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Abstract

The phase change induced by MeV electron irradiation in the intermetallic compound E93;-CoTi, was
investigated using high-voltage electron microscopy. Under MeV electron irradiation, CoTi, was first
transformed into an amorphous phase and, with continued irradiation, crystallite formation in the
amorphous phase (i.e. formation of crystallites of a solid-solution phase within the amorphous phase)
was induced. The critical temperature for amorphisation was around 250 K. The total dose (dpa) required
for crystallite formation (i.e. that required for partial crystallisation) remained high (i.e. 27—80 dpa) and,
even after such high doses, the amorphous phase was retained in the irradiated sample. Such partial
crystallisation behaviour of amorphous Cos3Tisy was clearly different from the crystallisation behaviour
(i.e. amorphous-to-solid solution, polymorphous transformation) of amorphous Crs7Ti33 reported in the

literature. A possible cause of the difference is discussed.
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1. Introduction

A solid-state phase transition from an equilibrium crystalline phase (hereafter denoted by C°) to a
non-equilibrium crystalline phase (hereafter denoted by C") is one of the most important topics in both
fundamental and applied materials science. Such a phase transition can be successfully achieved by
agitation with stimuli such as mechanical grinding (MG), ion irradiation, and electron irradiation.
Details of the individual phase transitions induced by these stimuli can be found in various publications
[1-4].

Of these stimuli, electron irradiation, especially in situ MeV electron irradiation with a high-voltage
1



electron microscope (HVEM), has been attracting attention because it has the following advantages over
the others: (i) contamination of samples can be suppressed to a low level, unlike the case with MG; (ii)
cascades in which complex atomic processes might be operating [5] are absent, as opposed to the case
with ion irradiation; and (iii) the phase transition can be directly observed using electron microscopy
techniques simultaneously with the introduction of atom displacements (i.e. atomic defects).

Recently, HVEM observations which will improve our understanding of the phase transition from
C* to C" have been reported [6,7]. These results suggest that the phase transition can occur by one of
two main routes. One is a route via an amorphous state, observed in Cr,Ti [6], and in this case the Gibbs
free energy of the alloy first increases upon amorphisation (i.e. amorphisation of C°) and then decreases
upon crystallisation (i.e. crystallisation to C"). In the other route, C¢ is transformed directly into C", as
observed in 6-CrFe [7], without any intermediate amorphous state; in this case the Gibbs free energy of
the alloy is considered to increase monotonically (see note 1 for an explanation of the use of the word
‘monotonically’) during the phase transition. The former observation regarding Cr,Ti is in line with the
original observation by Sinkler et al. [8].

The above phase transition observed in Cr,Ti is unique in that only a few dpa were enough to induce
crystallisation of an amorphous phase to a C" [i.e. a body-centred cubic (bcc) solid solution] [6], and
upon crystallisation, grain growth of the C" occurred on such an extensive scale that the C" replaced the
whole amorphous phase within an irradiated volume [6,8]. The transition from the C¢ to the C" via an
amorphous phase can therefore be regarded as a polymorphous transition which involves no change in
composition. In this paper, such a crystalline-to-amorphous-to-crystalline transition is referred to simply
as a C*-A—C" transition, and intermetallic compounds which show such a C—A—C" transition are
referred to as category I intermetallic compounds, which can be rendered amorphous by MeV electron
irradiation. (To the authors’ knowledge, only Cr.Ti is known to belong to this category.)

After the original observation of the C°*~A—C" transition in Cr,Ti by Sinkler et al. [8], observations
of a phase change in which a C° was first rendered amorphous by MeV electron irradiation and then on
continued irradiation crystallites (tiny crystalline grains) appeared within the amorphous phase, have
been reported for some intermetallic compounds (see review paper [9]). Features of the crystallite
formation are as follows. A large total dose (larger than a few tens of dpa) was needed and crystallisation
was not complete, therefore a certain amount of amorphous phase always remained. In the present paper,
intermetallic compounds showing such a phase change under MeV electron irradiation are referred to
as category Il intermetallic compounds, which can be rendered amorphous by MeV electron irradiation.

