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Effect of irradiation particle mass on
crystallization of amorphous alloys

J. L. BRIMHALL

Pacific Northwest Laboratory, Richland, Washington 99352, USA

The crystallization temperature of amorphous alloys was found to be significantly
lowered by heavy ion or electron irradiation during annealing. However, only heavy ion
irradiation altered the mode of crystallization. Both a binary and multi-element
amorphous alloy showed this type of response to irradiation. Radiation-enhanced
diffusion processes in the amorphous state can explain the increased crystallization
kinetics during irradiation. Heavy ion irradiation alters the crystallization mode by
causing direct transformation to the final equilibrium phase as opposed to intermediate
metastable phase formation during thermal annealing or electron irradiation. The
equilibrium phase is believed to nucleate directly in the displacement cascades, which

only form during heavy ion bombardment.

1. Introduction

Electron and heavy ion irradiation produce differ-
ent point defect distributions and hence different
damage states in crystalline material. Electron
irradiation damage is relatively uniform, whereas
heavy ion irradiation damage is highly localized in
displacement cascades. It is postulated that similar
differences occur in defect distributions in heavy
ion and electron irradiated amorphous materials.
Atomic mobility 1is, therefore, affected in
amorphous as well as crystalline material by the
creation of excess point defect concentration.
Hence, differences in the damage states in amorph-
ous alloys created by electrons as opposed to ion
irradiation should be manifested by observed
changes in the rates and mode of crystallization.

In previously published work, we have shown
that heavy ion irradiation alters both the kinetics
and mode of crystallization in an amorphous alloy
[1, 2]. A detailed study of a complex, amorphous
Fe—~Cr—Ni—W alloy showed the crystallization
temperature (T,) to be 100 to 150K lower during
ion irradiaton. Furthermore, a x-phase formed
directly from the amorphous phase during ion
irradiation, whereas a two-phase structure, a-iron
solid solution plus x-phase, formed during thermal
annealing [1]. Other work has generally shown a
lowering of T, during ion or electron irradiation
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although there have been ambiguous results [3—7].
Irradiation-induced changes in crystallization
mode have not been widely studied.

In the work reported here, the influence of
heavy ion irradiation on the kinetics and mode of
crystallization of a simple amorphous MoNi alloy
has been studied. In addition, both the amorphous
MoNi and the previously studied amorphous Fe—
Cr—Ni—W alloy have been electron irradiated in a
voltage electron microscope (HVEM). All of the
microstructural changes were characterized by
transmission electron microscopy (TEM) follow-
ing the various irradiation treatments.

These results as well as the previous results are
utilized to arrive at a more complete description of
the effect of irradiation on crystallization behav-
iour. The ion and electron irradiation results are
compared to determine the specific role of the
bombarding particle in altering the mode of
crystallization. The use of both a simple binary
amorphous alloy and a multi-element alloy gives
more general applicability to the results. All the
results are discussed in terms of radiation-
enhanced diffusion processes and the effects of
high energy displacement cascades.

2. Experimental procedure
Both the MoNi and Fe—Cr—Ni-W amorphous
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alloys were porduced using high-rate sputter
deposition on to a cold substrate. The sputtered
films, 0.25 mm thick, were cut into 3 mm sections
for subsequent irradiation. The thermal annealing
behaviour of these particular amorphous alloys has
been reported previously [1, 8].

Specimens of MoNi were irradiated with 5 MeV
Ni** ions at a dose rate of ~5x 10" ionscm™
sec!. This produced a displacement rate of ~4 x
1073 displacements per atomsec™" at a distance of
0.5um from the surface, These same conditions
had been used for the Fe—Cr—Ni—W alloy [1]. The
dose range extended from 0.2 to 20 displacements
per atom, and irradiation temperatures varied from
< 500 to 960K for the MoN:i alloy.

