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Chapter 3 

Disordering of intermetallic BiPd 
compounds 

3.1 Introduction 
A solid metastable (non-equilibrium) state can be obtained by means of several tech
niques, such as rapid solidification from the liquid state, vapour deposition, electron or 
ion irradiation and mechanical milling. After energisation, the material is quenched into a 
configurationally frozen state. The materials that are thus obtained may exhibit improved 
physical and mechanical properties, and are therefore a popular subject of research. Start
ing with pre-alloyed intermetallic compounds, mechanical milling (MM) gives rise to the 
formation of defects and thus to crystallite-size refinement, resulting in the loss of long-
range order and in nanocrystallinity in the early stage of milling. This may lead to a 
solid solution, the amorphous state or a phase transformation to a different crystalline 
structure. Binary intermetallic compounds have been investigated extensively and most 
of the structural changes that have been observed are well understood by theoretical and 
empirical models [1,2]. Metastable compounds can also be formed by mechanical alloying 
(MA) of the elemental constituents. In this way, homogeneous mixtures of immiscible 
elements can be produced that are non-existent in a stable crystalline state. 

The driving force for the formation of either a solid solution or the amorphous state is 
the rise in free energy due to the formation of defects, such as vacancies, dislocations and 
grain boundaries. For amorphisation, the total energy stored should exceed the energy 
difference between the intermetallic compound and the amorphous state, according to 

AG'disorder(T) + A G g r a j n boundary!-' J > ^^rcrystal-amorphous\J- ) • l^--1-/ 

Whether the amorphous state or a solid solution forms depends on the free energies. In 
general, the phase with the lowest free energy forms, as is schematically shown in fig
ure 3.1. For amorphisation, a negative heat of mixing is required. In general, lower tem
peratures favour the amorphisation process for MM, as crystallite growth is suppressed. 
The existence of a critical (maximum) grain size for amorphisation has been postulated 
[3] and is in line with the storage of free energy in the grain boundaries. Amorphisation 
during MA involves interdiffusion of the constituents and is driven by the gain of free 
energy upon mixing, while nucleation and growth of crystalline intermetallic compounds 

15 . 
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F i g u r e 3 .1 : Schematic free energy vs. composition for a binary system with a negative 
free energy of mixing in the amorphous state 

with lower free energies are avoided. Higher milling temperatures enhance diffusion and 
therefore generally favour amorphisation. For both MM and MA however, the change in 
structure results from a balance between the atomic disorder that is introduced and ther
mally activated re-ordering (crystallisation). The local temperature in a material affects 
the processes that take place and has been estimated from changes in microstructure 
and crystal structure during milling. Dependent on the material, the temperature rise 
was estimated between 180 K for Ni/Zr [4] and more than 1000 K for a transformation 
of 7-AIOOH or Al(OH)3 to a - A l 2 0 3 [5]. Obviously, the exact local temperature rise is 
dependent on the material and the type of mill used. A higher milling intensity results 
in more disordering, which is balanced by a stronger rise in (local) temperature. 

The efficiency of disordering can be expressed in terms of the departure from equi
librium. For both mechanical alloying and ion irradiation, values have been estimated 
of 30 kj/mol, for rapid solidification of 24 kj/mol, and for vapour deposition a value 
of 160 kj /mol [6]. The strongest disordering is thus expected for vapour deposition, 
while MM and irradiation will give similar changes in structure. Variations in the result
ing structure have been observed, however, and can be attributed to factors as material 
properties and processing temperature. 