The aim of the present work is to investigate the response of the intermetallic compound CoTi, with
the E9; structure to MeV electron irradiation by using the in situ HVEM technique, and to clarify
whether this compound is category I, category II, or neither. The results show that CoTi; falls in category
II. A brief discussion of a possible cause, which would enable distinction between categories I and 11, is

presented.



2. Experimental procedures

Master ingots of Cos3Tie7 alloy were prepared by arc-melting high-purity cobalt (99.93 mass%) and
titanium (99.9 mass%) in a highly purified Ar atmosphere. The ingots were sliced into plates of thickness
about 500 pum using a diamond wheel saw. Thin films for transmission electron microscopy (TEM) and
MeV electron irradiation were prepared by ion thinning using Ar ions. The accelerating voltage and ion
incident angle were maintained at 4.5 kV and 4°, respectively. The damaged layer possibly formed
during ion thinning was removed using Ar ion beams of energy below 2 keV.

Microstructural observations and MeV electron irradiation of foil samples were performed at Osaka
University using HVEM (Hitachi H-3000) at an accelerating voltage of 2 MV. The main phase in the
samples was E93-CoTi, (the phase diagram of the Co—Ti binary system is available in the literature [10]).
The electron irradiation temperature and electron dose rate were 103-290 K and 6.7 x 10** m2 s7! to
7.3 x 10* m2 57!, respectively. The changes in the microstructure during electron irradiation were
examined using in situ TEM with HVEM, to capture bright-field (BF) images and selected area electron
diffraction (SAED) patterns. The size of the SA aperture was, in most cases, 5 ume, corresponding to
170 nme on the image plane. In addition, for some post-irradiated specimens, the microstructures were
also studied using a 200 kV scanning transmission electron microscope (STEM; JEOL ARM200F) to
obtain atomic-scale information on the structure.

As previously reported [11], the cross sections of atomic displacement in pure Co and Ti are
estimated to be 66 barns for 2.0 MeV electron, based on the McKinley—Feshbach formula [12, 13].
However, there are no reliable methods for quantitatively evaluating the atomic displacement of the
constituent elements in compounds [11]. In the present study, it is therefore assumed that a cross section
for atomic displacement of 66 barns also holds for E93;-CoTi,. Using this value, the damage rates were

estimated to range from 4.4 x 102 dpas'to 4.8 x 10 2dpas.

3. Results
3.1. Response to MeV electron irradiation as function of temperature

The electron-irradiation-induced phase change of E9;-CoTi, was studied in situ using HVEM over
the temperature range 103-250 K.

Figure 1 shows an example of the results obtained at 140 K; Figure 1(a) to (f) are sequential BF
images of a fixed area, Figure 1(a') to (f') show the corresponding SAED patterns, and Figure 1(e") and
(f") are magnified BF images corresponding to Figure 1(e) and (f), respectively. The BF image before
irradiation shows crystalline contrast (e.g. distinct bend contours) (Figure 1a), and the corresponding
SAED pattern can be consistently indexed to the [110] net pattern of a crystal with the E9; structure
(Figure 1a'). After irradiation for 10 s, a region of featureless contrast appeared in the central area of
electron irradiation (Figure 1b), and only halo rings were seen in the SAED pattern taken from the region
(Figure 1b'). This indicates that the equilibrium E93;-CoTi, phase was rendered amorphous and an
amorphous single phase was formed under electron irradiation. With continued irradiation, the