Additional specimens of the amorphous alloys
were irradiated with 1.2 or 1.5MeV electrons in
the HVEM at Lawrence Berkeley Laboratory.
Specimens were heated to a temperauture
considerably below T, and irradiated for 15 to 30
min. The temperature was increased in 25 K inter-
vals and held for 15 to 30 min at each temperature
until crystallization occurred. Displacement cross-
sections varied between 28 and 35barn for the
MoNi alloy and 40 to 40 barn for the Fe—Cr—Ni—
W alloy for this electron energy range. The calcu-
lated displacement rate was in the range 2 to 3 x
1072 displacements per atom sec™.

Al microstructural analysis utilized TEM.
The ion bombardment specimens were electro-
polished such that a region 0.5um from the
surface was observed in the electron microscope.
The damage zone extended to ~ 1.5 ym, so some
specimens were thinned completely through
the damage zone to confirm that the observed
effects were due to the irradiation. The electron-
irradiated specimens were examined directly in the
HVEM.

3. Results

Both concurrent ion or electron irradiation and
annealing reduced 7T, in amorphous MoNi and
Fe—Cr—Ni—W alloys. Ion irradiation had a greater
effect than electron irradiation. Ion irradiation
also promoted direct transformation of the
amorphous phase to an equilibrium crystal phase
as opposed to intermediate metastable phase tran-
sitions caused by thermal annealing without irradi-
ation. The crystallization mode caused by electron
irradiation was similar to that caused by thermal
annealing but was different than that caused by
ion irradiation.

3.1. Heavy ion irradiation

Heavy ion irradiation of amorphous MoNi at
elevated temperatures produced an ultra-fine
grained, uniform microstructure as illustrated in
Fig. 1. A temperature of 830K was the lowest
temperature at which this grain structure was
resolvable. The change in microstructure was
accompanied by a sharpening of the diffuse dif-
fraction rings. With increasing dose, the crystallites
became larger and more clearly resolved (Figs. 1b
and c¢), and the diffraction rings also continually
sharpened and new rings appeared.

The influence of irradiation on the crystalliza-
tion kinetics is shown on a time-—-temperature—
transformation (TTT) diagram (Fig. 2) which de-
lineates the transformation as a function of time
and temperature., The distinction between an
amorphous and crystalline structure was deter-
mined by the appearance of spottiness in a micro-
diffraction pattern taken from a very small area
(Fig. 3). Resolution of small crystal in dark-field
micrographs was also used (Figs. 4a and b). For
crystals < 4nm diameter, it was a somewhat sub-
jective interpretation as to whether the matrix was
crystalline or not. As-deposited, amorphous struc-
ture can also show a certain degree of spottiness.
Fig. 2, however, shows an approximation of the
irradiation times and temperatures that separate
amorphous and crystalline structures. Crystalliza-
tion without irradiation was clearly distinguish-
able, and it is clear from Fig. 2 that there was
accelerated crystallization during irradiation with
heavy ions. This observation is in complete agree-
ment with the previous results of ion irradiation of
the Fe—Cr-—-Ni- W amorphous alloy [1].

The slope of the curve separating the crystalline
and amorphous regions in Fig. 2 suggests that 700
to 770K is a critical temperature region. Material
irradiated below 770K would require an
extremely long time, but specimens irradiated at
830K crystallized in a very short time. Of two
specimens irradiated to a high dose at 770K, one
crystallized and the other did not. Inaccuracy in
temperature measurements could produce an
actual temperature difference of 20K. This would
explain the apparent discrepancy at 770 K because
it is near the critical temperature for crystalliza-
tion during irradiation.

