
PHYSICAL REVIEW B VOLUME 48, NUMBER 1 1 JULY 1993-I

Ball-milling-induced amorphization in Ni„Zry compounds: A parametric study
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A vibrating frame grinder has been instrumented for evaluating the amplitude and frequency of ball
oscillation, as a function of the amplitude of vibration of the frame and of the ball mass. Based on such
measurements, it is found that Ni Zr~ compounds become fully amorphized provided the specific mil-
ling intensity is greater than a temperature- and composition-dependent threshold value. The specific
milling intensity is the momentum transferred by the ball to the unit mass of powder per unit time.
Below this threshold, a two-phase structure (crystalline+ amorphous) is stabilized; the steady proportion
of the amorphous phase increases with the milling intensity and decreases on increasing the milling tem-
perature. The intensity threshold increases with temperature and varies in the opposite direction as the
hardness of the starting crystalline compound. The amorphous NiZr phase can be obtained by two dis-
tinct routes, either starting from the crystalline compound NiZr, or from a mixture of Ni, OZr7 and NiZr~
amorphous phases. These routes correspond, respectively, to an increase and a decrease in internal ener-

gy

I. INTRODUCTION

High-energy ball milling is currently used for stabiliz-
ing nonequilibrium phases: solid-state amorphization is a
we11-documented example. As can be seen from early
literature data, ' full amorphization depends, in a yet ob-
scure way, on the milling conditions and device. As an
example, improved amorphization of Ni„Ti&

„

in a Spex
8000 mill was reported when milling is performed at low
temperature ( —35 C). It is often claimed that milling-
induced phase transitions result from the accumulation of
defects in the mother phase: an increase of the (internal
or free) energy would result in the loss of stability.
Milling conditions would adjust the rate and level of de-
fect accumulation. As discussed elsewhere, such an ar-
gument lacks theoretical basis (why should the parent
phase store more energy than the daughter phase?) and
an alternative way of looking to milling-induced phase
transitions has been proposed. Under milling conditions,
the surrounding of an atom changes in time because of
two mechanisms acting in parallel: thermally activated
jumps of point defects, as under classical thermodynamic
equilibrium conditions, and forced processes such as
shearing, sticking of powders along freshly formed sur-
faces, etc. When such is the case, a theoretical frame-
work exists which shows that the respective stability of
various phases can be predicted from a stochastic poten-
tial; the latter can be computed (in simple cases) from mi-

croscopic data such as pair interaction energies, atomic
jurnp frequencies, etc. The stability field of various
phases is then better described in a generalized phase dia-
gram: temperature vs composition vs "forcing parame-
ter. " The forcing parameter is shown to be the ratio of
the forced atomic jump frequency to the thermally ac-
tivated one.

In the last couple of years, a few experiments have
indeed shown that full amorphization can only be ob-
tained for a well-defined range of milling conditions for a

given mill. Eckert, Schultz, and Urban have investi-
gated qualitatively the influence of milling intensity on
the glass formation of Ni Zr& „mixtures in a planetary
mill. The ball milling was performed with the intensity
setting 3, 5, or 7 corresponding to a calculated velocity of
the ball respectively equal to 2.5, 3.6, or 4.7 ms ' (or to a
kinetic energy of 14, 29, or 49 mJ for each ball). The x-
ray-diffraction patterns of several Ni„Zr, samples after
60 h of mechanical alloying at milling intensities 3, 5, and
7, demonstrated that concentration ranges for full
amorphization are different for the three intensities. In
other words, using different intensities results in different
end products for the same concentration (fully amor-
phous or a mixture of crystalline and amorphous phases).

A more quantitative investigation was presented by
Gaffet et al. using a modified planetary mill which al-
lows independent variation of the (clockwise) rotation
rate, 0, of the disc on which the vial holders are fixed,
and of the (counterclockwise) rotation rate, co, of the vial.
As a first guess, the energy of the balls in the vial is
roughly proportional to Q, while the frequency of col-
lision of the balls with the vial increases with ~. The
latter two quantities can thus be varied independently.
An 0 vs co window is identified, within which the end
product after 40—48 h milling is a homogeneous amor-
phous phase. Outside this domain, a mixture of amor-
phous and crystalline phases is observed. Gaffet also
compared the Q vs co windows for full amorphization in
two mills with a different disc radius R. The two win-
dows overlap provided 0 R (i.e., the energy of the balls)
is kept the same.

