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Abstract. The Al5 intermetallic compound NbsAu was subjected to grinding in
a high-energy ball mill. A phase transformation from the A15 phase to the high-
temperature BCC solid solution of gold in nicbium was observed after milling. Dif-
ferential scanning calorimetry revealed an exothermic peak with a heat content of
4.6 kJ mol~1, The activation energy was 435 kJ mol~!. The present result is very
similar to the previous results on the V3Ga compound. The energies involved in
the order—disorder reactions for these two compounds scale very well, These results,
together with similar results obtained by other authors, strongly support the concept
of energy storage by ball milling mainly in the form of atomic disorder.

1. Introduction

During mechanical milling in a high-energy ball mill an intermetallic compound may
transform to the amorphous state [1]. Since the amorphous state has a higher free
energy than the crystalline state, an amount of free energy must be stored in the
material during the milling process. There are three different sources of energy stor-
age. In the first place it has been demonstrated that atomic (chemical) disordering
takes place, i.e. during milling atoms are transferred to the ‘wrong’ sublattice, The
type of disorder created by ball milling is characteristic of a certain compound and
corresponds to the type of disorder which is also found after quenching from high tem-
perature or after irradiation by highly energetic particles. For example, in the NbzSn
compound, it has been shown [2] that NbySn exhibits anti-site disorder in the early
stage of milling, which means the substitution of both atomic species on each other’s
sublattices, whereas in the CoGa compoeund the disorder is in the form of triple-defect
disorder [3], i.e. the formation of Co anti-site atoms in combination with the formation
of vacancies on the Co sublattice.

The other two possible sources of energy storage are the formation of grain bound-
aries and the formation of lattice defects such as vacancies, interstitials and disloca-
tions. Since the crystallite size may be reduced to nanocrystalline dimensions during
milling, the grain boundary energy is probably more important than the defect en-
ergy. Nevertheless even with nanocrysialline dimensions the contribution of the grain
boundary energy to the total stored energy may be minor if one assumes that grain-
boundary energies of intermetallic compounds are of a similar magnitude to those in
pure metals. At least in theoretical work [4-6] atomic disorder was considered as the
major source of energy storage.
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In order to shed more light upon the problem, in a previous investigation [7)
we ball milled the A15 intermetallic compound V4 Ga. The idea was as follows: in
the equilibrium phase diagram the Al5 phase transforms to a BCC solid sclution of
gallium in vanadium at about 1300 °C. The fact that the BCC phase occurs in the
phase diagram indicates that the (disordered) solid solution has a lower free energy
than of the melt. Therefore one could speculate that the energy stored in the form
of atomic disorder could not be high enough to drive the crystalline-to-amorphous
transition. And indeed no amorphization took place, but instead a transformation to
the BCC solid solution was observed. Even after prolonged periods of milling, the x-ray
pattern remained characteristic of the crystalline BCC phase. For further evidence we
present here results on NbsAu, an intermetallic compound which has a phase diagram
in the Au-rich part very similar to that of V,Ga.

2. Experimental procedure

The stoichiometric intermetallic compound NbyAu was obtained by arc melting of
weighted amounts of pure niobium and gold in a purified argon atmosphere. Arc
melting was repeated several times in order to obtain a homogeneous sample. The
arc-melted button was crushed to small pieces. To remove mechanical stresses, and
for homogenization, the specimen was annealed at 1100 °C for 1 day, Thermodynamic
equilibrium was established at 700 °C by annealing at this temperature for 7 days. X-
ray diffraction patterns of the annealed sample show the single A15 structure phase.
The ball milling was carried out in a hardened steel vacuum vial (inner diameter
6.5 cm) with a tungsten carbide bottom. Inside the vial, a hardened steel ball with a
diameter of 6 cm was kept in motion by a vibrating frame (Fritsch: Pulverisette 0},
upon which the vial was mounted. To prevent reactions with oxygen or nitrogen,
the milling was performed in the continuous pumping system keeping the vacuum at
a level of about 10-% torr. The starting amount of material was two grams. X-ray
diffractograms were taken for the samples milled for different periods and after the
x-ray measurement the powder was used for further milling. The final milling time
was 60 hours. X-ray diffraction patterns were taken at room temperature by means
of a Philips vertical powder diffractometer using Cu-Ko radiation. For an accurate
measurement of the lattice parameter the sample was mixed with silicon powder as a
standard. Differential scanning calorimetry (DSC) measurements were carried out on a
Setaram DSCIII in an argon flux to protect the sample against oxidation. The heating
rates in the DSC were varied between 0.5 and 10 K min~1. The DSC scan was repeated
two times for each sample, the second scan was used as a blank and was subtracted as
background. The superconducting transition temperature was measured by means of
an AC inductive method, based on the change in magnetic susceptibility of the sample
when passing from the superconducting into the normal state. The probe was inserted
into a standard helium storage vessel for cooling. The temperature was measured by
a carbon-glass thermometer.