amorphous region grew in size, as seen from Figure 1(c) and (d). After irradiation for 1.2 x 10° s, 10
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nm-scale fine crystallites appeared near the centre of the amorphous region (i.e. near the central area of
electron irradiation), as seen from the magnified BF image shown in Figure 1(e"). At the same time,
segmented Debye—Scherrer rings superimposed on the original halo pattern appeared (Figure 1e'). After
irradiation for 1.8 x 10° s, the size and number density of crystallites, and the intensity of the Debye—
Scherrer rings from the crystallites, increased, as seen from Figure 1(f") and (f'). This indicates that
crystallite formation in the amorphous phase (i.e. partial crystallisation of the amorphous phase) was
induced by prolonged electron irradiation. The Debye—Scherrer rings in Figure 1(f'), which are
superimposed on halos from the retained amorphous phase, can be consistently indexed to
polycrystalline rings from a crystal with the hexagonal close-packed (hcp) structure. No superlattice
reflections were observed in the SAED pattern, therefore the crystallites in Figure 1(f") are considered
to be of a solid solution with the hcp structure. [Figure 1 should be placed around here.]

Figure 2 shows an example of the results obtained at 220 K; sequential BF images and the
corresponding SAED patterns are shown in Figure 2(a) to (f) and Figure 2(a') to (f'), respectively.
Magnified BF images corresponding to Figure 2(d) to (f) are shown in Figure 2(d") to ("), respectively.
The BF images before irradiation show a number of distinct bend contours (Figure 2a), and the
corresponding SAED pattern can again be consistently indexed to the [110] net pattern of a crystal with
the E9; structure (Figure 2a'). Electron irradiation at 220 K induced phase changes essentially similar to
those at 140 K. However, based on a comparison of Figure 2 with Figure 1, the following difference
should be noted; the irradiation period required for amorphisation increased from 10 s at 140 K (Figure
1b and b') to 60 s at 220 K (Figure 2c and c'), whereas the period required for crystallite formation in
the amorphous phase decreased from 1.2 x 10° s at 140 K (Figure le' and e") to 600 s at 220 K (Figure
2d" and d") at a fixed electron dose rate of 6.7 x 10** m™ s™'. The Debye—Scherrer rings in Figure 2(f')
can be indexed to polycrystalline rings from the same solid solution crystal as that observed in Figure
1(f") and (f"). [Figure 2 should be placed around here.]

It should be noted that amorphisation took place after irradiation for 180 s at 240 K and after
irradiation for 1.2 x 10° s at 250 K.

3.2. Crystallite formation by irradiation at 290 K

As shown in Figures 1 and 2, with prolonged irradiation, crystallite formation in the amorphous
phase (i.e. partial crystallisation of the amorphous phase) was induced. The crystallites formed were
investigated in detail as follows. An amorphous phase was first produced at a low temperature and then
subjected to irradiation at a higher temperature, at which grain growth was expected to occur on a large
scale.

Figure 3 gives an example of the results, and shows a series of BF images with the corresponding
SAED patterns. The figure shows a crystalline (E93-CoTiz)-to-amorphous transition induced by
irradiation at 103 K (Figure 3a and a', and Figure 3b and b') and subsequent crystallite formation in the
amorphous phase (i.e. partial crystallisation of the amorphous phase) induced by irradiation at 290 K
(Figure 3¢ and ¢' to Figure 3f and f'). Figure 3(d"), ("), and (f") are magnified BF images corresponding
to Figure 3(d), (e), and (f), respectively. Figure 3(b) shows that an amorphous region of size
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approximately 1 um was produced near the centre of the field by irradiation at 103 K. After irradiation
for 180 s at 290 K, fine 10 nm-scale crystallites appeared in the amorphous region, as seen in Figure
3(d"), and segmented Debye—Scherrer rings, albeit of weak intensity, superimposed on the halo pattern
appeared, as seen in Figure 3(d'). The size and number density of crystallites, and the intensities of the
Debye—Scherrer rings from the crystallites, increased with increasing electron dose, as seen from Figure
3(e') and (e"), and Figure 3(f') and (f"). This indicates that partial crystallisation of the amorphous phase
(i.e. the amorphous Cos33Tis7 alloy) was induced to a large extent by irradiation at a high temperature,
i.e. 290 K. A detailed analysis of the Debye—Scherrer rings in Figure 3(f') indicates that the rings can be
consistently indexed to polycrystalline rings from the same solid solution crystal as that observed in
Figure 1(f”) and (f”), i.e. the crystallites are considered to be a solid solution with the hcp structure
embedded in the retained amorphous phase, the residual halos from which are clearly seen in Figure
3(f”). [Figure 3 should be placed around here.]

