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Abstract 

Based on a deeper mathematical treatment of the process taking place in a planetary ball mill and experimental 
results concerning the ball-milled end product of the Nil0Zr7 compound, we prove that neither the shock frequency 
nor the shock energy separately governs the ball-milled end product as assumed previously. In other words, we 
prove that the ball-milled end product is only governed by the shock power. 

Based on these calculated and experimental results, a ball-milled dynamic phase diagram is mapped into three 
regions: a pure amorphous phase for medium shock power values ranging from 4 to 8.2 W (corresponding to 
0.4--0.82 W g - i  for 10 g NiloZr7 powder mass); a mixture of crystalline and amorphous phases for low (less than 
4 W) and high (greater than 8.2 W) shock power values. 

1. Introduction 

By ball milling pure elements as well as intermetallic 
compounds, we induce an energy transfer from the 
milling tools to the milled powders. The results of such 
a milling process are various. We can achieve the 
formation of amorphous phases by milling pure elements 
[1-3] or elemental metal ribbons [4, 5] and the formation 
of intermetallics from pure elements [6, 7]. Also, me- 
chanical alloying (MA) is a process used for producing 
powders with a fine microstructural scale [8] and/or a 
technique for alloying immiscible materials [9]. A solid 
solution can also be considerably supersaturated com- 
pared with the thermodynamic equilibrium [10]. The 
process is also inherently flexible. However, there has 
been little attempt to analyse it in a manner that would 
establish predictive capabilities for it. Thus, up to now, 
apart from a few scattered results, no attempt has been 
made to obtain a precise description of this complex 
process. 

In fact, Burgio et al. [11] attempt to correlate the 
milling operative conditions and the end product in a 
Fritsch "Pulverisette P5" ball mill. The authors try to 
study the influence of the ball radius, ball mass and 
number of balls used on the end product. By a geo- 
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metrical method they try to find the condition of a 
first collision event after the first detachment for given 
disc and vial rotation speeds in order to evaluate the 
kinetic energy released to the powders during the 
collision event. 

Maurice and Courtney [12] try to give an approach 
defining the geometry and the basic mechanics of the 
powder-ball interaction for several common devices 
used for MA, since such information allows pertinent 
parameters of the process (e.g. impact velocity, powder 
material volume impacted, time between impacts, etc.) 
to be identified in terms of machine characteristics and 
process operating parameters. 

In both the above-mentioned works [11, 12] the shock 
energy and ball-milling duration were assumed to be 
the only parameters governing the ball-milling process. 

Thus, based on the results of a deeper mathematical 
treatment of the process taking place in a planetary 
ball mill and experimental results on the ball-milled 
end product of the NiloZr  7 compound, the purpose of 
this paper is to prove that neither the shock energy 
nor the shock frequency separately can govern the end 
product. In other words, we prove that the end product 
depends only on the shock power, which is the product 
of the shock energy and shock frequency. 

2. Numerical calculation results 

Our calculations are carried out for two different 
planetary ball mills called G5 and G7. The so-called 
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G5 and G7 planetary  ball mills exhibit the same disc 
radii as the so-called Fritsch "Pulveriset te  5" and 
"Pulverisette 7" respectively. T he  aims of  the construc-  
tion of  these two devices are (i) the possibility of  varying 
the disc and vial rotat ion speeds independent ly  and 
(ii) the study of  the disc radius effect on the kinetic 
energy, shock f requency and shock power.  Fur the rmore ,  
an ultrasonic t achomete r  control  during the milling 
process allows effective control  of  the vial and disc 
rotat ion speeds. 

The  disc radiis cor responding  to the G5 and G7 
planetary  ball mills are 1 3 2 x 1 0  -3 and 7 5 x 1 0  -3  m 
respectively. The  vial radius is 21 x 10 -3  m. The  ball 
radius and ball mass  are  7 . 5 x 1 0  - a  m and 14 g re- 
spectively. Five balls are used in o rder  to calculate the 
shock energy, shock f requency and shock power.  

Figures 1-3 (full curves, G5 mill; dashed curves, G7 
mill) show the kinetic energy released f rom one ball 
to the powders  in one  hit, the shock f requency and 
the shock power  respectively as a funct ion o f  the disc 
and vial rotat ion speeds. The  details o f  these calculated 
results are given in the Appendix.  

Based on these figures, the kinetic energy and shock 
power  increase as a funct ion o f  the disc and vial rota t ion 
speeds. The  shock f requency decreases  for disc ro ta t ion 
speeds ranging f rom 0 up to 250 rev min -1 and then 
increases almost  linearly as the disc rota t ion speed  
increases further.  