For the description of defect formation and the structure that is formed, various mod
els have been developed. Miedema's semi-empirical model has been applied successfully 
for a large number of mixtures, and the structure that is formed during milling can be 
predicted for most binary intermetallic compounds with transition metals. The model has 
been thoroughly described in ref. [7]. Starting with an intermetallic compound, exchange 
of atoms from their respective lattice to the other sublattice results in the build-up of 
excess enthalpy. When a critical value of the free energy is exceeded, either the formation 
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of a solid solution or amorphisation occurs. For a solid solution, the formation enthalpy 

consists of three terms: 

A / / s o l i d Elution = Aschern + A b l a s t + Atf s t r u c t (3-2) 

with Af te rn the chemical contribution due to the mixing of atoms of the two different 
metals, Ablast the elastic contribution due to the atomic-size mismatch, and AHstructl the 
variation in the lattice stability as a function of the average number of valence electrons 
per atom. The latter term is nonzero only when alloying occurs between two transition 
metals. In an amorphous alloy, the atoms arrange themselves in such a way that clastic 
mismatch is avoided but, in addition to a chemical term, there is a topological term due 
to the amorphous character. The total formation enthalpy for an amorphous alloy is thus 
estimated as [7]: 

Amorphous = Äußern + 3.5(cATm,A + cBTm,B) (3.3) 

with rm ,A and Tm>B the melting points, and cA and cB the atomic fractions of the elements 
A and B, respectively. Using the above relations, the enthalpies of formation for the solid 
solution and amorphous phases can be calculated. When these enthalpies of formation 
are plotted against composition, one obtains the relative stabilities of the competing 
phases or phase mixtures by using the common tangent construction. Starting with a 
solid solution, no sublattices exist and amorphisation cannot occur, as no excess enthalpy 
can be built up. Caution should however be taken as, strictly, the model is only valid 
at low temperatures (0 K) where entropy effects can be ignored. Moreover, the kinetic 
part, important at situations far from equilibrium, is not taken into account, and the 
occurrence of intermetallics in the phase diagram is not considered. Still, in most cases 
Miedema's model supplies the most reliable data on mixing of binary systems. 

For the Pd^Mi-z system, with M representing another metal or a metalloid, several 
cases have been reported for which the amorphous state could be obtained by vapour 
deposition or rapid solidification. For M=Si, Ti or Zr, crystallisation temperatures Tx 

above 600 K have been reported [8]. The valence of the element M has been suggested to 
influence the glass-forming ability of the Pd /M system [9]. For Pd/In, both an amorphous 
state and a nanocrystalline state have been found [10, 11]. Starting with the prepara
tion of a vapour-quenched film at 4.2 K or 77 K, the film was heated to a temperature 
well above Tx, where an irreversible drop of the electrical resistance, characteristic of 
crystallisation, is observed. After cooling and irradiation with heavy ions, the electrical 
resistance was restored to its original level for P d j n ^ samples with 0.2 < x < 0.6, 
indicating an amorphous state. For amorphisation, a higher dose was needed in case 
irradiation was carried out at higher temperatures. For samples with x > 0.6, only a 
slight resistance change occurred during irradiation. The absence of restoration of the 
resistance for these samples indicates a higher stability of the polycrystalline state. In 
these samples, a nanocrystalline structure had been formed, which is not restored after 
crystallisation and ion bombardment. The difference in restoration behaviour provides a 
criterion for distinction of the amorphous and nanocrystalline states. The first category 
of samples has 250 K < Tx < 420 K, whereas for the latter category Tx > 550 K. 

For Bi/Pd, both vapour deposition and ion irradiation of a mother alloy of Bi30Pd7o 
induced amorphisation [12]. Starting with sputtered multilayers on the other hand, the 
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F i g u r e 3.2: Formation enthalpies of the amorphous phase and the solid solution for the 
Bi/Pd binary system, calculated according to Miedema's model 

formation of a solid solution was observed that does not amorphise under ion irradiation. 
While the equilibrium solid solubility at room temperature is 17 at.% [13], metastable 
solid solutions of' up to 32 at.% Bi have been obtained in this way. These are stable up to 
450 K, where a transition takes place into the equilibrium solid solution by segregation 
of Bi. As the nominal composition of Bi2Pd5 is close to that of Bi3oPd7o, amorphisation 
of the intermetallic is expected as well. A structural transformation of the intermetallic 
to the amorphous phase during disordering is indeed predicted by Miedema's model 
(figure 3.2 [7]), as the free energy of the amorphous phase is lower than that of the solid 
solution. Another empirical prediction of the structure can be made from the ratio of 
the atomic radii. The ratio of 0.88 for Pd/Bi is high enough for the formation of solid 
solutions up to 25%. Amorphisation, on the other hand, is generally only expected when 
the atomic radii differ sufficiently, making prediction of the resulting structure solely 
based on this ratio difficult for this composition. The ratio of the atomic radii is included 
in Miedema's model by the mechanical mismatch enthalpy AHeiRSt. 