Next, STEM analyses of the crystallites were conducted. Figure 4(a) shows a BF STEM image
of crystallites formed by irradiation at 290 K for 3.6 x 10° s (the specimen is the same as that shown in
Figure 3f"). In Figure 4(b), which is an enlarged image of the area marked by a square in Figure 4(a),
0.23 nm lattice fringes can be clearly seen. The fast Fourier transformation (FFT) pattern (Figure 4c)
taken from the area can be consistently indexed to the FFT pattern from a lattice image of a hcp crystal
with lattice constants @ = 0.29 nm and ¢ = 0.45 nm. Again, superlattice reflections are absent. In short,
it can therefore be said that under MeV electron irradiation E93;-CoTi, first undergoes a crystalline-to-
amorphous transition at lower temperatures (e.g. at 103 K), followed by subsequent partial
crystallisation at higher temperatures (e.g. at 290 K), and that the crystallites formed can be regarded as
a solid-solution phase with the hcp structure embedded in the retained amorphous phase. [Figure 4

should be placed around here.]

3.3. Total doses for amorphisation and for crystallite formation plotted against temperature

Figure 5 summarises the temperature dependences of the total doses (dpa) needed for amorphisation
(open circles) and for crystallite formation (filled squares) under 2 MeV electron irradiation; open circles
indicate the total dose at which the SAED pattern taken from the central area of irradiation changed
from a crystalline, net pattern to an amorphous, halo pattern during irradiation, and filled squares
indicate the total dose at which fine crystallites of size approximately 10 nm appeared in the magnified
BF images of the amorphous phase and segmented Debye—Scherrer rings appeared in the corresponding
SAED patterns. [Figure 5 should be placed around here. ]

Figure 5 shows that amorphisation occurred easily at lower temperatures but became more difficult
with increasing irradiation temperature. This behaviour is consistent with that generally observed in a
number of electron-irradiation-induced amorphisations of intermetallic compounds [4, 11, 14]. The
critical temperature 7. for amorphisation was determined to be approximately 250 K for the present
compound. It is considered that under irradiation at temperatures above the 7. atom diffusion in the
compound becomes so vigorous that chemical disordering in the compound is kept at a low enough level

[14] for the compound to maintain the original E93 structure.
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In contrast, the filled squares in Figure 5 indicate that the total dose for crystallite formation shows
weak (see Note 2 for the reason for use of the word ‘weak’) negative temperature dependence over the
range from 103 to 220 K. With regard to the weak temperature dependence, there is a possibility that
under MeV electron irradiation, diffusion in the amorphous Cos3Tis7 alloy at such low temperatures
takes place by a modified displacement—mixing mechanism involving a thermally activated process.
(For details of the classical displacement—mixing mechanism with no temperature dependence, refer to,
for example, reference [15].) However, details of the process are not clear at present.

Figure 5 also shows a measured point (i.e. a filled square at 290 K) obtained by the 103 K/290 K

step experiment shown in Figure 3.

4. Discussion

Under MeV electron irradiation, the present E9;-CoTi, compound first became amorphous. With
continued irradiation, crystallite formation in the amorphous phase (i.e. partial crystallisation of the
amorphous phase) was induced over the temperature range from 103 to 220 K, as mentioned in section
3.1. The doses (dpa) which were necessary to induce partial crystallisation at three typical temperatures
(i.e. 103, 140, and 220 K) are listed in lines three to five in the second column in Table 1. The table
summarises the dose (dpa) required to cause crystallisation of (or crystallite formation in) an amorphous
phase produced beforehand by MeV electron irradiation, along with the structure of the crystal (i.e. C")
formed (the third column), the presence or absence of a retained amorphous phase after crystallisation
(the fourth column), and literature references quoted (the fifth column) for transition-metal compounds,
including CoTi,. To the best of our knowledge, all the transition-metal compounds which have been
reported to show electron-irradiation-induced crystallisation behaviours of the corresponding
amorphous phase are included (see note 3). In view of the relatively large doses, i.e. 27—80 dpa, and the
presence of distinct halos in the SAED patterns (see, for example, Figure 1f and 2f'), the CoTix
investigated here is classified as category II (see the sixth column in Table 1), on the basis of the
definition in section 1. [Table 1 should be placed around here.]