3. Results

Figure 1 gives the x-ray diffraction patterns for samples milled for different periods. All
the peaks from the starting material (bottom curve) can be identified as A15 structure,
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showing that the sample is single phase. The lattice parameter is 5.2057 + 0.0006 A,
not far from the reported value of 5.2024 A for the stoichiometric NbzAu compound
[9], which means that our prepared sample is close to the stoichiometric composition,
The superconducting transition temperature is 11.2 K, also not far from the reported
value of 11.5 K for the stoichiometric compound [10]. From figure 1, it can be seen
that after 10 h ball milling the sample shows a mixture of A15 and BCC structure. The
intensity of A15 peaks decreases and new peaks which belong to the BCC structure
appear. Upon further milling, the BCC structure quickly becomes dominant. Between
30 h and 60 h milling, the diffraction patiern does not change any more. Even after
60 h of milling traces of A15 peaks are still visible, and the diffraction peaks from
the BCC structure are still sharp and clear. There is no sign that the material could
become amorphous if milling is prolonged. The lattice parameter of the sample milled
for 60 h with the BCC structure is 3.2767 + 0.0020 A. From the width of x-ray peaks
in figure 1, the crystallite size can be calculated according to [11]. It turned out that
the crystallite size of the sample even after 60 h milling is still of the order of 100 A.
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Figure 1. X-ray diffraction patterns of Nba Au after various milling periods.

Figure 2 shows the DSC measurements for the sample milled for 60 h. The heating
rates were 2 K min~! and 5 K min—!. An exothermic peak was observed and the
total heat effect evolved was 4.6 kJ mol~! (kI (g atom)~?!) for both heating rates.
The transition temperature shifted to higher temperature with increasing heat rate.
The shape of the transition peak seems to show the mixture of double peaks and
the two peaks become more separated when the heating rate is lowered. The peak
temperatures can only be determined for the second peak, which are 994 K and 1010 K
for the heating rates of 2 K min~! and 5 K min~?, respectively. X-ray diffraction
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patterns were also taken for the samples heated in the DSC with a speed of 5 K min~—!
to temperatures of 900 K and 1050 K, respectively. The resuit is shown in figure 3. X-
ray patterns show only BOC peaks for the sample heated to 900 K and only A15 peaks
(with some small unidentified peaks) for the sample heated to 1050 K, which means
that the transition peak in DSC (figure 2) corresponds to a phase transition from the
BCC structure to the Alh strueture. A number of heating rates, namely 0.5, 1, 2, 5
and 10 K min—! were applied to measure the dependence of the peak temperatures in
DSC on the heating rate. A Kissinger {12] plot is displayed in figure 4, where ¢ is the
heating rate and T, the peak temperature for the second peak. From the slope of the
straight line, the activation energy was calculated as 435 KJ mol—1.
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Figure 2. D3¢ scans with heating rates of 2 and 5 K min~! for the sample ball
milled for 60 hours.

4. Discussion

The results of the present investigation are very similar to previous work on V;Ga [7],
i.e. phase transformation from the A15 phase to the BCC solid solution during ball
milling for both compounds. None of the materials became amorphous by ball milling.
In the case of the V;Ga compound in the composition 70 at.% V and 30 at.% Ga, we
found two peaks in DSC. Preliminary results on stoichiometric V3Ga also showed two
peaks, but the first peak was considerably smaller than the second one. The shape of
the DSC peaks in figure 2 indicates that a double peak is also present in this study,
in particuiar at the lower heating rate. Here too the first peak appears to be smaller
than the second one.
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Figure 3. X-ray diffraction patterns for samples after heating to different tempera-
tures in DSC.

