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Abstract

A series of transition metal borides were irradiated with 2 MeV electrons in a high voltage electron microscope,
and the presence (or absence) of the crystalline-amorphous (C-A) transition was examined. In total, 14 compounds
were investigated and it was revealed that such a C-A transition was induced in eight of the compounds. Analysis
of the results shows that the tendency toward the C-A transition under electron irradiation is best correlated
with the position of the compounds in the corresponding 7-C phase diagram.

1. Introduction

In 1982 it was discovered that high energy (MeV)
electron irradiation can induce a crystalline to amor-
phous (C-A) transition in some intermetallic compounds
such as NiTi [1, 2] and Fe;B [3]. Occurrence of an
incomplete C-A transition in Zr,Al was reported by
Carpenter and Schulson [4] in 1978. Their results
suggested that the C-A transition occurred only in
regions close to lattice defects and not in the crystalline
matrix. Recently it has been suggested that a C-A
transition in Zr,Al under electron irradiation is induced
only when impurity atoms such as hydrogen and oxygen
are to some extent included in the crystal lattice [5).

Therefore there is a possibility that the incomplete
C-A transition in Zr,Al observed by Carpenter and
Schulson is not an intrinsi¢ transition. For this reason
the compound Zr;Al is not listed here.

This C-A transition is caused not by ionization damage

but by displacement damage [1, 2]. It is of interest

because of the simplicity of electron irradiation damage.
The simplicity firstly comes from the fact that the energy
transferred to the primary knock-on atoms from a few
mega electronvolts of incident electrons is sufficient to
produce only single or at most double atom displace-
ments. This is in sharp contrast to the massive damage
in the form of a displacement cascade produced by
ion and neutron irradiation, where a complex process
analogous to liquid phase quenching or vapour phase
quenching might be operative in the damage core region.
Secondly, the chemical composition of target materials
remains constant during the electron irradiation since
impurity atoms are neither introduced nor created in
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the materials, which is not the case with ion and neutron
irradiation. Such simplicity in experimental conditions
makes the C-A transition a good candidate for an
investigation of the solid-state amorphization. Based
upon this premise a systematic study has been made
of the electron-irradiation induced C-A transition in
intermetallics by a research group at Osaka University
[6, 7], with the use of a 2 MV high voltage electron
microscope (HVEM); a series of intermetallic com-
pounds in aluminium—transition metal (Al-T) systems
[7] and in transition metal-transition metal (T-T) sys-
tems [6] have so far been irradiated with 2 MeV electrons
and the presence (or absence) of the C-A transition
has been examined. It is revealed that the amorphization
tendency of these intermetallic compounds is best cor-
related with the position of the compounds in the phase
diagram [7]. Those compounds whose position in the
diagram is close to the bottom of a deep valley of the
liquidus have a strong tendency towards the C-A tran-
sition.

As an extension of the above work, the amorphization
tendency of transition metal borides was examined in
the present study. A total of 14 compounds were
investigated and it was revealed that a C—A transition
was induced in eight of them. Analysis of the results
shows that there again exists a close linkage between
the amorphization tendency under electron irradiation
and the position of the compounds in the phase diagram.

2. Specimens and experimental procedures

The 14 materials examined in this work are listed
in the first column of Table 1. Details of specimen
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TABLE 1. Crystal stability under 2 MeV electron irradiation of
transition metal borides

Compound Response Crystal Crystal  n/unit Extent of
system structure cell  solubility
(at.%)
Mn,B e} Orthorhombic D, 48 None
Mn,B x Tetragonal C16 12 None
Fe,B O Orthorhombic D, 16 None
Fe,B O Tetragonal Cl6 12 None
Ta,B O Tetragonal C16 12 None
TaB, X Hexagonal C32 3 8
Co,B O Orthorhombic D,,'¢ 16 None
Co,B O Tetragonal C16 12 None
CoB X Orthorhombic B27 8 None
Ni;B X Orthorhombic DOy 16 None
Ni,B O Tetragonal C16 12 None
0-Ni,B; '®) Orthorhombic D, 28 None
m-Ni,B; X Monoclinic  Cy$ 28 None
NiB X Orthorhombic Bf 8 None