For  the G5 planetary  ball mill the maximum kinetic 
energy can reach 0.9 J per  hit (0.3 J per  hit for the 
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Fig. 1. Kinetic energy imparted by one hit as a function of disc 
and vial rotation speeds corresponding to G5 (full curves) and 
G7 (dashed curves) planetary ball mills. The vial rotation speed 
values are indicated by the numbers 1-3 written near each 
corresponding curve: 1, 150 rev min-~; 2, 250 rev min-~; 3, 350 
rev min-~. The kinetic energies corresponding to the experimental 
ball-milling conditions, illustrated in Fig. 4 by the data points 
a, b, c, d and e for the G5 device and a', b', c' and d' for the 
G7 device, leading to the same pure amorphous phase formation 
are reported. 
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Fig. 2. Shock frequency as a function of disc and vial rotation 
speeds for G5 (full curves) and G7 (dashed curves) planetary 
ball mills. The vial rotation speed values are indicated by the 
numbers 1-3 written near each corresponding curve: 1, 150 rev 
min-1; 2, 250 rev min-1; 3, 150 rev min -1. The shock frequencies 
corresponding to the experimental ball-milling conditions, illus- 
trated in Fig. 4 by the data points a, b, c, d and e for the G5 
device and a', b', c' and d' for the G7 device, leading to pure 
amorphous phase formation are reported. 
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Fig. 3. Shock power as a function of disc and vial rotation speeds 
for G5 (full curves) and G7 (dashed curves) planetary ball mills. 
The vial rotation speed values are indicated by the numbers 1-5 
written near each corresponding curve: 1, 150 rev rain-i; 2, 250 
rev min-l ;  3, 350 rev min- i ;  4, 500 rev rain-l; 5, 500 rev rain - l .  
The shock powers corresponding to the experimental ball-milling 
conditions, illustrated in Fig. 4 by the data points a, b, c, d and 
e for the G5 device and a', b', c' and d' for the G7 device, 
leading to the same pure amorphous phase formation as well 
as the shock power values corresponding to the experimental 
ball-milling conditions, illustrated in Fig. 4 by the data points f, 
g, h, i and j for the G5 device and e', f', g', h', i', j', k' and 
1' for the G7 device, leading to the formation of a mixture of 
crystalline and amorphous phases are reported. 
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G7 device) for disc and vial rotation speeds of 800 rev 
min- 1. The shock frequency and shock power can reach 
90.7 Hz (92.4 Hz for the G7 device) and 80.2 W (28 
W for the G7 device) respectively for disc and vial 
rotation speeds of 800 rev min-1. 

3. Calculated and experimental results for the 
NiloZr7 compound ball-milled end product 

Gaffet and Yousfi [13] have used the G5 and G7 
ball-milling machines to study the effect of the ball- 
milling conditions on the end product in the NiloZr7 
compound. In this work [13], 10 g of melt-spun ribbon 
pieces (dimensions about 8 ram× 10 mm×50 ~m) of 
mean composition Ni58.sZr41.2 (in atomic per cent), 
corresponding to the NiaoZr7 intermetallic compound, 
are introduced into a cylindrical tempered steel con- 
tainer of capacity 45 ml. This procedure is carried out 
in a glove-box filled with purified argon. Each container 
is loaded with five steel balls 1.5 cm in diameter and 
14 g in mass. The containers are sealed in the glove- 
box with a Teflon O-ring and the milling proceeds in 
a stationary argon atmosphere. The ball-milling duration 
of the stationary state was 48 h. The structures of the 
as-prepared melt-spun ribbons have been checked by 
X-ray diffraction (XRD) patterns and have been con- 
firmed to correspond purely to the NiloZr7 intermetallic 
compound. For the ball-milled samples a numerical 
method "ABVfit programme" was used in order to analyse 
the XRD patterns and to obtain the position and full 
width at half-height of the various peaks. The crystalline 
phases taken into account are those which correspond 
to the equilibrium phases in the Ni-Zr phase diagram. 
The amorphous phase compositions were determined 
using the previously established Vegard-type law 

d = 7.79 × 10-4x + 0.1901, where d is the position of the 
first amorphous halo (in nanometres) and x is the 
composition of the amorphous phase Nil_/Zrx (x is 
expressed in atomic per cent). 

The authors [13] show that the formation of a pure 
amorphous phase is found when operating with the 
ball-milling conditions given in Table 1. In this table 
we report the experimental ball-milling conditions (w, 
the vial rotation speed; g2, the disc rotation speed), 
the calculated kinetic energy Ek, the calculated shock 
frequency f, the calculated shock power P and the 
calculated cumulative kinetic energy Ekc corresponding 
to the experimental data points a, b, c, d and e for 
the G5 planetary ball mill and a', b',  c' and d' for the 
G7 planetary ball mill reported in Fig. 4. This figure 
shows a superimposition of the end product structure 
corresponding to the ball milling of the NiloZr7 com- 
pound at room temperature by means of the G5 and 
G7 machines. On the left-hand Y axis the I2G7 rotation 
speeds are reported and on the right-hand Y axis the 
OG5 values. These have been chosen in order to agree 
with the equation (OG7)2RG7 = (Oc5)2Rc5. The authors 
[13] assume that this equation expresses an approximate 
equivalent energy between the two different devices. 
Nevertheless, taking into account the assumption of 
Chen et al. [14] that the shock power injected into the 
powders by planetary ball milling scales with rn r R 
0 2 to (with rn the ball mass, r and R the vial and disc 
radii respectively and ~ and to the disc and vial rotation 
speeds respectively), the energy equivalence assumed 
by Gaffet and Yousfi [13] corresponds to a power 
equivalence as assumed by Chen et al. [14] when op- 
erating with the same vial radius, vial rotation speed 
and ball mass. 

