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Amorphous Ni-Zr powders have been prepared by mechanical alloying from crystalline
elemental powders. The glass-forming range has been determined by x-ray diffraction,
differential scanning calorimetry, and saturation magnetization measurements. From 27 to 83
at. 9% Ni the powders becorne amorphous. This shows that deep eutectics do not play any role,
contrary to amorphization by melt spinning. Crystallization temperatures, crystallization
enthalpies, and wave numbers ,, obtained from x-ray diffraction investigations, are compared
with the data received for rapidly quenched sampies. In addition, the effect of the milling
intensity on the glass formation has been studied for the first time. If the intensity is too high,
crystalline intermetallic phases are formed. On the other hand, the powder needs an extended
milling time to become completely amorphous if the milling intensity is too low. Conclusions
on the actual temperature of the individual particle during mechanical alloying and on the

glass-forming process are drawn from these results.

i. INTRODUCTION

1t has recently been shown that amorphous powders can
be prepared by mechanical alloying. Starting from the ele-
mental crystalline powders, a large number of alloy systems,
for example, Ni-Nb," Ni-Ti,” Cu-Ti,? and several transition
metal-Zr-systems,” have been investigated. (For a recent re-
view, see Ref. 5.) During the early stages of milling the pow-
der particles are cold-welded and a characteristically layered
microstructure is formed which gets more and more refined
with extended milling time.>*® This increases the interfacial
area between the two elements. The interfaces are very clean
and finally a true alloying by a solid-state reaction at these
interfaces sets in if this reaction is favored by a negative en-
thalpy of mixing.” If the temperature where the solid-state
reaction takes place is lower than the crystallization tem-
perature of the amorphous phase, this metastable phase is
formed. In this way, for example, amorphous Fe-Zr has been
formed over a wide concentration range® which is not re-
stricted to deep eutectics in the phase diagram where melt
spinning preferentially forms amorphous metals in the Fe-
Zr system.

For Ni-Zr, amorphization by solid-state reaction has
been observed using several different experimental tech-
niques such as vapour deposition,? jeily roll techniqgue, ™ and
mechanical alloying.*®!" In this paper we determine the
glass-forming range in this alloy system by means of measur-
ing several different physical properties. Additionally we
show that the milling intensity strongly affects the amorphi-
zation process, which has not been investigated so far.

® Present address: Keck Laboratory, California Institute of Technology,
Pasadena, CA 91125.
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. EXPERIMENT

The samples are prepared from elemental powders ob-
tained from Ventron GmbH. The Ni powder with a particie
size of 1-3 um and the Zr powder with 2 particle size smaller
than 177 um, are mixed and sealed under argon atmosphere
(less than 1-ppm O, and H,0O) in a cylindrical steel contain-
er together with the steel balls. The total mass of the powder
is 30 g. The mechanical alloying is performed in a conven-
ticnal planetary ball mill (Fritsch “Pulverisette 5”) with a
ball to powder weight ratio of 15:1. In order to produce com-
pletely amorphous powders in the middle concentration
range, the milling was performed for 60 hours. To avoid
oxidation, the steel container was not opened during the ex-
periment. The ball milling was performed with the intensity
settings 3, S, or 7 corresponding to calculated velocities of
the hitting balls of 2.5, 3.6, or 4.7 ms™ ! (or to kinetic ener-
gies of 1.4 X 1072, 2.9 X 1072, or 49X 1072 J of each ball).
The x-ray investigations were performed in a Siemens D 500
diffractometer in reflection geometry using CuKe radiation
{A = 0.154 nm ). The crystallization temperatures and enth-
alpies were measured in a differential scanning calorimeter
{Perkin-Elmer DSC 7) at a heating vate of 40 K/min. The
saturation magnetization was determined from measure-
ments in a vibrating sample magnetometer at § T at room
temperature.

iil. RESULTS
A. X-ray diffraction

The x-ray diffraction patterns of several Ni_Zr,, , sam-
ples after 60 h of mechanical alloying at milling intensities 3,
5, and 7, respectively, are shown in Figs. 1(a)-1{(c). For
most of these samples the sharp crystalline lines have almost
completely disappeared and the typical broad diffuse maxi-
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FIG. 1. X-ray paiterns of several
Ni, 2ty _ . samples after 60 h of mechani-
cal alloying: (a) milling intensity 3; (b)
milling intensity 5; (c) milling intensity 7.
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mum of the amorphous state appears. For the amorphous
samples the broad diffuse x-ray peak of the amorphous phase
slightly shifts to higher diffraction angles with increasing Ni
content. The peak position represented by the wave number
@, = 4 sin § /Aisrelated to the mean nearest-neighbor dis-
tance in these alloys. In Fig. 2 the §, values of the mechani-
cally alloyed samples are compared with data obtained for
melt-spun samples.'? The wave numbers show a gocd agree-
ment between the mechanically alloyed and the melt-spun
samples. Whereas the samples in the middle concentration
range are perfectly amorphous, the sampies with less than 35
at. % and more than 70 at. % Ni show some irregularities at
the amorphous peak, or even crystalline peaks [see Fig.
1{b); the samples with x>>82 have a smaller intensity be-
cause a different detector slit was used ]. These peaks become
more evident towards the very Zr-rich composition range
and, on the other hand, towards the very Ni-rich composi-
tion range, too, and are identified to be due to elemental Zr
or Ni.