However, the planetary mills used in these experiments
do not allow for a safe estimate of the characteristics of
the impact as a function of the milling conditions. It is
the reason why we have built a very simple device which
allows for a reasonable estimate thereof, and performed a
systematic study of the conditions for full amorphization
of model compounds (Ni„zr ) in this device.
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FIG. 1. Scheme of the modified vibrating frame milling de-

vice.

II. EXPERIMENTAL SETUP AND PROCEDURE

A vibrating frame grinder "Pulverisette O (Fritsch)"
has been used. The vial has been modified as shown in
Fig. l. It consists of a tungsten carbide bowl (P 95 mm),
the temperature of which can be regulated in the range
—190—+250 'C by circulating a Quid with controlled
temperature in a jacket. Milling at 200 'C could be per-
formed during several hundred hours. The milling tern-
perature is monitored by a thermocouple inserted into
the bottom of the WC vial. A hardened steel ball with a
mass in the range 0.1 —1.0 kg is used. For preventing oxi-
dation or nitridation of the powder during milling, a vac-
uum tight cover was designed: a good seal is obtained
with a TeAon 0 ring for the room- and high-temperature
runs; a metallic seal was used for the low-temperature
ones. The vial can be evacuated (10 Torr) prior to mil-
ling, owing to the value shown in Fig. 1.

Depending on the vibration amplitude of the frame,
the mass of the ball and the quantity of metallic powder
in the vial, the ball achieves an up and down movement,
the frequency of which is depicted in Table I. The data
of Table I were obtained from a linear variable
differential transducer attached to the top of the vial as
shown in Fig. 1.

The description of the movement of the ball in the vial
is of prime importance for this study. It is easily checked
that in the absence of powder in the vial, the collision of
the ball is mostly elastic: this is easily checked by drop-
ping the ball from = 1 to 2 cm above the empty immobile
vial and listening for at least one bounce. Also when the
vibrating frame is turned on in the absence of powder,
the jump height of the ball is very irregular and may sud-
denly become very large, as expected for collisions with a
restitution coeKcient of 1. ' With powder in the vial, on
the opposite, the collision is purely plastic: performing
the same test as above, a single collision will be heard,
after the collision, the velocity of the ball with respect to
the powder is zero. When the vibrating frame is turned
on, in the presence of powder in the vial, the ball achieves
an almost periodic up and down movement, as detected

by the LVDT attached to the cover of the vial. Figure 2
gives typical records of such a movement for three
different vibration amplitudes of the frame. The jump
height of the ball cannot be trusted because of uncon-

1 Ni»Zr7 1.00
2 Ni»Zr7 1.00
3 Ni»Zr7 1.00
4 Ni»Zr7 050
5 Ni»Zr7 0.50
6 Ni OZr7 0 50
7 Ni»Zr7 030
8 Ni»Zr7 0.30
9 Ni, oZr7 0.30

10 Ni»Zr7 030
11 Ni»Zr7 0.175
12 Ni»Zr7 0.11
13 Ni»Zr7 0.11
14 NiZr 1.00
15 NiZr 1.00
16 NiZr 0.50
17 NiZr 0.50
18 NiZr 0 30
19 NiZr2 1.00
20 NiZr2 1.00
21 NiZr2 0 50
22 NiZr2 0.50
23 Ni~Zr2 0.50
24 Ni&Zr2 0 30
25 Ni&Zr 0.50

eutectic
26 63.5% 0.50

at. Zr
eutectic

27 63.5% 0.30
at. Zr
eutectic

28 63.5% 0.175
at. Zr

29 54.4%%uo 0.50
at. Zr

30 54.4% 0.30
at. Zr

3 1 54.4% 0.30
at. Zr

32 Ni»Zr7 0.50
33 Ni»Zr7 0.50
34 Ni»Zr7 0.30
35 Ni»Zr7 0.50

1.5 23
1.0 30
05 33
1.5 20.
1.0 25
05 35
1.5 19
1.2 21
1.0 23
05 35
1.0 25
1.5 25
1.0 30
1.0 30
05 33
1.5 20
1.0 25
1.5 19
1.5 23
1.0 30
1.5 20
1.0 25
1.0 25
1.0 23
1.5 20