The compound Bi2Pd5 is an interesting case as the existence of the phase has only 
been confirmed recently [14]. Of a postulated Bi3Pd5 structure [15, 16] low- and high-
temperature modifications have been reported. [17]. The high-temperature phase has also 
been explained as a 7-phase that shows eutectoid de-mixing upon annealing [18], while 
the low-temperature phase would then be the product of this breakdown, consisting of a 
mixture of crystals of BiPd and BiPd3. However, reported diffraction lines of Bi3Pd5 are 
not identical to those of the BiPd and BiPd3 phases. The discovery of the Bi2Pd5 phase 
has thus added a new perspective for this compositional range. The phase diagram of 
the Bi/Pd system according to ref. [19] is shown in figure 3.3. 

In this chapter, we investigate disordering of the Bi2Pd5 intermetallic compound. 
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F i g u r e 3.3: Phase diagram of the Bi/Pd binary system (after Massalski [19]) 

Mechanical milling is compared to irradiation with Ar and He ions, and disordering is 
studied at various temperatures. Mechanical alloying of both Bi2Pd5 and BiPd3 has been 
carried out as well. BiPd3 is interesting, as it is close to both the region of equilibrium 
solid solubility and to Bi2Pd5. The behaviour of specific intermetallics is thus compared 
to that of a eutectic mixture [12]. Moreover, the Bi /Pd system can serve as an example foi-
investigation of a possible 'precursor' role of metastable solid solutions for the amorphous 
phase. 

3.2 Experimental 
A Bi2Pd5 alloy was obtained by heating chunks of the metals (Bi: 99.999% pure, Aldrich; 
Pd: 99.9% pure) at 100 K/h to 1273 K in an Ar atmosphere. The highest temperature 
was held for 24 h, after which the quartz sample holder containing the alloy was cooled 
rapidly by immersion into water. Subsequently, fine powder was produced by crushing 
and milling. This material was used as starting alloy for mechanical milling. Mechanical 
alloying was carried out with the (highly brittle) Bi chunks and Pd powder (99.9% pure, 
<75 lira, Aldrich). 

Mechanical milling was carried out under vacuum, either at room temperature or at 
77 K. For low-temperature milling, the vial was suspended in a dewar filled with liquid 
N2, which was kept at a constant level. Prior to milling, the vial was cooled during 
approximately 24 h in order to ensure that the entire vial (including the large stainless-
steel ball) was at 77 K. This temperature was confirmed by a thermocouple that was 
attached to the vial. 
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Elemental analysis by means of ICP-AES (section 2.2.1) of the Bi2Pd5 compounds 
shows that, despite rather wide error bars for Bi and Pd, the relative amounts of these 
elements are the same for both milled and unmilled material. Contamination levels are 
very low: a small rise is observed from 0.3 at.% for unmilled Bi2Pd5 (almost entirely 
consisting of Ni) to 0.6 at.% for milled Bi2Pd5. As the amount of Ni is the same for all 
samples and as the Pd came from two different sources of high purity, the Ni contam
ination can most likely be attributed to a systematic error in the measurements. The 
amount of additional contamination due to milling is thus only about 0.3 at.%. 