Although the x-ray diffraction paiterns can only give a
gualitative description, there are some significant differ-
ences between samples of the same composition prepared at
different milling intensities. For milling intensity 5 the
amorphous phase extends from about 30 at. % to about 83
at. % Ni [Fig. 1{b)] whereas samples milled at intensity 7
show intermetallic peaks fromx = 6610 75 [Fig. 1 (¢)]. For
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intensity 3 milling for 60 h is not sufficient for complete
amorphization [Fig. 1(a)].

B. Crystaliization

The crystallization behavior of powder prepared at mill-
ing intensity 5 is shown in Fig. 3 where the DSC scans up to
730 °C are plotted for several samples. For some composi-
tions a second crystallization reaction or a phase transfor-
mation is detected at higher temperatures. The crystalliza-
tion temperatures T, derived from the first exothermic peak
of the DSC scans, are plotted as a function of Ni content in
Fig. 4. Whereas 7", varies over more than 150 °C in the mid-
dle concentration range, it remains nearly constant in the
alloys with less than 27 and more than 80 at. % Ni. Fig. 4
aiso shows the crystallization temperatures of rapidly
quenched amorphous Ni-Zr alloys."® Taking the different
heating rates into account, the 7, of the mechanically al-
loyed samples is about 10-20 °C higher than that of the rap-
idly quenched samplés, which is due to about 2 at. % oxygen
in the mechanically alloyed Ni-Zr powder.'® Although the
crystallization temperatures show the same concentration
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FIG. 3. DSC scans of several
Ni, Zr,p0_ . szmples at a heating rate
of 40 K/min.
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dependence for more than 27 at. % Ni, the rapidly quenched
samples show a monotonic decrease for smaller Ni contents,
whereas the T values of the mechanically alloyed samples
are almost constant. Therefore, the terminal composition of
the amorphous phase is Ni,,Zr,;. For lower Ni contents z
two-phase region exists consisting of the amorphous phase
and elemental Zr. A similar analysis has been performed for
the Ni-rich compositions, too, showing almost constant
crystaltization temperatures for more than about 80 at. %
Ni. From this fact it may be concluded that a two-phase
material consisting of the amorphous phase and elemental
Ni is formed.

C. Magnetization measurements

To check the remaining elemental Ni portion we mea-
sured the saturation magnetization of the powders. Since no
intermetallic phases are detected in the x-ray diffraction pat-
terns and amorphous Ni-Zr is not magnetic at room tem-
perature, measuring the saturation magnetization M, pro-
vides direct information on the residual content of elemental
Ni in the milled powders. In Fig. § the saturation magnetiza-
tion of the mechanically alioyed powders versus Ni content
is shown for the three different milling intensities and com-
pared with the caiculated magnetization for an unmilled Ni-
Zr composite (dashed line). Depending on the milling inten-
sity there is a magnetization background for samples up to
85 at. % Ni which is attributed to residual elemental Ni not
completely reacted during the mechanical! alioying. For
more than 85 at. % Ni the magnetization shows a sharp in-
crease due to a bigger amount of remaining elemental Ni.
This means that on the Ni-rich side both the amorphous
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phase and the Ni-rich phase coexist, which must be inter-
preted as the existence of a two-phase region where the
amorphous phase is in a metastable equilibrivm with almost
pure Ni. It is likely that this Ni-rich phase exhibits an in-
creased solubility range compared to the stable crystalline
phases of the equilibrium phase diagram as it has been found
before for mechanically alloyed Ni-Ti (Ref. 2) and Fe-Zr."
The limiting composifion of the amorphous phase can be
estimated by the lever rule to be about NiysZr .. Asshownin
Fig. S, there are no significant differences for samples milled
at intensity 5 and 7. Compared to the unmilled powder mix-
ture the M values are strongly reduced in the middie con-
centration range and for Zr-rich compositions and show
nearly the same increase for Ni-rich alloys. On the other
hand, the samples milled at intensity 3 show much higher
values in the middle concentration range. Obviously, the
powders do not become completely amorphous and the high
values of the saturation magnetization are caused by a high
amount of residual elemental Ni. Ooly from x = 60 t0 75 the
portion of the amorphous phase seems to be larger, as the
decrease of the saturation magnetization shows.