The first and second lines in the second column in Table 1 show dose (dpa) data for Cr.Ti at 22 and
103 K, respectively [6,17]. As already described in section 1, crystallisation of amorphous Cre;Tis;
occurred at a low dose (i.e. a few dpa), and because no retained amorphous phase was observed after
crystallisation, the crystallisation can be regarded as polymorphous. According to the definition, Cr,Ti
is therefore classified as category I (see the sixth column in Table 1).

The dose (dpa) data for Zr,Cu [18] are shown in the sixth line in the second column in Table 1. In
this case, the dose required for crystallite formation (i.e. 120 dpa) was estimated from the electron dose
pertaining to Figure 4(c) in reference [18], which apparently corresponds to a state well after the
initiation of crystallite formation. This could lead to overestimated values compared with those obtained
for CoTis in this work, but even after subtraction of the possible overestimate, the appropriate dose is
still high, at least a few tens of dpa (i.e. the value in square brackets), because the dose required for
amorphisation estimated from the electron dose pertaining to Figure 4(e) in reference [18] was already

around 20 dpa. Furthermore, clear halo rings were present in the SAED pattern even after crystallite
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formation, as seen in Figure 4(f) in reference [ 18], indicating the presence of a retained amorphous phase.
These facts suggest that amorphous Zrss 7Cuss 3 showed only partial crystallisation under MeV electron
irradiation.

The dose (dpa) data for Zr,Pd [9] are shown in the seventh line in the second column in Table 1. In
this case, the dose required for crystallite formation (i.e. 214 dpa) was estimated from the electron dose
pertaining to Figure 3(c) in reference [9]. After applying a similar correction to that used for Zr,Cu, the
appropriate dose is again considered to be high, at least a few tens of dpa (i.e. the value in square
brackets). This is because the dose required for amorphisation estimated from the electron dose
pertaining to Figure 3(b) in reference [9] was already around 25 dpa. Furthermore, amorphous halos
were again clearly recognised in the SAED pattern even after crystallite formation, as seen in Figure
3(c) in reference [9], indicating the presence of a retained amorphous phase. These facts suggest that
amorphous Zres 7Pds3 3 showed only partial crystallisation under MeV electron irradiation.

On the basis of all these facts, it seems reasonable to conclude that both Zr,Cu and Zr,Pd can be
classified as category II (see the sixth column in Table 1).

We now briefly discuss a possible cause of the distinction between the compounds in category I and
II. It has been reported, based on a compilation of literature data, that in thermal crystallisation of
amorphous transition-metal alloys, diffusionless polymorphic crystallisation occurs at low temperatures
if the formation enthalpy of a simple solid solution (AH*) is lower than that of the amorphous phase
(AH*) [19]. The crystallisation temperatures are relatively high if AH* is higher than AH*™, because
crystallisation has to occur either by phase separation or into one of the equilibrium compounds [19].
For example, it is possible to estimate from Figure 1 in reference [19] that thermal crystallisation took
place at low temperatures, i.e. 220-240 K, when AH* was lower than AH*™ by 6.5 kJ/mol (i.e. —6.5
kJ/mol in terms of AH* — AH*™), in amorphous W7 Rexs.