Vapour deposition and ion irradiation were carried out in the group of P. Ziemann at 
the Universität Ulm, Germany. A film was produced by vapour deposition of grains of 
the alloy onto a glass substrate by flash evaporation, with a typical rate of 0.7 nm/s at 
a pressure of 10~8 mbar. The substrate was held at 4.2 K by cooling with liquid He. Ion 
irradiation was carried out by means of 300 keV He+ and Ar+ ions, either at 4.2 K, 77 K 
or at room temperature. The samples were characterised by in-situ resistivity and ex-situ 
XRD measurements. Amorphous and nanocrystalline structures were distinguished by 
the restoration behaviour of the resistivity [10], as explained in section 3.1. 

3.3 Results and discussion 

3.3.1 Mechanical milling of Bi2Pd5 

XRD patterns of as-prepared and milled Bi2Pd5 are shown in figure 3.4. For better 
clarity, the patterns have been plotted on a logarithmic scale after subtraction of the 
background signal. The principal diffraction lines of a number of Bi/Pd intermetallics 
are indicated in the figure, although not all X-ray diagrams are known from the literature 
in the range shown. The XRD pattern of the as-prepared material agrees well with that of 
Bi2Pd5, but some additional lines are visible that can be attributed to BiPd3 and Bi3Pd5. 
Ball milling of the sample in vacuum initially results in broadening and overlap of the 
diffraction lines. Changes in both relative intensity and in the positions of the diffraction 
lines can be observed after 60 h of milling. Except for a large number of lines that can 
be ascribed to nanocrystalline and oriented Bi2Pd5, some additional lines have appeared. 
The origin of these lines cannot be assessed unequivocally. Apparently, a mixture of 
different phases has been formed. The diffraction lines are most likely from BiPd3 and 
Bi3Pd5, although the existence of the latter compound is under discussion [18]. Formation 
of a solid solution of Bi in Pd could not be assessed. During milling, transformation 
into other (nano-)crystalline phases has apparently occurred by disproportionation of the 
Bi2Pd5 compound. Due to the large number of overlapping diffraction lines, it cannot be 
excluded, however, that an entirely new, yet unknown phase has been formed. After 60 h, 
the patterns do not change any more, even after milling times up to 1000 h, indicating 
a steady-state structure. 4.2 g of material had been milled during this period. The 
crystallite size is of the order of 10 nm. 

Milling of 0.5 g of unmilled Bi2Pd5 at 77 K gives rise to broader diffraction lines than 
at room temperature (200 h, figure 3.5). Despite broad diffraction lines, amorphisation 
can be excluded. Crystallite sizes are small at about 4 nm. The broad lines can be 
identified as a solid solution of Bi in Pd, giving rise to a shift of the Pd lines of a few 
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F i g u r e 3.4: XRD patterns of as-prepared Bi2Pd5 and after mechanical milling at 
room temperature. Principal diffraction lines of Bi2Pd5, BiPd3, BiPd 
(Sobolevskite), Bi3Pd5 and Pd are indicated from top to bottom, respec
tively. 

degrees due to an increase of the lattice parameter. Extrapolation based on Vegard's law 
reveals a concentration of dissolved Bi atoms corresponding to a nominal composition 
of BiigPdsi, which is of the same order as the equilibrium solid solution of 17% Bi 
[13]. The composition of the solid solution indicates that some material should be in 
another phase, either nanocrystalline or amorphous. Some remaining nanocrystalline 
Bi2Pd5 is indeed observed, but other phases such as BiPd, BiPd3 and Bi3Pd5 cannot 
be clearly identified. The main difference between 100 and 200 h of milling time is a 
slightly smoother pattern at 200 h, whereas no change in the widths of the diffraction 
lines is observed. This difference is not large enough to justify much longer milling 
times, as further amorphisation is unlikely to occur while the sample will start to get 
contaminated. Thus, despite the fact that much smaller crystallites are formed than at 
room temperature, a solid solution rather than an amorphous state is formed at 77 K. 