The same authors [13] report on the experimental 
ball-milling conditions leading to the formation of a 

TABLE 1. Calculated kinetic energies, shock frequencies, shock powers and cumulative kinetic energies corresponding to the 
experimental ball-milling conditions, illustrated in Fig. 4 by the data points a, b, c, d and e for the G5 device and a ' ,  b ' ,  c' and 
d '  for the G7 device, leading to the same pure amorphous phase formation 

Experimental data point to J2 E k f P Ekc 
(Fig. 4) (rev min -I)  (rev min -1) (10 -3 J per hit) (Hz) (W) (kJ) 

G5 planetary ball mill 

a 127 380 194 29.5 5.7 988 
b 127 410 226 31.2 7.0 1215 
c 250 380 195 35.3 6.9 1191 
d 250 410 227 37.0 8.4 1448 
e 350 380 198 41.3 8.2 1413 

G7 planetary ball mill 

a '  127 500 109 36.3 3.9 682 
b '  250 500 109 42.0 4.6 796 
c' 250 600 157 47.5 7.5 1289 
d'  350 500 112 48.1 5.4 931 
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Fig. 4. Superimposition of end product structure corresponding 
to ball milling of the Ni10Zr7 compound at room temperature 
by means of G5 and G7 machines. On the left-hand Y axis the 
/-~37 rotation speeds are reported and on the right-hand Y axis 
the/2o5 values. The filled symbols correspond to pure amorphous 
phases, whereas the empty symbols correspond to a mixture of 
crystalline and amorphous phases. The hatched areas correspond 
to the two amorphous domains. 

mixture of amorphous and crystalline phases. In Table 
2 we report  these experimental ball-milling conditions 
(w, the vial rotation speed;/2,  the disc rotation speed) 
as well as the calculated kinetic energy Ek, the calculated 
shock frequency f,  the calculated shock power P and 
the calculated cumulative kinetic energy Eke. These 
experimental and calculated parameters correspond to 
the data points f, g, h, i and j for the G5 planetary 
ball mill and e' ,  f', g', h', i', j ' ,  k' and I' for the G7 
planetary ball mill reported in Fig. 4. Thus in Fig. 4 
the hatched areas containing the filled symbols cor- 

respond to the two amorphous domains, whereas the 
empty symbols correspond to the mixture of crystalline 
and amorphous phases. 

Eckert et al. [15] elaborate amorphous powders by 
mechanical alloying from Ni -Zr  crystalline elemental 
powders. The mechanical alloying was performed in a 
conventional planetary ball mill (Fritsch "Pulverisette 
5"). The ball-milling intensities used are 3, 5 and 7. 
The authors [15] show that for ball-milling intensity 5 
a pure amorphous phase is formed from about 30 to 
83 at.% Ni. The ball-milling duration required to achieve 
the amorphization process was 60 h. For  ball-milling 
intensity 7, for the same ball-milling duration (60 h), 
the authors report  the formation of an intermetallic 
phase fromx = 66 to 75 at.% Ni. For  ball-milling intensity 
3 complete amorphization was not achieved for a ball- 
milling duration of 60 h. 

In the present work we try to see how the kinetic 
energy, shock frequency and shock power affect the 
end product and to determine whether a correlation 
between one of these parameters and the end product 
can be systematically established. Thus it is first im- 
portant to check whether there is an overlap between 
the kinetic energy domains corresponding to the same 
amorphous phases (as reported in Fig. 4). Based on 
our mathematical t reatment of the process taking place 
in the planetary ball mill, we only report  in Fig. 1 the 
calculated shock energies corresponding to the exper- 
imental ball milling conditions, illustrated in Fig. 4 by 
the data points a, b, c, d and e for the G5 device and 
a', b' ,  c' and d' for the G7 device, leading to the same 
amorphous phase formation [13]. The calculated shock 
energies leading to amorphous phase formation for the 

TABLE 2. Calculated kinetic energies, shock frequencies, shock powers and cumulative kinetic energies corresponding to the 
experimental ball-milling conditions, illustrated in Fig. 4 by the data points f, g, h, i and j for the G5 device and e', f', g', h', i', 
j', k' and 1' for the G7 device, leading to the formation of a mixture of amorphous and crystalline phases 

Experimental data point ~o /2 E k f P Eke 
(Fig. 4) (rev min -l) (rev min -1) (10 -3 J per hit) (Hz) (W) (kJ) 

G5 planetary ball mill 

f 127 260 91 22.9 2.1 361 
g 250 260 93 28.9 2.7 464 
h 250 456 280 39.5 11.1 1909 
i 500 380 206 50.8 10.5 1808 
j 600 380 214 57.6 12.4 2132 

G7 planetary ball mill 

e' 127 350 53 28.0 1.5 258 
f' 127 700 212 47.3 10.0 1732 
g' 250 350 55 34.0 1.9 322 
h' 250 700 213 53.0 11.3 1951 
i' 500 357 68 51.5 3.5 608 
j' 500 500 118 57.7 6.9 1181 
k' 500 700 220 68.0 15.0 2583 
1' 600 500 125 64.7 8.1 1397 
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G5 device (circles) range from about 194x10 -3 to 
about 227X 10 - 3  J per hit. For the G7 ball mill (dia- 
monds) the calculated shock energies leading to the 
same amorphous phases as the G 5 ball mill range 
from about 109X 10 -3 to about 157x 10 -3 J per hit. 