The width of the diffuse diffraction rings
revealed that there is at least localized atomic
relaxation at temperatures below the normally
observed crystallization temperature. The width of
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TABLE [ Width of diffuse diffraction rings

Condition Width (4nsino/A) = 0.02
As-sputtered - 0.35
Irradiated < 550K 0.31
Made amorphous by irradiation 0.34
Irradiated 770K 0.28
Thermal anneal 24 h 870K 0.25
Thermal anneal 8 h 970K 0.24
Thermal anneal 24 h 970K 0.22
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Figure 2 Time—temperature—transformation  (TTT)

curves for amorphous MoNi with an without ion irradi-
ation. Unirradiated curve taken from [8]. o amorphous;
o crystallized.

the diffuse rings was measured with an optical
densitometer, and values are shown in Table 1 for
various annealing and irradiation conditions. A
narrower width of the diffuse ring implies more
structural order in the amorphous state [9]. Those
MoNi alloys irradiated below 550K or made
amorphous by irradiation at 300K showed the
same width as the original sputter-deposited
amorphous alloy, whereas the amorphous MoNi
alloys irradiated at 770 K showed significant order-
ing. Thermal annealing at temperatures = 870K
but before crystallization occurred also produced
significant ordering.

Figure 3 Microdiffraction pattern of amorphous MoNi
irradiated to 1.0 displacements per atom at 870 K. Dif-
fraction pattern taken from ~ 40 nm diameter area.

The crystallized phases after irradiation were
identified as predominantly §-phase with a small
amount of MoQ,. None of the intermediate phases
formed during thermal annealing were observed
[8]. MoO,, however, also forms during thermal
annealing and is believed to result from oxygen
contamination during sputter deposition. The ring
pattern was fully consistent with the §-phase and
MoO,. Microdiffraction from larger grains was
used to obtain single-crystal patterns. Analysis was
difficult due to double diffraction from twins and
crystal overlap, but most of the patterns could be
indexed to the &-phase.

The grain size of the §-phase increased with
both dose and temperature (Fig. 5) and the total
dose appeared to be more important than irradi-
ation time. There is much less scatter in the data
when plotted as a function of dose, as in Fig. 5,
rather than time at irradiation temperature. The
irradiation times were not all equivalent for equal
doses as the dose rate varied.

Confirmation that these observations were due
to the irradiation was possible by electrothinning
completely through the bombarded zone and
observing the unirradiated underlying matrix. No
crystallization was observed in the underlying
region except for some MoO, crystals. MoO, has
been observed to form in the MoNi during anneal-
ing at temperatures 2 800K, and this underlying
material would have been heated to this tempera-
ture range during irradiations lasting several
minutes to several hours.

3.2. Electron irradiation

Amorphous MoNi crystallized at 925K in the
electron-irradiated region after a dose of ~ 2 dis-
placements per atom (0.25h) (Fig. 6a). Doses up
to ~ 10displacements per atom (1.0h) were
required at 875K before electron-induced crystal-
lization was observable. Unirradiated regions of
the foil showed no crystallization at these times
and temperatures. An estimation of the crystal-
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Figure 4 Bright-field and dark-field images taken from same specimen as Fig. 4. Dark-field imaged with the diffuse ring.

The crystals stand out much clearer in dark-field.

lization kinetics during electron irradiation is
shown in the TTT diagram in Fig. 7. The crystals
initially formed in the thinnest region of the
irradiated foil. At 925K, crystallization eventually
spread outside the irradiated area but only to the
thinner regions (Fig. 6b). Surface nucleation is
apparently significant in the crystallization of the
thin foils. In bulk crystallization required many
hours of thermal annealing at 975K [8].
Investigation of the mode of crystallization was
only partially successful due to apparent
contamination from the HVEM environment. In a
foil irradiated at 875K, the crystals were a mix-
ture of a-Ni and a phase tentatively identified as
Mo,C. In another foil irradiated at 925K, a phase

tentatively identified as NizMo; (C, O) was also
observed. This phase has the structure of the
¢-phase and was only observed in the thicker
regions (the large grains in Fig. 6b). The smaller
grains were a mixture of o-Ni and Mo,C. The thin
foil electron irradiated microstructure was there-
fore similar to the bulk material annealed at
1075K except that there is Mo,C in the thin foils
rather than pure molybdenum as in the bulk
material [8].

Amorphous Fe—Cr—Ni—W alloy crystallized at
a temperature of 750K for electron irradiation
dose levels greater than 3.6 displacements per atom
(0.4h) (Fig. 8a). No evidence of crystallization
was found outside the irradiated region. Continued
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Figure 5 Grain size of §-phase in MoNi as
a function of irradiation dose.