The material that has been milled at room temperature was also milled in small 
amounts (1 g) at room temperature (150 h) and at 77 K (50 h). Except for formation of 
flakes and a small change in the relative XRD peak intensities that can be attributed to 
orientation effects of the flake-like material, no further changes in position and width of 
the lines occurs at room temperature. The steady-state structure is thus not determined 
by the amount of material. At 77 K (50 h, figure 3.5), again, no amorphisation is 
observed, but the line widths have increased to a further extent than during milling at 
room temperature to a total of 1150 h. The structure resembles that of the sample 
milled at room temperature, with broader linewidths, as well as that of the sample milled 
for 200 h. The sample is clearly in an intermediate state for the formation of a solid 
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F i g u r e 3.5: XRD patterns of as-prepared Bi2Pd5 and after mechanical milling at 77K. 
Principal diffraction lines of Bi2Pd5, BiPd (Sobolevskite), Bi3Pd5 and Pd 
are indicated from top to bottom, respectively. 

solution and further nanocrystallinity. While the milled amounts were equal, milling a 
shorter time (50 h) at 77 K clearly results in smaller crystallite sizes than milling at room 
temperature. Both samples contain flakes, although more for the sample milled at 77 K. 
This is remarkable, as the suppression of cold welding at low temperatures would rather 
result in a more powder-like material. The differences can be explained by the structure, 
as intermetallics are more brittle than solid solutions. As a larger amount of the material 
is a solid solution at 77 K, this is more ductile and therefore more prone to the formation 
of flakes. That this does not lead to larger crystallite sizes indicates that grain growth 
is still suppressed at low temperatures. No differences could be observed in the XRD 
patterns between the sieving fractions of <100 /im and >100 rim. 

DSC traces of unmilled and milled Bi2Pd5 are shown in figure 3.6. For the unmilled 
sample, one broad exothermic peak is observed, whereas the milled samples exhibit two 
narrower exothermic peaks. The low-temperature peak can be attributed to the re-
establishment of short-range order, while the second is associated with the evolution of 
ordering and grain growth. A difference in peak temperature of about 80 K is observed 
for both peaks between the two milling temperatures. The lower temperatures of the 
exothermic peaks for the sample that has been milled at 77 K indicate lower activation 
energies and can be attributed to a higher density of point defects. XRD carried out 
during annealing at 673 K of the sample that was milled at room temperature indeed 
confirms grain growth by the narrowing of the diffraction lines. No new phases were 
formed during the annealing treatment. 

Milling clearly results in a reduction of the crystallite size, which is a general feature 
of ball milling and can be explained by cold welding and fracture of the particles. Smaller 



Disordering of intermetallic BiPd compounds 23 

350 400 450 500 550 

Temperature [K] 
600 650 700 

Figure 3.6: DSC traces of as-prepared, mechanically milled (MM) and mechanically 
alloyed (MA) Bi2Pd5 at room temperature (RT) and at 77 K 

crystallite sizes are observed at 77 K than at room temperature due to the suppression 
of grain growth at lower temperatures. However, despite the lower temperature, cold 
welding is enhanced, illustrating the difference in ductility between the solid solution and 
other intermetallic phases. No amorphisation is observed. As contamination is limited, 
the resulting structure is only a function of milling time and temperature. A steady-state 
structure has been reached both after milling at room temperature and at 77 K. 

3.3.2 Mechanical alloying 

Mechanical alloying of 2 g of Bi and Pd has been carried out with the same atomic ratio 
as that of the Bi2Pd5 alloy. In the early stage of milling, crystallite size refinement is 
observed. The formation of Bi2Pd and (two types of) BiPd intermetallics indicates the 
occurrence of solid-state reactions (figure 3.7). These intermetallics disappear after longer 
milling times. Initial formation of these Bi-rich structures reflects the low ductility of Bi 
as compared to Pd. After 50 h of milling at room temperature, the sample exhibits an 
XRD pattern that is identical to that of the alloy that had been milled for 60 h, with 
similar crystallite sizes. Milling up to 250 h does not give rise to further changes in 
the XRD pattern. As MM and MA result in similar XRD patterns, the structure and 
distribution of the starting material apparently do not determine the structure of the 
resulting material. This is not necessarily the case for all materials, however [2]. 