Y. GLASS-FORMING RANGE

in order to estimate the glass-forming range, the x-ray
diffraction patterns shown in Fig. 1 can give a first qualita-
tive hint. Although itis not possible to determine an accurate
value, the terminal composition of the amorphization range
must be somewhere between 20 and 30 at. % Niand 75 to 85
at. % Ni, respectively. For this purpose it is better to mea-
sure various physical properties of the samples as a function
of composition within the glass-forming range and within
the two-phase regions between amorphous and crystalline
phase. Intrinsic physical properties, for example, the crystal-
lization temperature or the superconducting transition tem-
perature, depend on composition within the homogeneity
range of the amorphous phase and are constant in the two-
phase regions. On the other hand, extrinsic physical proper-
ties such as the crystallization enthalpy of the amorphous
phase or the saturation magnetization of the Ni-rich phase
also depend on the composition within the amorphous
phase, but show a proportionality to the amount of the amor-
phous phase determined by the lever rule in the two-phase
regions.

Accordingly, the crystallization temperature as an in-
trinsic physical property, remains constant for less than 27
at. % Ni as shown in Fig. 4. On the Ni-rich side, T, is not
very sensitive to composition. Therefore, it is not useful to
determine the terminal composition of the amorphous phase
on this side of the phase diagram from the plot of T, vs Ni
content.

The Zr-rich samples become superconducting at low
temperatures and the dependence of the superconducting
transition temperatures of these powders can also be applied
to determine the terminal composition of the amorphous
phase on the Zr-rich side (see Fig. 6). Whereas T for rapid-
ly quenched samples decreases with increasing Ni con-
tent, * % the mechanically alloyed samples show this behav-
ior only for more than 30 at. % Ni. For less than 25 at. % Ni,
7. is almost constant. (For further details see Ref. 11.)

C
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From this fact and from the crystallization temperature and
the x-ray diffraction patterns, it is concluded that for the
mechanically alloyed powders a two-phase region of an
amorphous phase with the terminal composition of Ni,,Zr,,
and the crystalline w-Zr phase exists at high Zr content.

For high Ni contents the terminal composition can be
determined from the saturation magnetization measure-
ments to be 85 at. % Ni as shown in Fig. 5. This is also
confirmed by the x-ray diffraction patterns for milling inten-
sity 5 [Fig. 1(b)] and the crystallization temperature 7,
taking into account some inhomogeneities due to the mitling
process. Furthermore the crystailization enthalpy strongly
decreases for more than 83 at. % Ni, as derived from a plot
of the crystallization enthalpy versus Ni content {not shown
in this work). This is in good agreement with the terminal
composition derived from the saturation magnetization
measurements. The decrease of the crystallization enthalpy
is due to a more and more reduced portion of the amorphous
phase in the two-phase region which reaches up to about 92
at. % Ni.

To consider these results from the point of view of the
chemical driving force that governs the amorphization reac-
tion, we calculated the free energy of mixing by using the
Miedema model.'**® The calculated glass-forming range for
an assumed milling temperature of 100 °C is limited from 22
to 67 at. % Ni which is smaller than the experimentally ob-
served existence range. As in several other cases the Mie-
dema model does not give an exact description of the glass-
forming range. It is not yet clear if, in general, the Miedema
model does not describe the metastable thermodynamic
equilibrium sufficiently well or if an additional enthalpy
term due to the high defect density after severe deformation
or a so-far unspecified atomic mixing term lowers the free
enthalpy of the amorphous phase.

A very important parameter of mechanical alloying is
the temperature during the milling process. From the x-ray
results shown in Figs. 1(b) and 1{¢) we conclude that at
least a partial crystallization can occur during the mechani-
cal alloying at high milling intensities. Since it has been
shown that crystalline intermetallic phases can be amor-
phized by ball milling®’ the crystallization cannot simply be
caused by the milling but it must be an effect of excessive
heating during the mechanical alloying. For the samples
from x = 66 to 75 milled at intensity 7, the intermetallic
equilibrium phase Ni,Zr shows up in the x-ray diffraction
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patterns. To clarify this, the peak temperature reached with-
in the powder particles during milling is estimated. Follow-
ing the procedure proposed by Schwarz and Koch,” it is
assumed that the particles are deformed by localized shear
during a collision between the balls. The normal stress devel-
opedis o, ~p,v,0,, Wherep, = 8.54 g cm ™7 is the density of
the steel balls, v, = 5800 ms ™' is the speed of a longitudinal
wave in steel, and v, = 2.5, 3.6, and 4.7 ms ! for intensity 3,
5, and 7, respectively, is the relative velocity of the balls. The
shear process lasts for Af = 2d /v, where d = 1 cm is the
diameter of the steel balls and the energy flux dissipated on
the glide plane is F = o,v,. The resulting temperature in-
crease AT by the heat flux F /2 for time Aris