preparation are given elsewhere [8, 9]. All the specimens
were irradiated with 2 MeV electrons in the 2 MV
HVEM, and changes in the bright-field images as well
as in the selected area diffraction patterns (SADs) were
monitored in situ during the irradiation. The criterion
used to define the occurrence of the C-A transition
was the complete replacement of crystalline spot pat-
terns by diffuse ring patterns in the SADs. Electron
irradiation of compounds in the nickel-boron system
was carried out at approximately 4 K. All other com-
pounds were irradiated at about 100 K. The electron
flux was fixed at around 1X10** e m ™2 s~ throughout
the experiment.

3. Results

Of the 14 compounds investigated here, eight com-
pounds such as Mn,B, Fe;B, Fe,B, Ta,B, Co,;B, Co,B,
Ni,B and o0-Ni,B; underwent a C-A transition under
irradiation, while the other six remained crystalline.
This indicates that the C-A transition is also a general
phenomenon in transition metal borides. The presence
(or absence) of the C-A transition in individual com-
pounds is given in the second column in Table 1, where
the symbols O and X denote the presence and absence
of the C-A transition respectively.

3.1. Transition metal borides that can be rendered
amorphous

An example of the C-A transition is shown in Fig.
1, where successive stages of the C-A transition in
Mn,B are illustrated in sequence. Here the incident
beam is parallel to the [113] direction. The irradiation
temperature was 100 K. Figures 1(a)—(c) show bright-

field images before irradiation, after irradiation for 0.6
ks and 1.8 ks respectively. The arrows indicate a fixed
position. The corresponding SADs are illustrated in
Figs. 1(a")-(c"). Before irradiation, well-defined bend
contours are observed in the image (Fig. 1(a)) and the
[113] net pattern is apparent in the SAD (Fig. 1(a")).
In the early stages of irradiation a high density of
secondary defects is produced in the irradiated area
(Fig. 1(b)). In the corresponding SAD diffuse rings
appear superimposed on the net pattern (Fig. 1(b")),
indicating the occurrence of local amorphization. Fi-
nally, all the Bragg diffraction contrasts disappear and
an area of uniform contrast is produced at the central
portion of the irradiated area (encircled by a dotted
line in Fig. 1(c)), and at this stage the corresponding
SAD changes from the original spot pattern (Fig. 1(a’))
to a halo pattern (Fig. 1(c")), showing the completion
of the amorphization. This amorphization process is
essentially the same as that observed in T-T and AI-T
intermetallic compounds [6]. All other seven compounds
were rendered amorphous via a similar process [8, 9].

It is reported by Mogro-Campero et al. [3] that Fe,B
can be rendered amorphous by 1 MeV electron irra-
diation at 130 K whereas Fe,B is not affected by the
irradiation. In the present work it is shown that both
Fe.B and Fe,B become amorphous under 2 MeV
electron irradiation at 100 K. The damage rate for the
condition of the present experiment is estimated to be
8Xx 1072 dpa s! if a value of 24 eV is used for the
displacement energy of iron and no corrections for
boron are taken into account. This rate is approximately
seven times as high as that employed in the experiment
by Mogro-Campero et al. [3]. The high damage rate
as well as the low irradiation temperature used in the
present work seem to favour the C-A transition in
Fe,B.

3.2. Transition metal borides that remains crystalline

In Fig. 2 is depicted an example of the behaviour
of transition metal borides that remain crystalline under
irradiation. Figure 2(a) shows an area of a foil of Mn,B
before irradiation and the corresponding SAD is il-
lustrated in Fig. 2(a’). The arrows indicate a fixed
position. Figures 2(b) and 2(c) show the same area
after irradiation for 360 s and 3.6 ks respectively. As
seen from these figures, the irradiation certainly induces
the formation of secondary defects; but even after
irradiation for 3.6 ks signs of a C-A transition were
recognized neither in the bright-field image nor in the
SAD. Such behaviour is characteristic of transition metal
borides that remain crystalline.
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(c)

Fig. 1. Successive stages of the amorphization of Mn,B by 2 MeV electron irradiation with corresponding diffraction patterns. The
arrows mark a fixed position. Irradiation temperature and flux were approximately 100 K and 1x10** e m™2 s~! respectively. (a)
Before irradiation; (b) after 0.6 ks irradiation; (c) after 1.8 ks irradiation (the circle depicts the central portion of the irradiated
area).