1.5 20

1.0 23

1.5 25

1 ~ 5 20

1.5 19

1.0 23

1.5 20
05 35
1.0 23
05 35

2.17
1.88
1.04
0.94
0.79
0.55
0.54
0.48
0.43
0.33
0.41
0.26
0.21
1,.88
1.04
0.94
0.79
0.54
2.17
1.88
0.94
0.79
0.79
0.43
0.94

0.94

0.43

0.41

0.94

0.54

0.43

0.94
0.55
0.43
0.55

20 90 a
20 104 a
20 98 a
20 95 a
20 114 a
20 137 a
20 118 a
20 256 a+c
20 380 a+c
20 123 a +c
20 228 a+c
20 267 a+c
20 325 a +c
20 153 a
20 190 a
20 94 a
20 173 a +c
20 259 a+c
20 142 a
20 138 a
20 245 a+c
20 274 a+c
20 200 a
20 238 a+c
20 90 a+c

20 133 a

20 255 a

20 286 a+c

20 185 a

20 264 a +c

20 266 a+c

200 247 a
200 330 a+c
200 329 a +c

—183 70 a +c

TABLE I. Summary of the milling experiments performed
on Ni Zr„alloys. N is the label of the run. Mb is the mass of
the ball (measured). A is the vibration amplitude of the vial
(measured). f is the impact frequency of the ball with the
powder in the vial (measured). V,

„

is the maximum velocity of
vial ( = Ace); =average velocity of the ball relative to the vial at
the time of collision ("cf. " the Appendix I). M~ is the mass of
powder in the vial. EP is the end product (a, amorphous phase;
a +c, amorphous+crystalline phases). T is the milling temper-
ature. t is the duration of milling.

Mb v,.f
hfb A f T

N Ni„Zr~ (kg) (mm) (Hz) ( 10' ms 2) ('C) (h)
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FIG. 2. Typical records of the movement of the ball relative
to the vial, as given by the LVDT, for vibration amplitudes of
the vial: A =0.5, 1.0, and 1.5 mm, respectively.

milling time, a broad peak superimposes to the crystalline
distorted peaks: the former is interpreted as the contribu-
tion of an amorphous phase, the presence of which is
confirmed by transmission electron microscopy (TEM)
observations: the fraction of the amorphous phase is
roughly estimated by the ratio of the integrated
diffraction intensity of the broad peak to the total
diffracted intensity (Ia/Is). This procedure has been
calibrated on "handmade" mixtures of crystalline and
amorphous powders in various proportions: the correla-
tion is excellent in the range 20—90 % but with a sys-
tematic 5% underestimate of the real value. Full experi-
mental details are given in Ref. 8.

III. EXPERIMENTAL RESULTS

The most detailed studies have been performed at
room temperature on the Ni&pZr7 compound. They allow
one to identify the physical ingredients of the milling in-
tensity which controls the nature of the end product.
Temperature and composition effects have also been stud-
ied on a broad variety of NiZr compounds.

trolled inertial effects in the LVDT; the frequency of col-
lisions between the ball and the powder is however, quite
reliable. It is no surprise that the movement is almost
periodic: after each collision, the ball comes to rest with
respect to the powder until the frame reaches again the
critical velocity for the ejection of the ball. Irregularities
in the movement of the ball result from collisions of the
ball with larger harder grains in the powder: such col-
lisions bounce the ball laterally. As discussed in the Ap-
pendix, for the device we used the critical velocity for the
ejection of the ball is very close to the maximum velocity
of the frame, V „=Ace, with A the amplitude and

f (co=2vrf) the frequency of vibration of the vial. As a
first approximation, it can be assumed that the collision
occurs at any time in the vibration period of the frame:
for a large number of collisions, the average momentum
transfer to the powder is Mb V,„.