Similar to MM, mechanical alloying at 77 K results in the formation of a solid solution 
of Bi in Pd, with broader diffraction peaks than at room temperature. However, some 
remaining peaks of Bi, Pd and intermetallics can also be observed. The structure thus 
differs more from that of the mechanically milled alloy. More time is clearly required 
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F i g u r e 3.7: XRD patterns of mechanically alloyed Bi2Pd5. Principal diffraction lines 
ofPd, Bi2Pd, BiPd (Sobolevskite and Polarité), Bi2Pd5, Bi3Pd5 and BiPd3 

are indicated from top to bottom, respectively. 

to reach a steady-state structure, i.e. the solid solution. This can be explained by lower 
diffusivities at low temperatures. At both room temperature and 77 K, no amorphisation 
was observed. 

DSC traces of the mechanically alloyed samples again show the presence of two 
exothermic peaks (figure 3.6), as for the MM samples. Again, a difference in peak tem
perature of about 70 K is observed for the first exothermic reaction, but the second is at 
a slightly higher temperature for the sample milled at 77 K. This can be explained by 
the larger crystallite size and less defective structure as compared to the MM material. 
The exotherms (especially the second) are also narrower than for the mechanically milled 
samples, which indicates the presence of more nucleation centres. 

Additionally, 2 g of Bi and Pd have been milled for 250 h at room temperature with a 
composition corresponding to BiPd3. In the early stage of milling, after 10 h, diffraction 
lines of Bi2Pd and BiPd are again observed. After 50 h, a solid solution of Bi in Pd is 
obtained, with some additional BiPd3 and BiPd. Diffraction lines of Bi2Pd5 and Bi3Pd5 
cannot be observed clearly. The linewidths indicate crystallite sizes of about 4 nm. The 
solid solution corresponds to a composition of Bi22Pd78, close to the nominal value of 
BiPd3. This suggests that almost all material has been transformed into a solid solution. 
The amount of Bi in solution is even slightly higher than for Bi2Pd5 milled at 77 K, and 
higher than the equilibrium amount. At room temperature, the solid solution as a steady-
state structure is thus reached much easier for this composition than for compounds with 
less Pd. 
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3.3.3 Vapour deposition and ion irradiation 

Vapour deposition was carried out with the Bi2Pd5 alloy that had been milled during 
1000 h at room temperature. After vapour deposition at 4.2 K, the sample is amorphous. 
No XRD peaks are observed at room temperature. Crystallisation occurs upon annealing 
at about 370-400 K. This is observed by in-situ resistance measurements of the film, 
and is confirmed by ex-situ XRD. During subsequent irradiation with Ar+ ions at 77 K, 
amorphisation occurs. This is in agreement with results on quenched films of Bi3oPd7o 
[12]. The resistivity of the amorphous phase is typically 140 fiQcm and nearly temperature 
independent, while the intermetallic shows 69 /jßem at room temperature and 50 //Ocm 

at 77 K. 
Irradiation of the amorphous film with He+ ions at room temperature results in re-

crystallisation. The exact temperature of the film during irradiation seems to be critical 
for whether amorphisation or (re-)crystallisation occurs. Despite the fact that the ion 
current was kept low to prevent heating, an increase of the temperature of the sample 
holder of about 10 K was observed. The exact temperature of the film may even be 
slightly higher. However, it can be excluded that crystallisation is induced by heating of 
the film by means of the ion beam to above the crystallisation temperature. Irradiation 
of the crystallised film at 77 K with He+ ions again resulted in amorphisation. Thus, 
it has been possible to amorphise the sample by Ar+ irradiation at 77 K after quench 
condensation and annealing. Subsequent He+ irradiation at room temperature resulted 
in crystallisation, and He+ irradiation at 77 K in amorphisation. Apparently, both light 
and heavy ions are able to amorphise Bi2Pd5 at 77 K. The results were reproduced for 
mechanically alloyed Bi2Pd5 and for a sample that was mechanically milled for 10 h at 
room temperature. Amorphisation and (re-)crystallisation were observed under the same 