As shown in Fig. 1, there is no overlap between the 
two energy domains corresponding to the same amor- 
phous phase formation when using the G5 and G7 
devices. If the kinetic energy was the unique parameter 
governing the amorphous phase formation, the same 
amorphous phases formed either by the G5 or by the 
G7 machine would correspond to the same kinetic 
energy irrespective of the mill's physical and kinematical 
characteristics. Since this condition is not fulfilled, this 
means that the one-hit kinetic energy separately cannot 
be a unique independent parameter governing the 
amorphous phase transition. 

The calculated shock frequencies corresponding to 
the experimental ball-milling conditions, illustrated in 
Fig. 4 by the data points a, b, c, d and e for the G5 
device and a', b', c' and d' for the G7 device, leading 
to amorphous phase formation are reported in Fig. 2. 
As concluded above for the shock energy, there is no 
perfect overlapping between the two frequency domains 
corresponding to the same amorphous phases formed 
when using the two different devices. Nevertheless, a 
narrow overlap may exist for the ball-milling conditions 
corresponding to the limit of the phase domains. Thus 
it is clear that the shock frequency and kinetic energy 
influence the end product structural state but cannot 
be considered as being independent parameters gov- 
erning the ball-milled end product. 

The calculated shock powers corresponding to the 
experimental ball-milling conditions, illustrated in Fig. 
4 by the data points a, b, c, d and e for the G5 device 
and a', b', c' and d' for the G7 device, leading to 
amorphous phase formation are reported in Fig. 3. 
Based on this figure, there is nearly perfect overlapping 
between the shock power domains leading to the same 
amorphous phases formed when using the G5 (circles) 
and G7 (squares) devices. Moreover, when considering 
in Fig. 3 the calculated shock powers corresponding 
to the experimental ball milling conditions, illustrated 
in Fig. 4 by the data points f, g, h, i and j for the G5 
device and e', f', g', h', i', j', k' and 1' for the G7 
device, leading to the formation of a mixture of crys- 
talline and amorphous phases, we see that all the power 
values corresponding to these experimental data points 
lie outside the shock power domain corresponding to 
pure amorphous phase formation (bounded by the two 
horizontal chain lines). Thus we conclude that neither 
the shock energy nor the shock frequency separately 
governs the end product, but that only the injected 
shock power is responsible for the ball-milled end 
product. 

Moreover, mechanical alloying differs from conven- 
tional mechanical straining tests (i.e. traction or 
compression tests) in its mechanical situation type. In 
fact, if conventional mechanical straining tests are static 
situations with continuous constant intensity with time, 
mechanical alloying can be considered simply as a 
dynamic cyclic mechanical situation constituted by re- 
peated shocks of constant amplitude and frequency. In 
a first approximation it can be regarded as a fatigue 
test with repeated asymmetric stress as illustrated in 
Fig. 5(a). 

It has been reported that b.c.c. (Fe, Cr, Nb, and W) 
and h.c.p. (Zr, Hf, Co, Ru) structural materials are 
easily obtained as nanostructural materials [16]. This 
is related to their high elastic energy storage ability. 
In fact, this stored elastic energy, when it exceeds a 
critical value, leads to an explosion of the particles and 
thus to grain size refinement. The latter can induce 
amorphous phase formation if the grain size becomes 
less than a critical value. 

In conventional mechanical straining (i.e. traction or 
compression tests) the stored elastic energy per unit 
volume cell is only a function of the constant applied 
stress and the powder Young's modulus. It is given by 
the area over the rational traction curve as 

1 0 -2 

W= ~ 2--Y (1) 

a m a x  

T 

(a) 

) t 

O" 
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t 

Fig. 5. Schemat ized stress variat ion in (a) the  ball-milling process  
and (b) a symmetric  a l te red  stress convent ional  fatigue test. 
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In the conventional fatigue test with a symmetric 
altered stress (Fig. 5(b)) the rational curve presents a 
hysteresis shape. The stored elastic energy per unit 
volume cell will be given by the area of the hysteresis 
loop. In contrast, the stress in mechanical alloying 
cannot be negative and thus we cannot obtain a hysteresis 
loop. Based on Fig. 5, the stress can take the following 
form as a function of time: 

~" 2 
- O'max t (2) for 0< ~, tr(t)= r 

for~ <t<~', tr(t)=- 2 o'maxt+20"ma x (3) 

for t < t < T, a(t) = 0 (4) 

with trma~ the maximum stress, r the impact duration 
and T the shock cycle period. The calculation of the 
stored elastic energy per unit volume cell will be done 
for one period. The elemental stored elastic energy is 
given by dW= tr dE. Let us suppose in a first approx- 
imation that the stress tr can be expressed as tr= Ye. 
Thus the stored energy for one cycle is 