Precursor alloys are prepared by levitation melting
small quantities ( ~ 20 g) of high-purity Ni and Zr; 5 g of
the intermetallic compound are introduced into the vial
which is then sealed and evacuated. Milling is performed
in static vacuum. In the course of milling, small quanti-
ties of powder are periodically taken out of vial for
structural and microstructural characterization: this is
done in a glove box under argon atmosphere. The vial is
then resealed, reevacuated, and the milling run is contin-
ued.

The morphology of the powder is studied by scanning
electron microscopy. The microstructure of the grains
forming the agglomerates is studied by transmission elec-
tron microscopy: thin samples (with 60—80 nm thickness)
are microtomed from powder agglomerates consolidated
by epoxy. The crysallographic structure of the phases
formed in the powder is determined from x-ray powder
diffraction spectra. X-ray-diffraction spectra are decon-
voluted numerically with the aid of the algorithm
ABFFIT. The spectrum is modeled as a polynomial
background plus a set of Gaussian peaks. After some

A. Identification of a milling intensity
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FIG. 3. X-ray-diffraction patterns of Ni&pZr7 after increasing
milling times at room temperature, with a ball mass of 0.5 kg,
and a vibration amplitude of 1.5 mm. A fully amorphous phase
is obtained beyond 95 h.

Figure 3 is a typical sequence of x-ray-diffraction pat-
terns obtained from the intermetallic compound Ni1pZr7
after increasing milling times; the ball used in this run
has a mass of 500 g and the vibration amplitude of the
frame is 1.5 mm. Full amorphization is obtained beyond
95 hs. The transformation path from the initial crystal-
line phase to the final amorphous phase is revealed by
TEM. The dark-field images of Fig. 4 show that crystal-
line particles are surrounded by an amorphous cement:
on increasing the milling time, the amorphous matrix dis-
solves the crystallites until full amorphization. The cor-
responding electron-diffraction patterns are given in Fig.
5. The important feature to note is that the two phases
coexist in each powder grain.

Under certain milling conditions, full amorphization
cannot be obtained, even for very long milling times. For
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FIG. 6. X-ray-diffraction patterns of Ni&OZr, milled at room
temperature with a ball mass of 0.3 kg and a vibration ampli-
tude of 1.0 mm. Notice the crystalline phase is still detected
after 370-h milling.

FIG. 4. Dark-field TEM micrographs of Ni, OZr7 milled for
0.5, 23, 73, and 165 h at room temperature with a ball mass of
0.5 kg and a vibration amplitude of 1.5 mm.

example, with a ball of 300 g and a vibration amplitude of
1.0 mm, some crystalline diffraction peaks can still be
identified after 370 h (Fig. 6). A two-phase mixture is ob-
served by TEM (Fig. 7). As above, nanometer-sized crys-
tallites are dispersed in the amorphous phase.

Such experiments have been carried out with a large
variety of vibration amplitudes and ball masses for
different alloy compositions. The results are summarized
in Table I. Figure 8 shows typical evolutions of the frac-
tion of amorphized compound in Ni, oZr7 as a function of
milling time. Two distinct typical behaviors are to be no-
ticed: With milling conditions denoted 4, the fraction of

amorphized compound increases rapidly up to 100%%uo.

Full amorphization is achieved under such milling condi-
tions. With milling conditions denoted 9 and 13, the
fraction of amorphous phase increases slowly and then
saturates to a constant level. Notice the long durations
of milling which have been used in order to make sure
that a true steady state is achieved. Two-phase equilibri-
um is achieved under such milling conditions.

The type of end product of all runs performed at room
temperature on the Ni&OZr7 compound is presented in
Fig. 9 as a function of milling conditions: each experi-
ment is referenced by an impact momentum (Mb V,„)
and an impact frequency. Notice that the impact

ar'ii~'r' i ~ e r~]g YI "~'

d 4
a

S ia mi i1gmeww

fl5i
l ()(.)AA'i

FIG. 5. Corresponding electron-diffraction patterns.

