,=0.122m) and considering stainless steel tools
(p=7.64%10*kg/m? and E=2.1% 10" N/m?) the value
enclosed in squares parenthesis becomes 4.43 x 10* and
AE/ Quax will be expressed in J/kg.

Equation (16) is a useful tool able to rationalize the ex-
periments we have carried out properly varying d, or w,.

(4) Milling experiment with the Pd-Si system

The PdsgSiy system possesses a peculiarity that we
have not been able to detect at the same level of clarity in
any other system up to now investigated. Submitted to -
the milling process (that must be controlled with respect
to oxygen contamination'?), the system clearly follows
two different and distinct pathways depending on the mill-
ing conditions. The behaviour is summarized in Figs. 6
and 7. Figure 6 shows that, in given milling conditions,
the system gradually evolves towards the formation of an
amorphous phase. Figure 7 shows that, in other condi-
tions, Pd and Si immediately react to form the intermetal-
lic compound Pd;Si (in mixture with minor fractions of
other intermetallic compounds). The formation of the
intermetallic is accomplished in the very early milling
stages. The formation of the amorphous phase is gradual
but, again, the path is chosen at once since the broaden-
ing of the Pd lines, instead of the appearance of the inter-
metallic lines, has always proved to be indicative of the
amorphous pathway.

The Pd-Si system seemed therefore useful in order to
test the modelizations previously described i.e. the final
eq. (16). A large number of experiments have been car-
ried out by a planetary mill (Model ‘‘Pulverisette 5°’
from FRITSCH) using different operative milling condi-
tions. Most of them have been summarized in Table 3.
The o value appearing in eq. (16) has been estimated and
is of the order of 0.3 mg/mm? in the early stages of mill-
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Fig. 6 Intermetallic pathway. X-ray patterns (a) and DSC traces (b) as
a function of the milling times for the Pdg,Si,, composition with the
indicated milling conditions (d, =ball diameter, rpm =rotation speed
run per minute). The X-ray pattern at 1 h of milling clearly indicates
the formation of the intermetallic Pd;Si compound. The thermo-
grams do not indicate a glass-crystalline transition.
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Table 3 Conditions of milling adopted in experiments with planetary
(upper part) and shaker (lower part) mills. rpm, and d, are the main
variable of the milling conditions (see text). PW is the total weight of
powder used and RPB the ratio balls/powder weights. The last
column indicates the solid state reaction path chosen by the Pd-Si
system: I =intermetallic; A=amorphous path.

Ipm dy PW RPB Pathway
[min™'] [mm] [e]
310 10 10 5 I
310 8 10 5 I
280 8 10 5 I
200 8 10 5 A
280 6.4 10 5 I
280 6 10 5 I
280 6 10 5 A
280 5 10 5 A
280 4 10 5 A
280 4 15 5 A
270 4 10 5 A
260 4 10 5 A
300 2 5 5 A
280 2 10 5 A
150 2 5 5 A
260 1.5 2.2 5 A
3209 8 5 5 I
3209 3 5 5 A
320® 6 5 5 I
320® 4 5 5 A
S 109 4 10 I
S 6 2 10 I
s©@ 6 5 28 I
s@ 6 8 20 A
S 4 2 10 I
S 3 2 10 A
S 1.5 3 10 A
S 1.5 1 5 A
@ PdggsSiyy s © high level of filling (see text)
®  Ppd,,Si,, @ WC balls

The experiments carried out are given in the lower part
of Table 3. All of them but two (discussed in the next sec-
tion) fulfils the requirement of a low level of filling in or-
der to satisfy the collision regime. A clear threshold value
has been detected between the diameters of 3 and 4 mm.
Entering the map of Fig. 8, the relative impact velocity of
the SPEX mill should lie between 5 and 6 m/s. The value
is in fairly good agreement with those of 3.9 reported by
Maurice and Courtney®, and 6m/s given by Davis
et al.®,

2. Attrition regime

From a given filling of the vial on, reciprocal hindering
of the ball begins, and one must expect that the modeliza-
tion based on collision becomes inadequate to describe
the energy transfer.

In the condition of high filling, attrition phenomena
are no longer negligible and collisions themselves become
less effective because, probably, the mean free path and
the relative impact velocity are lowered. We will call this
situation as the ‘‘attrition regime’’ although both attri-
tion and collision are probably operative. What we ex-
pect is that the reciprocal hindering leads, ultimately, to
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a less efficient energy transfer.