conditions. 
In figure 3.8, the XRD pattern is compared to as-prepared and (room temperature) 

milled Bi2Pd5. The XRD peaks of the re-crystallised material correspond well to those of 
the as-prepared Bi2Pd5 alloy, although orientation effects are visible as well. Orientation 
effects, notably (010) texture, were observed for a Bi3oPd7o film as well [12]. As the 
texture of a sample is dependent on the composition, this may explain the differences in 
texture between the samples. (010) texture is therefore not necessarily expected. The 
XRD patterns show narrower linewidths after annealing at 700 K than at 500 K, while 
after He+ irradiation the lines have intermediate widths. The same diffraction lines are 
observed irrespective of whether annealing or irradiation has been carried out. In all cases, 
the linewidths are significantly narrower than after (both high- and low-temperature) ball 
milling. 

3.3.4 Local heating during mechanical milling and ion 
irradiation 

Although ball milling and ion irradiation are about as effective disordering techniques 
[6], differences are clearly observed in the resulting structure of Bi /Pd compounds. This 
difference is most prominent at 77 K, where a nanocrystalline solid solution is formed 
by mechanical milling and an amorphous structure by ion irradiation. The most likely 
explanation for this difference is that, during ball milling, the sample is locally heated 
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Figure 3.8: XRD patterns of Bi2Pd5 after He+ irradiation at room temperature, com
pared to as-prepared and milled Bi2Pd5. Principal diffraction lines ofBiPd3, 
Bi3Pd5 and Bi2Pd5 are indicated from top to bottom, respectively 

in a larger region than by irradiation, enabling re-crystallisation. Local heating is a 
general feature of mechanical milling and is not caused by heating of the milling tools 
(this is restricted to at most a few degrees), but rather by heating of the particles due to 
mechanical deformation and exothermic processes. MM thus gives rise to deformation and 
cold welding, resulting in both disordering and relaxation by local heating. As compared 
to a temperature rise for Ni-Zr of 180 K [4], this would indeed lead to a local temperature 
close to room temperature for ball milling at 77 K. The differences in local temperature 
are illustrated by the formation of flakes at 77 K, indicating a higher ductility of the 
solid solution. This gives rise to more dissipation of elastic energy into heat. At room 
temperature, the material consists of a mixture of intermetallics, which are less ductile 
Milling at 77 K also gives rise to embrittlement of the milling tools, resulting in even larger 
temperature shifts than at room temperature. However, 77 K is the lowest temperature 
that is possible for ball milling with this equipment. 

^For ion irradiation, heavy and light ions are to be distinguished. Heavy ions (e.g. 
Ar+) produce local damage cascades of a few nanometers in diameter. In these cascades, 
all target atoms are in motion, which may be considered as a thermally molten bubble 
of a temperature of the order of 104 K. This temperature lasts for an estimated 1CT10 s 
after which the molten state is 'frozen in'. According to most models, the amorphisation 
process is considered as an accumulation of these molten volume fractions. Light ions 
on the other hand, like He+, only dislocate single target atoms. Since the remainder 
of the target is not affected locally, it is not possible to speak in terms of temperature 
here. If recombination of defects is avoided, accumulation of defects renders the crystal 
unstable. Whether recombination takes place or not depends on the temperature, which 
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is exactly what has been observed. As crystallisation takes place below Tx, at room 
temperature, disordering at sufficiently high temperatures may still have a similar effect 
as local heating. As for ion irradiation, not all atoms undergo collisions, the volume of 
material undergoing relaxation is quite large and dissipation of heat takes place quickly. 
Dependent on the material, this may result in more limited heating around a dislocated 
atom than in the case of ball milling. The 'effective quenching rate' for this material is 
thus higher for ion irradiation than for ball milling. 