T 
1 

0 

Taking into account eqns. (2)-(4), the stored elastic 
energy per unit volume cell is given by 

! O'max--.~ 2 O'max2 (6)  
W= T y =f  r 

The maximum stress ~rm~ expresses the maximum 
force Fma~ per unit surface developed during the impact. 
The maximum force expresses the ball kinetic energy 
per unit length. Thus it is easy to see by simple 
calculations that in contrast with the static situation 
(eqn. (1)), the stored elastic energy per unit volume 
cell in the case of mechanical alloying is a function of 
both the maximum stress, which expresses the ball 
kinetic energy, and the shock frequency. Therefore we 
show by these simple calculations that neither the shock 
energy nor the shock frequency separately governs the 
end product, but that only the injected shock power 
is responsible for the ball-milled end product. 

It is well known that in the conventional steady state 
(depending only on the temperature and the concen- 
trations of the various elements of the system) a struc- 
tural phase transformation occurs only if the system 
free energy can step over the corresponding activation 
energy barrier. By analogy, we assume that in the 
mechanically alloyed state a structural phase transition 
occurs only if the defect creation rate steps over an 
activation defect creation rate. In simpler terms, we 
assume that the structural phase transition occurs only 

if the shock power (or the stored elastic energy per 
unit volume cell) steps over a shock power critical 
value. 

Thus we assume that if the shock power is lower 
than a minimum value, mechanical alloying induces, 
after a long ball-milling duration, only a refinement of 
the powder grain size and an increase in the defect 
quantity until reaching a steady state which is not able 
to be destabilized into another structural state, whereas 
if the shock power is greater than a minimum power 
value, mechanical alloying induces a refinement of the 
powder grain size and an increase in the defect quantity 
at a rate able to induce, even in the earlier stages of 
mechanical alloying, a mixture of structurally trans- 
formed phase and initial phase. In the latter case the 
steady state can result, depending on the value of the 
shock power, in a mixture of structurally transformed 
phase and initial phase or in a homogeneous structurally 
transformed phase. The steady state is reached when 
elastic energy storage in the powders becomes impos- 
sible. 

Based on the experimental [13] and calculated results, 
the amorphous phase formation is allowed for shock 
powers ranging from 4 to 8.2 W (corresponding to 
0.4-0.82 W g-1 for 10 g NiloZr7 powder mass). The 
ball-milling duration used to obtain the amorphous 
phases either by the G5 or the G7 planetary ball mill 
is 48 h [13]. The cumulative kinetic energy is given in 
Table 1. 

A very important point is that an increase in the 
ball-milling intensity [15] or disc rotation speed for a 
given vial rotation speed (Fig. 4) does not lead in all 
cases to the formation of a single amorphous phase. 
In fact, based on the calculated powers corresponding 
to the experimental ball-milling conditions reported in 
Fig. 4, at least three situations may exist. 

(1) For low shock powers even an extended time is 
not sufficient to complete the amorphization process 
[15]. 

(2) For medium shock powers (medium ball-milling 
intensities) a medium ball-milling duration is sufficient 
to elaborate pure amorphous powders [13] (pure amor- 
phous powders in a large Ni content domain in ref. 
15). 

(3) For high shock powers, for the same milling 
duration as for medium shock powers, a mixture of 
intermetallic crystalline and amorphous phases [13] or 
intermetallic crystalline phases [15] is obtained. 

Eckert et al. [15] assume that the temperature during 
mechanical alloying is a very important parameter of 
the process. They conclude that a partial crystallization 
can occur during mechanical alloying at high milling 
intensities. Thus the crystallization cannot simply be 
caused by the milling but must be an effect of excess 
heating during mechanical alloying. To clarify this point 
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of view, they estimate the peak temperature reached 
within the powder particles during milling. Based on 
the procedure proposed by Schwarz and Koch [17], 
they assume that the particles are deformed by localized 
shear during collisions between the ball(s) and the vial 
surfaces. The normal stress developed is 

~rn = Pb Vs Vr (7) 

where Pb = 8.54 g era- 3 is the density of the steel ball(s), 
Vs = 5800 m s-1 is the speed of a longitudinal wave in 
steel and Vr=2.5, 3.6 and 4.7 m s -1 is the relative 
velocity of the balls for intensities 3, 5 and 7 respectively. 
The shear process lasts for 

2d 
A t  = - -  ( 8 )  

Vs 

where d =  10 -z m is the diameter of the steel ball(s). 
The energy flux dissipated on the glide plane is 

F=o,Vr (9) 

The resulting temperature increase AT due to the heat 
flux F/2 for time At is 

At=F{ At ~o.s (10) 
\ ~kopp Cp } 

where pp and Cp are the powder density and powder 
specific heat respectively. Based on this procedure, the 
authors [15] obtained AT=80, 167 and 287 °C for 
milling intensities 3, 5 and 7 respectively. These values 
only refer to individual collision processes and must 
be added to the overall temperature of the milling 
container, which is about 50, 80 and 120 °C for intensities 
3, 5 and 7 respectively. Therefore the total peak tem- 
perature of the powder particles can reach 130, 247 
and 407 °C. Since an isothermal anneal of the amorphous 
powders at 400 °C for only 5 min is sufficient to produce 
partially crystallized materials with a similar X-ray 
diffraction pattern to that obtained for the NivoZr3o 
powder milled for 60 h at intensity 7, the authors [15] 
conclude that the actual temperature of the individual 
particles during mechanical alloying can in fact be 
rather h igh -a t  least high enough to cause the crys- 
tallization of the formed amorphous particle. 