In order to quantitatively evaluate the effect of the fill-
ing factor we have done the following. Let us assume that
in the attrition regime the energy transfer is still given by
eq. (2) but damped down by a filling factor ¢, less than
one, i.e.:

AE*=¢AE a7

In an ideal experiment the total power consumption,
P, will be proportional to the energy transfer per hit, to
the frequency of the hits and to the number of balls, N,
through an expression of the type:

P=K'Ny fbLAE=K'N, fo $oAE (18)

since the hit frequency f;, is proportional to the rotation
speed w,® and AE can be expressed through eq. (3) it fol-
lows that:

P=K¢¢bmebng%, (19)

Remembering that when N,—0, ¢,—1 for any ball di-
ameter, the factor ¢, can be obtained by:

o =[(P/ w3 Noms)]/ ([(P/ @3 Nomu)) v, 0 (20)

Equation (20) allows the evaluation of the filling factor
v, provided that suitable power measurements consump-
tion can be done. As we will see in Section III this kind of
measurements have been set up and, for the present ques-
tion, power measurements have been carried out in the
planetary mill by charging 2 or 4 vials with increasing
amount of balls of different diameters and by measuring
the power consumption as a function of the rotation
speed w,. The results of such measurements have been
introduced in eq. (20) and the ¢, values so far obtained
have been plotted in Fig. 9 as a function of the filling of
the vial n, defined as:

nv=Nb/Ntot D

where N, and N, are the number of balls used in the
experiments and the total number of balls needed to
completely fill up the vial.

Figure 9 predicts that the energy transfer should be
reduced by increasing n, and therefore we should be able
to cross the threshold of Fig. 8 by simply increasing the
filling of the vial keeping constant the other milling condi-
tions.

We have milled the PdgSiy composition with three
different fillings of balls with dpy=6 mm (see Table 3
lower part). The three fillings have been indicated in Fig.
9 and the end products shown in Fig. 10. At low filling
(n,=<0.1) the system follows the intermetallic route (Fig.
10(a)). At higher level of filling (n,=0.5) the energy trans-
fer is damped down by a ¢, ~0.75 that is not enough to
cross the threshold intermetallic/ amorphous as shown in
Fig. 8. At still higher filling (n,=0.7 and ¢,~0.5) the
energy map predicts that the threshold can be crossed
and now the amorphous route is followed (see Fig. 10(b)).

3. Comments on the ‘‘energy map”’
The principles exposed in the present work for the Pd-
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Fig. 9 Experimental evaluation of the filling factor, ¢, versus the fill-
ing of the vial n, with different ball diameters (O, <, O for 6, 10, 15
mm, respectively). Three different experiments have been indicated
for n,<0.1 (¢p~1); n,=0.5 (¢, ~0.75) and n,=0.7 (¢, ~0.5) (see
text).

Si system, are valid, in our opinion, for any other system
prone to undergo different solid state reactions and we
feel, therefore, that some fundaments have been put in
order to correlate energy input and results of the milling
action.

However, it is opportune to analyse the sources of
errors underlying our arguments or, in other words, to
discuss the reliability of our approach.

The energy released per hit is given by eq. (2), which,
in turn, depends on the evaluation of the relative impact
velocity through eq. (1). Our estimated velocities do not
differ from those appeared in Refs. (4) and (5) and, above
all, they would eventually affect the flow of argument by
a systematic error.

The same is true for the evaluation of the impact area
derived from an Hertzian elastic collision while in the
real case, just in the early milling stages, the collision is in-
elastic. This fact surely affects the evaluated impact area
by approximately 10-20% but, again, in a systematic
way so that the energy map will still maintain its validity.

The more crucial point, in our opinion, concerns the
quantity of trapped material assumed to be the one adher-
ing to the surfaces, i.e. the evaluation of the real surface
density g. The surface density values have been obtained
from direct weight measurements. The average measured
value of 0.3 mg/mm? should represent a minimum value
of the real quantity of material trapped since some pow-
der, not adhering to the surface, can also be involved.
Anyway, while it is reasonable to assume that the powder
trapped in the collision is, at least, the one adhering to
the surfaces, the experimental values measured may ac-
tually vary by a factor of 20®. The ¢ parameter, there-
fore, is probably the major factor of uncertainty in the
absolute evaluation of the energy transferred per unit of
mass.

Further, after having analysed the sources of error, we
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have to add that in the previous considerations we always
refer to values related to a collision, that is values
averaged over the interval time of the collision event
(~ 1073 s). The powder trapped at the centre of the collid-
ing area at the beginning of the impact will have a com-
pletely different history from the one at the borders of
the same area reached at the end of the compression
time. From this point of view the local instantaneous
energy transfer during the collision time may greatly
differ from the ‘‘instantaneous average’’ values here con-
sidered and only an analysis of a single collision on a
nanosecond scale could provide a more accurate descrip-
tion of what is really occurring.