FIG. 7. (a) Dark-field micrograph of Ni, oZr7 milled for 370 h
with a ball mass of 300 g and a vibration amplitude of 1.0 mm.
(b) High magnification bright and dark-field images of a nano-
meter size crystallite surrounded by the amorphous phase. No-
tice the high quality of the crystalline phase where the lattice
planes seem undistorted.
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We therefore propose to define the milling conditions
in our device by a "specific milling intensity" defined as

Mb V,„f
70%

60%

50%
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N'10Zr7

I I I I I I I I I I I I I I I f I I l I I I I I I I I t I I I I I f
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FIG. 8. Fraction of amorphous phase in Ni, 0Zr& as a func-
tion of milling time for various milling conditions: room tem-

perature (bold symbols, solid line) or 200 'C (open symbols,
dashed line). The label refers to Table I. Notice the bold circles
represent two distinct experiments: one up to 200 h with four in-

terruptions for picking up powder for x-ray characterization,
the second one with an initial milling period of 260 h followed

by two more periods up to 380 h. The steady-state fraction of
the amorphous phase in both experiments is slightly different.

momentum (Mb V,„)and frequency f are plotted on a
log scale, so that milling treatments with the same value
of Mb V,„ffall on a straight line with slope —l. As can
be seen, full amorphization is obtained provided
Mb V,„fis larger than a minimum value: below this
value, a two-phase structure is stabilized. In other words,
the same end product can be obtained by either transfer-
ring a large impact momentum at a small frequency or a
smaller momentum at a higher frequency (e.g. , compare
runs 6 and 7). Plotting the results according to other
combinations of the milling parameters (e.g., impact en-
ergy and frequency) did not give as clear a border be-
tween the two types of end products.
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FIG. 9. Steady-state structure of Ni&OZr7 as a function of
milling conditions as defined by the momentum transfer at the
impact and the impact frequency: bold squares represent the
amorphous phase, open squares represent the mixture of amor-

phous and crystalline phases. The boundary between the two

types of steady-state structures fits well with a line of constant
value for Mb Vm,„f.

where Mb is the mass of the ball, V,
„

the maximum ve-

locity of the frame, f the impact frequency, and M the
mass of powder in the vial. Indeed, the milling intensity
can be normalized to the mass of powder, since the im-

pact frequency for one given particle should decrease
with increasing the amount of powder. We have indeed
checked by varying the mass of powder by a factor of 2
that the time needed for full amorphization is proportion-
al to the mass of powder all other milling parameters
kept the same.

The specific milling intensity so defined has interesting
properties: the higher the intensity, the larger the
steady-state fraction of amorphous phase (Fig. 10). Full
amorphization is obtained above a threshold specific mil-

ling intensity I*. For the Ni&oZr7 compound at room
temperature, I,*=510+30 ms

B. ER'ect of milling temperature
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threshold for full amorphization.

Three runs (32, 33, 34) have been performed on the
Ni, oZr7 compound at an average milling temperature of
200 'C. The following effects have been observed.

The threshold specific milling intensity, I, , increases
with the milling temperature. Full amorphization is
achieved at room temperature with a milling intensity
I*=550 ms; at 200 'C, 90%%uo amorphization is obtained
at steady state with the same intensity (runs 6 and 33 in
Table I).

Increasing the milling temperature slows down the
amorphization kinetics and decreases the steady level of
amorphization (Fig. 8). As an example, runs 32 and 4 are
performed with the same milling intensity I*=940 ms
(above the amorphization threshold both at room temper-
ature and at 200 C). At 200 C, full amorphization is
only achieved after 190 h instead of 90 h at room temper-
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ature. Runs 9 and 34 are performed below the amorphi-
zation threshold, at I*=430 ms: the steady amorphous
fraction at 200 'C is about to 82% (run 34), to be com-
pared to 86% reached at room temperature (run 9).

One experiment (35 in Table I) has been performed on
Ni&OZr7 with a specific milling intensity I*=550 ms
up to 71 h, at —183 'C, circulating liquid N2 around the
vial. The amorphization kinetics at —183 C and room
temperature do not differ significantly.