On the basis of this suggestion, information on the difference between the Gibbs free energy of the
solid solution (G*) and that of the amorphous phase (G*™) was collected from the literature for the
transition-metal compounds listed in Table 1; the data are shown in the seventh column in the table. The
values of (G* — G*™) for Cr,Ti (around —6 kJ/mol at both 22 and 103 K) were estimated from Figure 6
in reference [6]. In the case of Zr,Cu, the value of (G* — G*™) (around + 2.5 kJ/mol) was estimated from
Figure 2 in reference [20], with the assumption that G*™ corresponds to the arithmetical mean of the two
curves calculated for the amorphous phases (i.e. the curves marked lig. 1 and lig. 2 in the figure) in the
alloy system. In addition, in a separate paper on solid-state crystalline—glassy cyclic phase
transformations of mechanically alloyed CussZrs; powders [21], it was suggested that the formation
enthalpy of the metastable bce phase is comparable to that of the amorphous phase, and that the energy
barrier between these two phases is sufficiently low to allow such cyclic transformations [21], i.e. the
value of (G* — G*™) is small and negative. This information is also included in the seventh column in
Table 1. For CoTi,, the value of (G* — G*™) (i.e. around —1.7 kJ/mol, note 4) was estimated based on
calculations using the thermodynamic data in the literature [22]. This information is included in the
seventh column in Table 1.

A comparison of the data in the sixth and seventh columns in Table 1 suggests that it is reasonable
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to consider that when the value of (G* — G*™) is large and negative, the corresponding compound will
fall in category I, whereas if the value is small (i.e. the Gibbs free energy of the solid solution is similar
to that of the amorphous phase), the corresponding compound will be category II. This suggests that
category I or II can be selected according to the magnitude of the driving force for the amorphous-to-
solid solution transition in the absence of irradiation. However, the sample number in Table 1 is small,
and it is evident that more work is needed to provide a concrete guide to the cause of the differences
between category I and II compounds.

A comprehensive understanding of the phase transition from a C° to a C" induced by MeV electron
irradiation also requires information on the direct crystalline-to-crystalline (i.e. C*-to-C") transition, in
which an amorphous phase does not appear in the intermediate stages of the transition. However, to the
best of our knowledge, there are few reports of such direct C*-to-C" transitions induced by MeV electron
irradiation [7, 23] (see note 5), and the atomistic mechanism behind such a direct crystalline-to-
crystalline transition has not yet been clarified. In view of this situation, the following points may be
worthy of attention. In a recent theoretical paper [24], it was pointed out that in bce pure iron a secondary
defect with a three-dimensional periodic structure (corresponding to the C15 Laves phase) can be formed
by aggregation of primary defects, and it is was reported that such formation of secondary defects can
be regarded as a local irradiation-induced phase transformation from bce to C15 in pure iron. This is of
interest because it suggests a possible atomistic mechanism for the direct transition from an equilibrium

crystalline phase to a non-equilibrium crystalline phase.

5. Conclusion

The total dose (dpa) required for amorphisation of CoTi, was low (i.e. below a few dpa) at low
temperatures, but increased abruptly at around 250 K, indicating that the critical temperature for
amorphisation was around this temperature. In contrast, the total dose (dpa) required for crystallite
formation (i.e. for the formation of crystallites of a solid solution) remained high (i.e. 27-80 dpa), and,
even after subjection to such high doses, the amorphous phase was retained in the irradiated sample.
Such partial crystallisation behaviour of amorphous Cos3Tie; is clearly different from the crystallisation
behaviour (i.e. amorphous-to-solid solution polymorphous transformation) of amorphous Cre7Tiss
reported in literature. It is suggested that the magnitude of the driving force for the amorphous-to-solid

solution transformation in the absence of irradiation may responsible for the difference.

Notes
1.  The word ‘monotonically’ was used in this paper to emphasise that the transition
occurred directly from a C® with a low Gibbs free energy to a C" with a higher one.
Note that, strictly speaking, in the final stage of the transformation into the C", there
may be an ‘overshoot’ in the increment in the Gibbs free energy, which would account
for the nucleation barrier (i.e. the energy required for the nucleation of C" in the C¢

matrix) to the transformation.