Nevertheless, keeping all the above considerations in
mind, all the experiments performed fit quite well on the
map drawn with ¢=0.3 mg/mm?. A clear threshold
value merges and the prediction capability as been tested
in several ways like milling with large balls (d,=8) but at
low w, (200 rpm) performing the attrition regime experi-
ments (Fig. 10) and criomilling experiments®®. Only ex-
periments carried out near the threshold value gave not
unambiguous results like the ones carried out at 280 rpm
with ball diameter of 6 mm.

Finally, we want to stress a crucial point. If all the as-
sumptions of the model, expressed through egs. (1) to (16),
were wrong, let us say, of on order of magnitude, the er-
rors would be systematic and therefore a usable final map
explaining the experiments could be anyway set-up. In
that case, of course, the values of y axis (i.e. the energy
transferred per unit of mass in a collision event) would
merely be relative values. They should have nothing to

| ] | | | |
;:g? Pdg,Sig, (a)
3-Pd Si d,= 6
L spex
1
33 1 11
N 2 ih
2
<
N (b)
Ls\ -
10 h
‘J\s_/\ 5 h
T I I ] [ I
10 15 20 25 30 35 40 45

26 (deg.)

Fig. 10 Experiments carried out with the shaker device at different
level of filling n, indicated in Fig. 9. Low (n,=<0.1) and intermediate
(n,=0.5) fillings follow the path indicated in (a). Large filling
(n,=0.7) follow the path indicated in (b) (see text).
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do, therefore, with the absolute values of the energy in-
volved in the real milling process provided that some con-
ceivable experiments could be set up in order to infer
them.

The experiments described in the next section show
that this is not the case and that experiments and theory
agree fairly well.

III. Measurements of Power Consumption
during Milling

The energy transfer occurring during the collision
event can be evaluated by eq. (2) and is of the order of
102 J/hit. The question we want to answer is the fol-
lowing: provided that the order of magnitude of the
microscopic event is correct, it should be revealed at mac-
roscopic level. Or, in other words, which kind of mea-
surements we must conceive to confirm at experimental
level the energy involved predicted by the model? We
have verified that very simple measurements of electrical
power absorption were highly convenient to directly sup-
port the goodness of the theory.

1.

In the milling process, the energy spent in collisions
and/or attrition derives from the movements of the mill-
ing tools: i.e. from the power given by the electrical
motor. Therefore it should be possible to reveal some
absorption power difference when milling with empty or
filled vials.

Further, the free fall experiments reported on Fig. 4,
clearly indicate that energy released in each collision
event is little when the balls rebound elastically (K,—0)
and it is much greater when the collision is inelastic in
presence of powder (K,—1). In both cases the energy
spent in the collision event is a fraction of the initial
potential energy and this fraction can be measured by the
experiment itself.

Again, in experiments carried out in a mill in exactly
the same configuration with only highly different condi-
tion of elasticity, absorption power difference should be
revealed.

We have verified the previous points by measuring by a
power meter the energy absorbed by the planetary mill
charged with two stainless steel empty vials. The vials
have been later filled with a given number of soft stainless
steel balls and,in a third experiment, with the same num-
ber of tungsten carbide balls. The three sets of data are
reported in Fig. 11(a) and they show that:

(i) there is an appreciable difference between absorp-
tion with filled or empty vials;

(ii) there is an appreciable difference with the different
elastic behaviour.

The second point is better enhanced in Fig. 11(b)
where the net power differences between filled and empty
vials are reported. We want to stress the significative anal-
ogy existing between Figs. 4 and 11(b). The energy spent
in elastic collision is little and can be measured by the re-
bounds of bare balls or by the power absorption of tun-

Electrical power absorption measurements
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Fig. 11 (a) Electrical power absorption versus the rotation speed meas-
ured with two 250 cc vials charged with 99 stainless steel (SS) or tun-
gsten carbide (WC) balls of 10 mm of diameter. Open squares give
the absorption from the same vials empty. (b) net power differences
between the absorption from charged or empty vials shown in (a):
Open triangles shows the absorption from tungsten carbide balls nor-
malized to the same weight of the stainless steel balls.

gsten carbide balls. When the collision becomes inelastic
either because of the powder (free fall experiment) or be-
cause of the material (soft stainless steel in the power ab-
sorption) the energy spent in collision increases and has
been registered accordingly in the two different ex-
perimental set up.