C. EAect of alloy compositions

The amorphization threshold has been determined in
many Ni-Zr alloys: the sto:chiometric compounds Ni5Zr,
Ni5Zr&, Ni, OZr7, NiZr, NiZr2 and two intermediate
phases (54.4 and 63.5 at % Zr). To the exception of
Ni5Zr, all alloys could be fully amorphized above an ap-
propriate threshold milling intensity. The x-ray-
diffractio patterns of the amorphous phases are present-
ed in Fig. 11. The Ni5Zr alloy is too ductile: the powder
transformed into a bulky layer sticking at the bottom of
vial.

The amorphization threshold, I,*, depends on composi-
tion as shown in Fig. 12. As far as the sto:chiometric
compounds are concerned, I, increases with the Zr con-
tent. Two-phase alloys exhibit a lower amorphization
threshold I,* than that of the nearby sto:chiometric com-
pounds. As an example, I,*=420+10ms for the eutec-
tic composition (63.5 at % Zr) as compared to 865+70
ms for NiZr and 1410+470 ms for NiZr2.

D. Complementary experiments

In two distinct experiments, we checked that the same
amorphous phase can be obtained by two different routes.
Amorphous powders with Ni, oZr7 and NiZr2 composi-
tions, previously obtained by ball milling, have been in-
troduced into the vial in such a proportion as to obtain
an overall composition equal to Ni~oZr5o. Milling was
then performed for 80 h at room temperature and at a
milling intensity above the amorphization threshold for
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FIG. 11. X-ray-diffraction patterns of amorphized Ni Zr~ al-
loys with six different compositions.
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FIG. 12. Milling intensity threshold for full amorphization
as a function of alloy composition.

the NiZr sto:chiometric compound. The x-ray-
diffraction pattern of the end product could not be dis-
tinguished from that of the NiZr compound amorphized
directly. The amorphous alloy with eutectic composition
can either be produced by milling a crystalline two-phase
eutectic alloy or by milling a mixture of two crystalline
sto:chiometric compounds in the appropriate proportion.

IV. DISCUSSION

As we have seen, the milling conditions are character-
ized by a specific milling intensity, which is defined as the
momentum transfer per unit time to the unit mass of
powder, and by the overall milling temperature.

A. EB'ect of the specific milling intensity

As already discussed, the steady-state fraction of amor-
phous phase increases with increasing the milling intensi-
ty. In fact, the momentum transfer to the powder during
an impact corresponds to the product of the impact force
(F) and the duration of contact (5t): F5t=Mb5V. The
energy transferred to the powder during the impact pro-
duces dry friction, welding, fracture, plastic shear in a
way which cannot be evaluated quantitatively. Such pro-
cesses nevertheless create topologic disorder (disloca-
tions, grain boundaries, and antiphase boundaries) and
chemical disorder (antisite defects); they also may create
point defects in the crystalline phases and enhance atom-
ic mobility by point-defect detrapping. The density of
such defects should increase with the force and the dura-
tion of impact. The sensitivity of the end product to the
impact frequency implies that some recovery process
takes place between two impacts: dislocation rearrange-
ments, antisite defects recovery by appropriate atomic
jumps. Such process do not imply long-distance
diffusion, but only local rearrangements on a few intera-
tomic distances.

Amorphization results from a competition between the
disordering of the crystalline structure and recovery pro-
cesses. Jang and Koch" have already shown the ex-
istence of a dynamic equilibrium between the accumula-
tion of defects and the restoration of the lattice during
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high energy milling. The fact that an intermetallic com-
pound transforms to an amorphous phase when it is
sufficiently distorted has been established by several ex-
perimental works' '" and molecular-dynamics simula-
tion studies: amorphization of several model intermetallic
compounds (NiZr2, Cu Ti ) can be obtained by simply
accumulating antisite defects. '

B. Effect of the milling temperature

An effect of the overall milling temperature has been
clearly identified in the present study. The amorphiza-
tion kinetics is slower and the steady-state proportion of
the amorphous phase is lower, the higher the tempera-
ture. Compared to room-temperature experiments, large
effects are observed on increasing the temperature up to
200 'C, while no noticeable effect is found on decreasing
the latter to —183 'C. We therefore safely conclude that
the effect of the milling temperature is not related to the
quenching rate of the thermal spike which is expected to
be produced by the impact. In our grinder, the max-
imum local temperature rise is estimated below 10 K for
all milling conditions used. '

Similar milling temperature effects have already been
reported by Cxaffet and Yousfi. In the planetary mill
they used at four temperatures (25, 100, 200, and 300 'C),
the higher the temperature, the narrower the parameter
window for full amorphization: the latter cannot be ob-
tained at 300 C and above.