4. Discussion

On the basis of the results summarized in Table 1,
the factors affecting the amorphization tendency will
now be discussed. The third column of Table 1 lists
the crystal system of each material. It is, however,
impossible to make a consistent arrangement of the
amorphization tendency based on this parameter of
the crystal system, since some (e.g. Mn,B, Fe,B and
Co;B) of the transition metal borides of the ortho-
rhombic system become amorphous, while others (e.g.
CoB, Ni;B and NiB) do not. The parameter of crystal
system is thus thought not to be a critical factor.

The fourth and fifth columns of Table 1 list crystal
structure (or space group) and the number of atoms
in a unit cell respectively. These two parameters are

both related to the complexity of the crystal structure.
It has been suggested that intermetallic compounds
with complex crystal structures have a high possibility
of becoming amorphous under electron irradiation {10}
It is, however, again difficult to make a systematic
arrangement of the observed amorphous-forming ability
in terms of these two parameters. For example, some
(eg. Fe,B, Ta,B, Co,B and Ni,B) of the transition
metal borides with the C16 structure (n=12) can be
rendered amorphous while others (e.g. Mn,B) cannot.
The complexity of the crystal structure therefore seems
not to be an essential factor.

The sixth column of Table 1 lists the composition
phase field of each material in the corresponding phase
diagram. This parameter is listed to check whether the
solubility criterion by Brimhall er al. [11] is valid or
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(b)

Fig. 2. In-situ irradiation sequence showing defect aggregation in Mn,B. The arrows mark a fixed position. Irradiation temperature

and flux were approximately 100 K and 1x10* e m~2 57!

respectively. (a) Before irradiation; (b) after irradiation for 360 s, (c)

after irradiation for 3.6 ks. No signs of amorphization are recognized.

not in the electron-irradiation induced C-A transition
of the transition metal borides. The criterion states
that those compounds with narrow solubility ranges in
the diagram tend to become amorphous under ion
irradiation, whereas those with wide solubility ranges
tend to remain crystalline. The present observation that
TaB, with a wide solubility range of 8 at.% remains
crystalline is not in contradiction with the criterion.
However, all other 13 borides in Table 1 have almost
no solubility, and eight out of the 13 become amorphous
whereas the remaining five do not. It therefore seems
reasonable to conclude that the solubility criterion is
not applicable to the C-A transition by electron ir-
radiation.

The form of the equilibrium phase diagram is known
to provide a useful guide to the ease of amorphous
material formation by liquid-phase quenching [12]. The

amorphous forming ability of alloys is enhanced in the
deep eutectic region of a phase diagram in the case
of liquid-phase quenching. In the following, the observed
amorphization tendency of transition metal borides
under electron irradiation is discussed in terms of the
position of the compounds in the corresponding phase
diagram. In the nickel-boron binary system, there exist
in total five equilibrium intermediate-phases, i.e. Ni;B,
Ni,B, 0-Ni,B,, m-Ni,B; and NiB, as shown in Fig. 3.
As seen from Table 1, of the five phases, Ni,B and o-
Ni,B; can be rendered amorphous while Ni;B, m-Ni,B;
and NiB remain crystalline under electron irradiation.
The presence and absence of the C-A transition are
shown in Fig. 3 by symbols O (amorphization) and X
(no amorphization) respectively. Also given in the dia-
gram is the composition range, LQ, over which amor-
phous materials can successfully be produced by the
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Fig. 3. Equilibrium phase diagram for the Ni-B system. The
symbols O and X on the compounds represent presence and
absence of the electron-irradiation induced amorphization in the
compounds [8]. The composition range over which amorphous
materials are successfully obtained by the liquid quenching tech-
nique [13] is marked as LQ.

liquid quenching method [13]. It is evident from the
diagram that Ni,B and 0-Ni,B;, which become amor-
phous, are located near the bottom of a deep valley
of the liquid-phase region in the diagram and are
situated within the composition range LQ, or imme-
diately on the boundary of the composition range,
whereas Ni;B, m-Ni,B; and NiB, which remain crys-
talline, are out of the range LQ. This fact suggests
that the amorphization tendency under electron irra-
diation is similar to that obtained by the liquid quenching
method in the nickel-boron system.