In case a critical grain size for amorphisation exists, this has only been reached for 
ion irradiation at 77 K. Due to thermally activated crystallite growth, a nanocrystalline 
solid solution is formed by ball milling at the same temperature, which is avoided for ion 
irradiation. Re-crystallisation at room temperature, on the other hand, gives rise to the 
formation of larger crystallites than for ball milling. This can be explained by the fact 
that a (powdered) ball milled sample is less well-defined than a film, preventing formation 
of large crystallites. 

The minimum Bi-concentration that has been found necessary for amorphisation by 
means of ion irradiation was 23 at.% [12]. As more Pd leads to the formation of a solid 
solution more easily, a higher Bi concentration would be required to obtain amorphisation 
by MM. Determination of the limits of solid solubility and amorphisation for MM and MA 
could be subject of additional research. Although not expected based on the generality of 
the local heating effect, a different combination of milling intensity and impact frequency, 
and thus the use of other milling tools, might also result in amorphisation of Bi2Pd5 at 
77 K. 

3.4 Summary and conclusions 

Mechanical milling of Bi2Pd5 at room temperature leads to disordering, giving rise to 
the formation of different crystalline phases, while the formation of a solid solution oc
curs during MM at 77 K. Mechanical alloying leads to similar structures, although more 
time is required to reach the steady-state structure, especially at low temperatures. Ion 
irradiation gives rise to amorphisation at 77 K and to re-crystallisation at room tempera
ture, which has been observed for a Bi3oPd7o mixture as well. Miedema's model predicts 
amorphisation, but as entropy has not been taken into account, deviations are expected 
at higher temperatures. 

Phase separation of Bi2Pd5 into other crystalline phases, such as Bi3Pd5 and BiPd3, 
indicates a higher energy level of the disordered Bi2Pd5 intermetallic. The average of 
the free energies of the compounds formed after disordering is thus lower than that of 
Bi2Pd5. This effect is not large, as the Bi2Pd5 phase remains discernible. Some additional 
evidence was found for the existence of a postulated Bi3Pd5 phase. Disproportionation 
of Bi2Pd5 rather than of Bi3Pd5 is an indication for the subtlety of the energy balance of 
the intermetallics in this compositional range. 

Local heating gives rise to enhanced nucleation and grain growth of intermetallics 
and may explain why an amorphous structure has not been formed during mechanical 
milling, even at 77 K. As crystallite sizes of the solid solution formed are smaller than 
those of the intermetallics at room temperature, re-crystallisation is suppressed at 77 K. 
The crystallite size is thus determined by a competition between deformation on one 
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hand, and recovery and re-crystallisation on the other. A critical grain size may explain 
the resulting structure, which could be either a solid solution or the amorphous phase. 
A solid solution can only be a 'precursor' for the amorphous state in case sufficient free 
energy can be stored in the grain boundaries and if re-crystallisation by local heating is 
avoided. 

The material properties determine the extent of local heating. This has been il
lustrated by extensive flake formation of the solid solution at 77 K, in contrast to the 
intermetallics that remain more powder-like at room temperature. The high ductility of 
the solid solution thus renders the transformation self-propagating. For ion irradiation, 
local heating is not determined by the properties of the material to the same extent as 
for mechanical milling. This explains why MM and irradiation of materials can result in 
similar as well as different structures. 

An additional difference between milling and irradiation that has been observed is 
that of the resulting structure by variation of the distribution of the starting materials. 
MA and MM result in similar structures for this material. On the other hand, vapour 
deposition and irradiation of multilayers of Bi30Pd70 give a solid solution, while an alloy 
of the same composition results in the amorphous state. MM and MA can clearly not be 
compared in the same way as vapour deposition and irradiation of multilayers. 

It has been shown that the composition may have a significant effect on the type 
of structure formed. MA at room temperature results in a solid solution for BiPd3 , 
while for Bi2Pd5 a temperature of 77 K is required. In both cases, solid solutions above' 
equilibrium were obtained. The subtlety of the formation of various structures in the 
compositional range studied illustrates well the differences in physical background of the 
different disordering techniques. 
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