In order to clarify the effect of the milling temperature,
amorphous Ni, oZr7 powder has been annealed at 200 C
up to 100 h. Typical x-ray-diffraction patterns after 1,
20, and 100 h annealing are shown in Fig. 13. No crystal-
lization is observed up to 100 h. Nevertheless, the impact
frequency effect which has been identified in the previous
section implies a competition between some sort of disor-
dering and annealing. The latter cannot be the recrystall-
ization of the amorphous phase. We suggest the competi-
tion occurs, inside the crystalline structure, between the
disorder induced by collisions and thermally activated
recovery.
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FIG. 14. Microhardness for three intermetallic compounds:
NiloZr7, NiZr, NiZr2 (Ref. 19).

C. Effect of alloy composition

The room-temperature milling intensity threshold for
full amorphization of the three intermetallic compounds
NiZr2, NiZr, and Ni, OZr7 varies as I,* (NiZr2) )I,"
(NiZr) )I, (Ni, OZr7). It is worth noticing that this
correlates inversely with their Vickers hardness
Hu(NiZrz) & Hu(NiZr) & Hu(NiIIIZr~) (Fig. 14). The hard-
er the compound, the easier the amorphization. A Ni&Zr
compound could not be amorphized because of its high
ductility. The higher the hardness, the more brittle the
compound, and the more frequent the fracture-welding
events which we believe are at the origin of chemical mix-
ing which promotes amorphization.

Finally, we have shown that the same amorphous alloy
(Ni~oZr~II) can be obtained in the same milling device by
two distinct routes: the first one implying an increase, the
second one a decrease of internal (or free) energy. Inter-
nal energy arguments are therefore difficult to accept as a
basis for rationalizing the effects of ball milling. The
mechanical and elastic properties of competing phases as
well as their chemical stability must enter the criterion
for phase stability under high-energy milling.
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We have demonstrated that the respective stability of
the amorphous and crystalline forms of Ni„Zry com-
pounds under ball milling cannot be assessed from simple
energy arguments but can be rationalized in terms of a
composition and temperature-dependent specific milling
intensity, defined as the momentum transferred per unit
time to the unit mass of powder. The latter controls the
rate of amorphization and the steady-state fraction of
phases in two-phase equilibria. The mechanism of
amorphization by ball milling is worth studying in more
detail.
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APPENDIX

The frame performs a sinusoidal vertical movement
with amplitude A ( = mm) and pulsation co (100~ s ').
The altitude of the vial in the laboratory at time t is
Y= A sincot. In the case of a fully plastic collision be-
tween the ball and the powder in the vial, the ball comes
to rest with respect to the vial after each collision. As-
suming no dry friction between the ball and the powder
during the next takeoff, the launching condition writes

Ace singlet ~g,
where g is the gravitational acceleration. The takeoff ve-
locity of the ball in the laboratory is

—QA2 2 2y 2

=cod = V,x

since it is easily checked that A co »g.
The velocity of the ball relative to the vial at time of

impact can be determined exactly solving the equations

of movement. The movement of the ball is strictly
periodic.

However, because of irregularities either in the move-
ment of the frame or in the restitution coefficient (now
and then, the ball lands on a large hard grain of powder)
the ball deviates from a vertical trajectory and some ran-
domness is introduced in the movement of the ball. As a
first guess, the velocity of the ball relative to the vial can
be averaged over a large number of collisions, as follows.
Assuming the collisions occur at any time in a vibration
cycle, the average relative velocity writes

( V, —V) = J [V,(t') V(t—')]dt'
2'7l —7T/co

J [V,„gt'——A co cos(cot')]dt'
2 7T 7T/co

=
Vmax

since g ((3 co /~. The average momentum transfer
from the ball to the powder, Mb ( Vb

—V), is thus of the
order of Mb Vmax.
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