Davis and Koch [18] report on the ball milling of 
the brittle elements Si and Ge. They show that the 
ball-milled powders present a neck aspect. The same 
authors think that localized heating is able to increase 
the plasticity of the ball-milled powders. Based on the 
same procedure proposed by Schwarz and Koch [17] 
and explained above, they estimated the temperature 
rise in the ball-milled Si and Ge particles. The tem- 
perature rises are estimated as AT= 10.1 K for the Ge 
powders and AT=6.57 K for the Si powders. Since it 
was assumed that the Schwarz procedure is aimed at 

the bulk temperature rise, the same authors use another 
procedure aimed at temperature rise estimation on the 
microstructural scale [19]. This procedure considers the 
temperature rise as an effect of sliding friction. Based 
on this method, the temperature rise for the Si-Ge 
system is estimated as At=4.32 K. Thus the authors 
conclude that the observed necking must have another 
possible explanation. Miller et al. [20], using microsecond 
time-resolved radiometry, observed temperature in- 
creases of the order of 400-500 °C upon impacting 
NaCI crystals. 

Hachimoto and Watanabe [21] simulate the energy 
consumption in a vibratory mill based on the Hertz 
theory. They assume that the energy consumption in- 
creases with increasing ball impact velocity and coef- 
ficient of viscosity of the balls, which are assumed to 
be viscoelastic bodies in the related model simulation. 
The same authors [21] show that although the coefficient 
of viscosity has no physical meaning, it has a great 
influence on the energy consumption. Thus the resulting 
temperature increase within the powder particles, re- 
lated to the elastic energy released in the powder, when 
estimated on the basis of this model, will have no 
precise value. 

In a first analysis we see that there is no agreement 
between the above-reported estimated temperature 
rises. All the same, it is important to note that these 
temperature rises will induce many structural phase 
transitions. In fact, whatever the method of temperature 
rise estimation, the estimated temperature rise increases 
with increasing shock energy. Thus we think that the 
crystalline phase obtained for high shock power values 
(Fig. 3) can be the result of a partial crystallization of 
the formed amorphous phase due to the excess heat. 

Bellon and Martin [22, 23] report on the relative 
stability of non-compound is maintained in a far-from- 
equilibrium configuration by dynamic external forcing, 
the steady state properties of the system can no longer 
be predicted by minimization of the classical ther- 
modynamics potentials (Gibbs or Helmholtz free en- 
ergy). Thus they assume that the problem will be mapped 
on to the kinetic Ising model with two competing 
exchange dynamics: thermally activated jumps and 
forced atomic jumps. Using master equations, they study 
the relative stability of several ordered structures under 
irradiation. They show that under irradiation the ballistic 
jumps induce transitions which are independent of the 
state of the system (corresponding to an infinite tem- 
perature dynamics), the rate of such jumps being pro- 
portional to the replacement cross-section times the 
irradiation flux. Thus the transition rate is now the 
sum of two terms, one being the thermal transition 
rate and the other the ballistic transition rate. The 
thermal transitions connect only nearest-neighbouring 
states. Bursts of ballistic jumps connect many states 
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together. Based on their calculation results, the authors 
give a dynamic equilibrium phase diagram as a function 
of the irradiating temperature, the concentration and 
a reduced parameter which scales the intensity of 
irradiation as the ratio of the forced to an average 
thermal A-B pair permutation frequency. Based on 
these above results, the end product was assumed to 
be a result of competition between thermally activated 
jumps (classical diffusion) and forced atomic jumps 
(ballistic effect). 

Schwarz and Koch [17] suggest that the critical defect 
concentration introduced by mechanical alloying will 
promote spontaneous transformation to the amorphous 
state. At this defect concentration Gc + AGd > G,, where 
G¢ is the free energy of the crystalline phase, AGd is 
the increase in free energy due to the defects introduced 
by MA and G, is the free energy of the amorphous 
phase. The experimental observations [27] are consistent 
with this concept. They show that intermetallic com- 
pounds with narrow homogeneity ranges tend to become 
amorphous during irradiation, while compounds with 
wide solubilities tend to remain crystalline. This dif- 
ference was attributed [27] to a smaller increase in 
AG~ for a given defect density for the latter alloys, 
reflected by their ability to exist away from perfect 
stoichiometry. 

This mechanism may explain the amorphization by 
MA when starting from crystalline powders of inter- 
metallics. It does not seem adequate, however, to explain 
the amorphization by MA when starting from a mixture 
of pure crystalline powders. Schwarz et al. [28] suggest 
that the amorphization by mechanical alloying when 
starting from a mixture of pure crystalline powders 
occurs by solid state interdiffusion reaction near clean 
boundaries between polycrystalline powders. The mixing 
is assisted by the excess point and lattice defects created 
by plastic deformations. 