Another example of such a close correlation between
the amorphization tendency and the position of the
compounds in the phase diagram is found in the co-
balt-boron binary system. In this system, there are three
equilibrium intermediate-phases, i.e. Co;B, Co,B and
CoB, as shown in Fig. 4. All these three borides were
examined, and it was found that Co,B and Co,B can
be rendered amorphous while CoB remains crystalline
under electron irradiation, as shown in Table 1. These
results are illustrated in the diagram in Fig. 4 by the
symbols O (amorphization) and X (no amorphization).
Also given in the diagram is the composition range,
LQ, over which amorphous materials can successfully
be produced by the liquid quenching method [13]. It
is evident from the diagram that Co,B and Co,B, which
become amorphous, are located near the bottom of a
deep valley of the liquid-phase region and are situated
within the composition range LQ, or immediately on
the boundary of the composition range, whereas CoB,
which remains crystalline, is out of the range LQ. A
similar linkage between amorphization tendency under
electron irradiation and the position of the compounds
in the phase diagram is observed in all the alloy systems
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Fig. 4. Equilibrium phase diagram for the Co-B system. The
symbols O and X on the compounds represent presence and
absence of the electron-irradiation induced amorphization in the
compounds [9]. The composition ranges over which amorphous
materials are successfully obtained by the liquid quenching tech-
nique [13] are marked as LQ.

examined here; the results in the Mn-B, Fe-B and
Ta-B systems are depicted in Figs. 5(a)-5(c) respectively
(in these figures compounds without symbols O or X
are those not examined in the present work).

From the above discussion it seems that the tendency
toward the C—-A transition under electron irradiation
is best correlated with the position of the compounds
in the temperature-composition phase diagram. Those
compounds whose position in the phase diagram is
close to the bottom of a deep valley of liquidus in the
diagram have a strong tendency toward the C~A tran-
sition, while those removed from such a valley show
little tendency toward the C-A transition. The reason
why such parameters as the form of the phase diagram
and the relative position of the compounds in the
diagram are a good guide to the amorphization tendency,
in contrast with the single parameters listed in Table
1, may be that the former parameters give more complete
information as to the interaction among the constituent
atoms.

To the present authors the fact that the compositions
of liquid alloys which readily form amorphous solids
upon quenching are quite similar to those of crystalline
alloys (borides) which can readily be rendered amor-
phous by electron irradiation seems to be essential in
considering the factor controlling the amorphization
tendency of the alloys. As mentioned earlier, only the
simplest types of lattice defects such as vacancies and
interstitials are introduced into crystals under MeV
electron irradiation, and quenching processes such as
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operate in the cascade core regions are absent. In other
words, under electron irradiation crystals are rendered
amorphous only through an accumulation of lattice
defects and the interactions between them. From these
considerations it follows that the mode of interaction
among the lattice defects must be intrinsically different
between crystals (borides) within the composition range
where liquid alloys readily form amorphous solids upon
quenching and those out of the composition range. The
cause of the difference is directly correlated with the
factor controlling the amorphization tendency. It is
interesting to note here that the manifold in coordi-
nation, or in other words, the extent to which a variation
is admissible in atomic coordination in the material,
is suggested to be the most important parameter re-
sponsible for the difference [15].
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Fig. 5. Equilibrium phase diagrams for the systems: (a) Mn-B;
(b) Fe-B; (c) Ta-B. The symbols O and X on the compounds
represent presence and absence of the electron-irradiation induced
amorphization in the compounds. The composition range over
which amorphous materials are successfully obtained by the liquid
quenching technique [14] is marked as LQ.
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