For what concerns the power absorption, the net pow-
er difference should really contain all the information
concerning the sum of the microscopic events occurring
during the milling process.

Once verified the feasibility of electrical power mea-
surements we set up two experiments with powder to en-
sure a K, near to one. In a first experiment two vials of
250 cm® have been charged each with 99 balls of 10 mm
diameter (m,=4.08g) and 40g of Fe-Zr powder
(Fe:Zr=1:1) already milled for three hours. The power
measurements are shown by the upper points (full
squares) of Fig. 12 together with the results from empty
vials.

In a second experiment the two vials have been charged
each with 70 balls of 8 mm (m,=2.10 g) and 13 balls of
10 mm and 20 g of Ti-Al powder (Ti:Al=1:1) already
milled for 5 hours. The results are given in Fig. 13. The
mixture of balls of 8 and 10 mm has been hereafter consi-
dered by the asterisk 8*.

The absorption differences between charged and empty
vials are shown by full triangles in Figs. 12 and 13. We
notice that this net power differences, for what we know
from the free fall experiments, is almost totally given to
the powder. The observation, however, in not essential
for the flow of arguments described below; here we want-
ed to outline that we have carried out experiments in
presence of powder where the condition of inelastic colli-
sion is largely verified.

2. Comparison with power calculated through the
model

Equation (2) gives the energy transferred during a single
collision event when the collision is inelastic and kinetic
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Fig. 12 Electrical power absorption versus the rotation speed for the
Fe-Zr experiment. Full and open squares give the absorption of
charged and empty vials respectively. Full triangles give the power
differences.
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Fig. 13 The same meaning of Fig. 12 for the Ti-Al experiment.

energy is almost totally spent in collision events. The

The collision frequency for a single ball has been eval-
uated by a relation of the type:

with @, in rounds per second, and w,, vial rotation
speed, equal to —1.25w,. The K value depends on the
ball diameter and has been evaluated to be of the order
of 1.5 for ball diameter of 8-10 mm“?,

Since the filling of vials in the two experiments consi-
dered is not so high, the reciprocal hindering of N, balls
is negligible in first approximation so that the total fre-
quency collision is given by:

v:=wNy=3.3750, N 23)
and the calculated power consumption given by:
P calczAE V/t (24)

Fig. 14 shows in a straightforward way that the power
consumption estimated through the model is the same as
the one measured experimentally.

3. Criticism on the goodness of the theory and
experiments comparison

Our aim was only to demonstrate that the order of mag-
nitude of what was predicted by the model could be
verified by some experimental measurements. Figure 14
actually shows a quasi-perfect coincidence between
theory and experiment. This is more than satisfactory, of
course, and the result cannot be changed by an order of
magnitude even considering all the critical points recalled
in the following. From the experimental point of view the
power measurements can be affected by the real value, un-
der operating conditions, of the electrical yield (we as-
sumed the 80% furnished by the house). In perspective
we are planning direct measurements of the applied
couple®®,

From the theoretical point of view, two factors are
critics:

Power (w)

0 100 200 300 400

W, (rpm)

energy of a single event multiplied by the number of Fig. 14 Experimental (full triangles) and calculated (full lines) power

events in the unity of time, i.e. by the frequency of the
hits, should give the power absorption.

absorption for the Fe-Zr (d,=10) and the Ti-Al (d,=8"*) experi-
ments.
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Table 4 Frequencies of the collisions as a function of the rotation
speed in a planetary mill ‘‘Pulverisette 5°.

w wi™) w(™)
(rpm) (this work) (after Gaffet(¥)

100 5.6 5.1

200 11.3 10.1

300 16.9 15.2

400 22.5 20.3

(i) evaluation of the collision frequency.

The estimation of frequency is crucial in the argument
flow. Our estimation is based on the kinetic of the ball
movement® that has been found to be oversimplified in
comparison to the one appearing by direct in situ video
recordings®®, Nevertheless, our values are in good agree-
ment with those calculated (with an improved collision
model) by Gaffet ef al."® as can be seen in Table 4. Fur-
ther, other frequency values appeared in Ref. (9) do not
differ substantially from those of the table.

(ii) Assumption of no reciprocal hindering

This point has been examined in Section II.2 where it
has been shown that when n, is not so high (let us say one
third®) the power measurements is directly proportional
to the number of balls, that is the reciprocal hindering is
really negligible.

In conclusion we fill that we have find out a fruitful

line of investigation in order to compare theory and ex-
periment and along this line we are now pursuing our
researches.
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