Martin and Gaffet [29] assume that the frequency 
of forced jumps (in connection with the forced jumps 
induced by irradiation) scales with the shock power 
injected mechanically into the material. Indeed, most 
of the shock power is dissipated into heat; a small 
fraction (about 10%) is injected into the lattice in the 
form of vacancies or antisite defects [30]. Following 
the above ideas, the authors [13, 31-33] do a systematic 
search for milling conditions which promote amorphi- 
zation in a n  N i l o Z r  7 compound. A narrow domain of 
amorphization is clearly visible. The authors [29] assume 
that amorphization proceeds below a certain power 
input and above a minimum energy per impact. If the 
power is too high, too much heating may occur. The 
minimum energy per impact requirement may be im- 
posed by the yield stress of the particles [26]. 

Figure 3 illustrates the dynamic end product phase 
diagram which is mapped into three regions as a function 

of the shock power, the first corresponding to the 
formation of a mixture of amorphous and crystalline 
phases reported for low power values, the second 
corresponding to the formation of pure amorphous 
powders reported for medium power values and, finally, 
the third corresponding to the formation of a mixture 
of amorphous and crystalline phases reported for high 
power values. 

Thus we assume that for low shock power values 
the increase in the free energy of the crystalline powders 
due to the stored elastic energy (or the shock power) 
as defects and antisites is not too high to promote the 
formation of only a pure amorphous phase and the 
input crystalline powders are able to remain crystalline 
even at such a shock power. For the medium shock 
power level the increase in free energy due to the 
stored elastic energy is such that Gc + AGd > G,, where 
Gc is the free energy of the crystalline phase, AGd is 
the increase in free energy due to the defects introduced 
by lVIA and Ga is the free energy of the amorphous 
phase. Thus only a pure amorphous phase is able to 
be formed. For the high shock power level we have, 
as with the low power level, the formation of a mixture 
of crystalline and amorphous phases. We assume that 
a partial crystallization of the formed amorphous phase 
occurs owing to the excess localized heating. Thus we 
assume that the amorphization proceeds above a min- 
imum power input and below a certain maximum power 
input. 

Chen et al. [24] report some results documented in 
the material literature concerning the kinetic energy, 
shock frequency and shock power for three common 
devices: the Attritor ball mill, the planetary ball mill 
(Fritsch "Pulverisette P5") and the vibratory grinder 
(e.g. SPEX Shaker mill). Table 3 gives the documented 
[24] and calculated values (for the G5 and G7 planetary 
ball mills) of the kinetic energy, shock frequency and 
shock power. 

Based on Table 3, the G5 shock power domain 
overlaps all the other devices' shock power domains. 
Moreover, it was reported by Martin and Gaffet [29] 
that the ball-milling power input domain overlaps some 
typical mechanical straining or irradiating power input 
domains. Thus we assume that the G5 planetary ball 
mill is able to induce the same phase transitions that 
can be induced by all the other devices. 

4. Conclusions 

Based on a mathematical treatment of the process 
taking place in a planetary ball mill and experimental 
results concerning the ball-milled end product of the 
NiloZr7 compound, we prove that neither the shock 
energy nor the shock frequency separately governs the 
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TABLE 3. Documented and calculated values of kinetic energy, shock frequency and shock power for various ball mills 
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Attritor Vibratory mills Planetary ball mills 
mill 

Pulv. O SPEX Pulv. P5 G7 G5 

Velocity of balls 0~ .8  
( m s  -I)  [12] 

-Kinetic energy < 10 
(10 -3 J per hit) 

Shock frequency > 1000 
(Hz) [22] 

Power < 0.001 
(W g - i  per ball) 

0.14-0.24 < 3.9 2.5-4 0.24--6.58 0.28-11.24 
[211 [12] [14] a a 

3-30 < 120 10-400 0.4-303.2 0.53-884 
a a 

15-50 200 ~ 100 5.0-92.4 4.5-90.7 
[21] [20] [22] a 

0.005--0.14 < 0.24 0.01--0.8 0-0.56 0-1.604 
a a 

aThis work. 

ball-milled end product, but that only the injected shock 
power is responsible for the ball-milled end product. 

Based on our calculation results and experimental 
results [13], a dynamic end product phase diagram (Fig. 
3) is mapped into three regions as a function of the 
shock power, the first corresponding to the formation 
of a mixture of amorphous and crystalline phases re- 
ported for low power values, the second corresponding 
to the formation of pure amorphous powders reported 
for medium power values and the third corresponding 
to the formation of a mixture of amorphous and crys- 
talline phases corresponding to high power values. 
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Appendix: Mathematical treatment of the process 
taking place in a planetary ball mill 

Here we give the results of the study of the ball 
motion in the vial during one cycle. Application of the 
fundamental dynamic principle gives the detachment 
condition which allows the calculation of the detachment 
position and detachment velocity. These latter param- 
eters are used to calculate the motion of the ball from 
a detachment event until a collision event. The collision 
velocity gives the kinetic energy released from the ball 
to the powders. The time between two collision events 
or two detachment events gives the shock frequency. 