The values of the total heat evolved in DSC measurement (figure 2) and the ac-
tivation energy for the second peak (figure 4) for the Nb;Au compound are higher
than those for the V;,Gay, compound [7]. This is understandable from the fact that
NbgAu has a much higher melting temperature than V;Ga. To make a quantitative
comparison, the average melting temperatures (of the solidus and liquidus) according
to the phase diagram [8] for both V;Gay, and NbyAu compounds, and their ratio,
have been calculated and are listed in table 1. Also given in this table are the average
phase transition temperatures from the A15 phase to the BCC solid solution and their
ratio. It can be seen from the table that the ratios for both temperatures are very
close, namely 0.82 and 0.84, respectively. It would not be surprising, if the energies
measured in our experiments on V,,Gag, [7] and NbyAu had the same ratios as those
temperatures. The ratio of the total heat evolved in the DSC by phase transformation
from the metastable BCC solid solution to the A15 structure and the ratio of the ac-
tivation energy for the second peak for V,;,Gag, and NbzAu are also listed in table 1.
These are 0.65 and 0.68 respectively. Remarkably, both ratios are almost equal, but
different from the ratios of the above temperatures.

In different experiments we also determined the disordering energies in the highly
ordered compounds. In these experiments the compounds were quenched from high
temperatures, whereby a small degree of thermal disorder was introduced [13, 14].
By measuring the degradation of the superconducting transition temperature as a
function of quenching temperature, we were able to evaluate the disordering energies
in the compound in the highly ordered state. These disordering energies, i.e. the
energies to accommodate both species of atoms on the wrong sublattices and their
ratio are also listed in table 1. The ratio of these numbers is 0.72, closer to the ratios
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Figure 4. Kissinger plot corresponding to the second peak in DsC.

of energies measured in our experiments than to the ratios of the above temperatures.
So various energies which play a role in the behaviour of both compounds are scaling
rather well.

Table 1. The average melting temperatures, average phase transition temperatures,

heats evolved in DSC, activation energies for the second peak in DSC and disordering
energies for VypGazp and NbsAu compounds and their ratios.

Melting Phase transition Heat evolved  Activation Disordering
temperature  {einperature in DsC energy energy
(K) (K) {%<J mol—1) (I mol~!)  (kJ (mol pair)—!)
VyeGaze 1820 1510 3.0 287 119*
NbzAu 2210 1800 4.6 435 166
Ratio 0.82 0.84 0.65 0.68 0.72

* Disordering energy was obtained for stoichiometric V3Ga compound.

The fact that both V;Ga and Nb;Au transform to the high-temperature BCC phase
without amorphizing, strongly supporting the idea that the atomic disorder is the main
source of energy storage during mechanical grinding. Apparently in these compounds,
the disordering energy is not high enough to drive a crystalline-to-amorphous phase
transformation. This is corroborated by recent work on the L1, compounds CoPt and
FePt [15]. These materials transformed to the FCC solid solution during ball milling.
These FCC phases are also found in the equilibrium phase diagrams of both systems.
Further milling had no effect. One more example is o-phase VFe, which transforms to
the high-temperature @ solid solution in a mechanical milling experiment [16]. This
compound does not amorphize either. So up to now, there are five different inter-
metallic compounds known in which a phase transformation from the low-temperature
ordered phase to the high-temperature solid solution has been observed during ball
milling. In all cases, the disordered solid solution exists at high temperature in the
equilibrium phase diagram and all the compounds do not amorphize upon prolonged
milling periods. This makes it most probable that energy storage in the very form of
disorder is responsible for the crystalline-to-amorphous transformation in those com-
pounds that do not possess such a disordered phase at high temperatures and do
exhibit the amorphization reaction. On the other hand, storage of free energy in the
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form of lattice defects seems less significant for the transformation to the amorphous
state: it would be surprising if these five compounds, just by coincidence were not
able to store enough defect energy to amorphize.

5. Conclusions

A phase transformation from the Al5 structure to the high temperature BCC solid
solution of Au in Nb was observed in NbyAu intermetallic compound when it was
subjected to mechanical grinding in a high-energy ball mill. The DSC measurement
for the milled sample revealed an exothermic peak which was in fact a mixture of two
peaks. It was proved that this exothermic peak is due to the phase transition from
the metastable BCC phase to the stable A15 phase. The heat evolved in DSC was
4.6 kJ mol~!. The activation energy for the second peak was 435 kJ mol~?.

The present result is very similar to the previous result in the case of the V,,Ga,,
compound. The comparison of the results for the two compounds reveals that the en-
ergies involved in the ordering—disordering reactions of both compounds, i.e. the heats
of transformation, the activation energies of the transformation and the enthalpies of
disordering in the completely ordered compound, tally well with one another.

The present results for A15-structure intermetallic compounds in combination with
results of other authors imply that the major source of energy storage in intermetallic
compounds during ball milling is atomic disordering rather than lattice defects or
grain boundaries.
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