2. The activation energy for the process responsible for the nucleation of crystallites
under MeV electron irradiation was estimated as follows. It was first assumed that
the total atom flux necessary for nucleation remains constant, irrespective of
temperature. Based on this premise, the values of 1/(total dose), measured at 103, 140,
and 220 K, were plotted against 1/7. The slope of the Arrhenius plot gave 0.01-0.02
eV as the activation energy. This value is low compared to those known for atom
migrations, therefore the adjective ‘weak’ was used here.

Quasicrystals were excluded from Table 1.

4. The value was for 298 K.

If we confine ourselves to diffusional transformations (except for the displacive

transformation), only these two reports on this subject are available in the literature.
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Figure captions

Figure 1

Electron-irradiation-induced phase change in E9;-CoTi, at 140 K at dose rate of 6.7 x 10** m™2 s,
studied using in situ HVEM. Electron energy was 2 MeV. Parts (a) to (f) show sequential BF images of
a fixed area, (a') to (f') show the corresponding SAED patterns, and (e") and (f") are magnified BF images

corresponding to (e) and (f), respectively.

Figure 2

Electron-irradiation-induced phase change in E93;-CoTi, at 220 K at dose rate of 6.7 x 10** m?2 s7!,
studied using in situ HVEM. Electron energy was 2 MeV. Parts (a) to (f) show sequential BF images of
a fixed area, (a') to (f') show the corresponding SAED patterns, and (d"), (e"), and (f") are magnified BF

images corresponding to (d), (e), and (f), respectively.

Figure 3

Electron-irradiation-induced phase change in E9;-CoTi, at dose rate of 7.3 x 10** m 2 57!, studied using
in situ HVEM. Electron energy was 2 MeV. Parts (a) and (b) show BF images of fixed area before and
after irradiation for 300 s at 103 K, respectively. Parts (a') and (b') show the corresponding SAED
patterns. Parts (c) to (f) show sequential BF images of the same area irradiated at 290 K for various
periods, and (c') to (') are the corresponding SAED patterns. Parts (d"), (¢"), and (f"') are magnified BF

images corresponding to (d), (e), and (f), respectively.

Figure 4

STEM analyses of crystallites formed in amorphous phase by irradiation for 3.6 x 10° s at 290 K at dose
rate of 7.3 x 10** m™? s™!. Part (a) shows a BF-STEM image of crystallites (the specimen is the same as
that in Figure 3f"). Part (b) is an enlarged image of area marked by a square in (a), and (c) shows the
corresponding FFT pattern.

Figure 5

Temperature dependence of dose (dpa) required for amorphisation (o) and for crystallite formation (I )
under 2 MeV electron irradiation. The definitions of o and W are given in the text. Note that the required
dose (M) at 290 K was measured from the beginning of irradiation at 290 K, while all other doses were

total doses. Dotted and broken lines are guides for the eye.
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Table 1. Electron-irradiation-induced crystallisation (or partial crystallisation) of amorphous phase

produced beforehand by electron irradiation.

Intnermetallic  Does (dpa) required to cause Crystal formed  Presence(O) or Reference  Category  Information on
compound electron-irradiation-induced absence (x) of a TorlIl G=-G™ from
crystallisation of an retained amorphous [literature]
amorphous phase produced phase after
beforehand by electron crystallisation
irradiation (temperature)
Cr,Ti 2.0 (22K) bee s.s.” x [17] I ~—6 kJ/mol
2.6 (103K) bee s.s. x [6] [6]
Co,Ti 80 (103 K) hep s.s. o present work 11 ~—1.7 kJ/mol
53 (140 K) hep s.s. o [present work]
27 (220K) hep s.s. @)
Zr,Cu 120 (298 K) fee s.5.” o [18] I ~+2.5 kJ/mol
[at least, a few ten dpa] [14]
negative but small
[21]
Zr,Pd 214 (103 K) fee s.5.” o [9] 1 none

[at least, a few ten dpa]

Electron energy was 2 MeV in all cases. a) s.s. stands for solid solution, b) after reference [16].
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(f) 3.6x103 s
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