Figure A1 shows the ball position "M" at a "t" event, 
where R (m) is the disc radius, r (m) is the vial radius, 
rb (m) is the ball radius, m (kg) is the ball mass, M 
is a material point representing the ball position in the 
vial, 0 = O t is the disc rotation angle, with g2 = ~ the 
angular disc rotationspeed, a = - w  t is the vial rotation 
angle, with w = 2-wK the angular vial rotation speed, 
Uo//R , Uo_l_Uo, uJ/r and u,,_l_up. 

W 

: / 

Fig. A1. Geometry of the disc and one vial seen from the top. 
The various vectors and angles are explained in the text. 

The amplitudes of the absolute velocity and absolute 
acceleration of the ball before a detachment event are 
respectively [34] 

I117"~ II 2 = (Rg-])2 + (/,i,i/)2 _ 2RrOw cos(0-  a) (A1) 

It % I12 = (R/-22)2 + (rw2)2 + 2RrOZw2 cos(0-  a) (A2) 

Based on the fundamental dynamic principle, in a 
reference fixed to the ball, the detachment condition 
of the ball from the inner vial surface is 
COS(a--0) = -rw2/Rg'2 z. For more details see ref. 34. 
Thus the amplitudes of the absolute velocity and ab- 
solute acceleration of the ball at a detachment event, 
taking into account the ball radius, are respectively 

[l~'dll2=(RO)2-1-(r--rb)2W2( l + ~ )  (A3) 

II 3'd II 2= (Rj22)2 _ [ ( r -  rb)W2] 2 (A4) 

To obtain the time between detachment and collision 
events, a numerical solution using computer facilities 
is adopted. Figure A2 shows the ball motion from a 
detachment event up to a collision event, where (0d, 
ad) and (0c, ac) are the values of the disc and vial 
angular positions at the detachment and collision events 
respectively, I'd and l,:'c are the detachment and collision 
velocities respectively, Md and Mc are the ball positions 
at the detachment and collision events respectively and 
(fi~, fi,,d) and (floe, fi,~) are the vectors defining the 
cylindrical referentials at the detachment and collision 
events respectively. For the numerical calculations, to 
have an easy and clear geometrical formulation and 
further simplification of the parameter calculations, we 
assume that the 0d value corresponding to the de- 
tachment event is equal to rr/2. If we give another 
value to the 0d angle, this will cause a change in the 
value of the ad angle corresponding to the detachment 
event, but the calculation result will remain unchanged. 

The first collision event occurs when the following 
condition is fulfilled: x =  OPx and y =  OPy, with x and 
y the ball coordinates after the detachment event and 
OPx and OPy the coordinates of a point of the inner 
vial surface (for the collision event OPx and OPy rep- 
resent the coordinates of the Mc point (Fig. A2)). The 
calculation details of x, y, OP~ and OPy are reported 
in ref. 34. A numerical solution of this condition is 
obtained using the computer facilities. The numerical 
calculation consists of 

(1) incrementation of the time value by a time step 
interval At (ms), 

(2) calculation of the 0 angle value (q = 7r/2+ tot), 
(3) variation of the a angle value from 0 up to -2~- 

by incrementing its value by a negative angle step 
interval Act of - 0.01 ° (the Aa value is negative to have 
a vial rotation sense opposite to the disc one), and 
finally 
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Fig. A2. Abso lu t e  velocity and  ball  pos i t ion  at  d e t a c h m e n t  and  collision events .  T h e  var ious  vectors  are  expla ined in the  text. 

(4) calculation of the OPx, OPy, x and y values. 
If the condition x = OPx and y = OPy is fulfilled, we 

have the first collision point coordinate values (x and 
y) along the X and Y axes as well as the time t needed 
between the first detachment event and the first collision 
event. 

The ball is assumed to have a linear uniform motion 
after its detachment. Thus the collision velocity will be 
equal to the detachment velocity and the kinetic energy 
Ek is given as 

E k = ½m [I IYc II 2 = ½m 11 l~d II 2 (A5) 

The shock frequency f is the number of collisions 
per second. The cycle period is the sum of two periods 
T1 and T2, with 7"1 the period of time needed by the 
ball to go from the detachment point up to the collision 
point (equal to the t period such that the condition 
x= OPx and y = OPy is fulfilled) and T2 the period of 
time needed between the first collision event and the 
second detachment event. Thus the shock frequency 
final expression is 

1 1 
f =  T - T, + T2 (A6) 

For more details on the frequency calculations see ref. 
34. 

When operating with a number of balls greater than 
one, the shock frequency is equal to the product of 
one ball frequency as calculated above and the number 
of balls corrected by a factor of 1 or less. This has 
been studied by Burgio et al. [11]. 

The power released by the ball to the powders is 
the product of the shock frequency and kinetic energy. 
It is given by the expression 

P =fEk (A7) 

To get the total cumulative kinetic energy Eke released 
from the ball to the powders during a given ball-milling 
duration "BMD", we multiply the shock power (eqn. 
(7)) by the value of the ball-milling duration, i.e. 

Ekc = P × "BMD" (A8) 