AT = F(bt /nKyp,e, )

For the powder density p, and the specific heat ¢,, we used
weighted averages of the pure components, giving g, = §.2
gem ™ and ¢, = 3949 Jkg7 ' K™ for NijgZry,. With
K,=50Wm 'K ! we obtain AT = §G, 167, and 287 °C
for milling intensity 3, 5, and 7, respectively. These values
exceed Schwarz and Koch’s result® by far due to the higher
ball velocities. They only refer to the individual collision
process and must be added to the overall temperature of the
milling container which is about 50, 80, and 120 °C for inten-
sities 3, 5, and 7, respectively. Therefore, the total peak tem-
peratures of the powder particles can reach 130, 247, and
407 °C. For comparison the amorphous powders have been
isothermally annealed. At 400 °C an annealing of only 5 min
is sufficient to produce partially crystallized material with a
similar x-ray diffraction pattern as obtained for the Ni,oZr,,
powder milled for 60 h at intensity 7. Therefore, we can
conclude that the actual temperature of the individual parti-
cle during mechanical alioying can in fact be rather high—at
least high encugh to cause crystailization. Then also amor-
phization by solid-state reaction can occur since this reac-
tion is usually much faster as DSC resuits for layered Ni-Zr
composites even with 100-nm-thick individual layers have
shown.?

The various possible transitions between composite, in-
termetallic phase, and amorphous phase are illustrated in
Fig. 7. Starting from a composite of crystalline elements me-
chanical alloying can produce an amorphous phase. The
mechanism responsible for this amorphization is proposed
to be similar to the solid-state interdiffusion reaction ob-
served in alternating crystalline multilayers, Perhaps addi-
tional energy terms come into play, as mentioned before.*
Crystallization of the amorphous phase at elevated tempera-
tures transforms this metastable phase into the intermetaliic
equilibrium phase. On the other hand, it is possible to pro-
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duce the amorphous phase by bail milling of the intermetal-
lic phase. In this case the defect density of the equilibrium
phase is claimed to rise due to ball milling until its free ener-
gy is increased above the free energy of the amorphous phase
and therefore the transformation takes place.?” It also seems
possible that mechanical alloying of elemental crystalline
powders produces the intermetallic phase by milling at high
intensity. We think that this is due to a temperature rise
during ball miiling up to temperatures above the crystalliza-
tion temperature of the competing amorphous phase as ob-
served for the samples milled at intensity 7. From our results
we can not yei clearly decide whether the observed interme-
tallic phase is formed by an in situ crystallization of a pre-
viously formed amorphous phase or, less likely, directly
from the composite powders.

The influence of the miiling intensity on the reaciion
product of ball milling is also demonstrated for milling in-
tensity 3 which is obviously too smooth to produce a com-
pletely amorphous alloy. Presumably the resulting tempera-
ture is not high enough for a complete solid-state reaction
and the deformation of the powder particles is not severe
enough within 60 b of milling.

V. CONCLUSIONS

We have shown that glass formation by mechanical al-
loying in the Ni-Zr alloy system is in general possible from 27
to 83 at. % Ni. On both sides of the glass-forming range
there exists a two-phase region between the amorphous
phase and the elemental crystalline phase. The terminal
compositions have been determined by means of examining
intrinsic and extrinsic physical properties, since x-ray dif-
fraction only gives a gualitative description of the homo-
geneity range of the amorphous phase. The measured prop-
erties are in good agreement with the data for melt-spun
samples at compositions where both melt-spun and me-
chanically alloved samples exhibit an amorphous phase.
Furthermore, it is shown for the first time, that the amorphi-
zation process strongly depends on the milling conditions,
Normally the temperature rise during mechanical alloying
seems to be high enough to enable an interdiffusion reaction
according to a solid-state reaction, and a too intense milling
leads to the appearance of the intermetallic equilibrium
phase at a composition range from x = 66 to 75. This can be
explained by a rise of the actual milling temperature to val-
ues above the crystallization temperature. On the other hand
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the powder does not become completely amorphous within
61 hif the milling conditions are too smooth because then the
resulting temperature and the deformation of the powder are
not sufficient for a complete solid-state reaction within this
time.
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