Figure 6 Amorphous MoNi irradiated with 1.5 MeV electrons at 925 K. Circle delineates irradiated area. (a) ~ 2 dis-

placements per atom (b) ~ 4 displacements per atom.

irradiation at 750 produced more crystals but a
saturation was reached after about 9 displacements
per atom (1.0h). Increasing the temperature to
810K produced crystals beyond the edge of the
irradiated zone (Fig. 8b). Continued irradiation at
810K resulted in crystallization throughout the
foil. This compares with several hours at 830K
to reach similar stages of crystallization during
thermal annealing of bulk material [1]. Electron
irradiation lowered 7,, but even in unirradiated
regions of the thin foils, T, was lower than that
observed in bulk material during thermal annealing.

The crystals formed during irradiation were
identified as bcc, a-iron solid solution with a lat-
tice parameter of 0.278 nm. No other crystal
phases were identified except an Fe,O; phase in

foils irradiated to 875K. The same a-iron phase
was identified within the unirradiated regions of
the foil as well as in material annealed in bulk
form. A primary difference between the electron
irradiation and thermal annealing behaviour was
the formation of a x-phase in the remaining
amorphous matrix during annealing of bulk mater-
ial at temperatures > 875K. Oxidation at the
higher temperatures probably precluded formation
of this x-phase in the HVEM foils.

4, Discussion

The effects of irradiation on crystallization behav-
iour were shown to be similar for the two differ-
ent alloys and the conclusions, in general, can be
extended to other amorphous alloys. Both ion and

Figure 7 An estimated TTT curve for
electron irradiated MoNi. The ion irradi-
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Figure 8 Amorphous Fe—Cr—Ni—W alloy electron irradiated (a) 750K, 3.6 displacements per atom; (b) 750K, 9 dis-

placements per atom plus 810 K, 3 displacements per atom.

electron irradiation increased the crystallization
kinetics primarily through radiation enhanced dif-
fusion processes. Only heavy ion irradiation
altered the mode of crystallization compared to
electron irradiation or thermal annealing. The dis-
placement cascades caused by the heavy ions can
serve as nucleating sites for the equilibrium phase,
thereby eliminating the intermediate metastable
phases normally observed.

4.1. Transformation kinetics

In order for radiation-enhanced diffusion to be
effective, the temperature must be sufficiently
high for the atoms to have some mobility within
the experimental times. The evidence showed that
crystallization in these alloys during irradiation
began at temperatures where short-range order
occurs. The sharpening of the diffuse diffraction
rings indicates that localized atomic rearrangement
occurs in MoNi at annealing temperatures 100 to
200K below 7. Other work has shown ordering
phenomena in amorphous alloys when annealed
for long times below the crystallization tempera-
ture [10, 11]. This temperature range is also the
same range in which diffusion measurements have
been made in amorphous alloys [12]. The atoms,
therefore, have an inherent mobility in this tem-
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perature regime such that the additional defects
caused by irradiation increase the diffusion rate
sufficiently to initiate crystallization.

If the temperature is too low, the point defects,
i.e. excess free volume created by the irradiation,
will be frozen in. There can be a short-range re-
arrangement of the amorphous configuration, but
no long-range rearrangement required for crystal
nucleation. Irradiating amorphous MoNi at low
temperature, i.e. < 550K, produced no changes in
the diffuse diffraction rings and no observable
change in microstructre. Previous irradiation
studies have also shown that irradiation can pro-
duce short-range atomic order that depends on
the irradiation temperature [13].

Therefore, there is a critical radiation tempera-
ture above which a crystalline phase will be stable
and below which an amorphous phase will be
stable. Irradiation at sufficiently low temperatures
can actually render a crystalline phase completely
amorphous. At high irradiation temperature, how-
ever, the crystal nuclei that are formed will be
stable against any re-amorphization caused by the
bombarding particle., The critical temperature will
be a function of the damage rate and the inherent
atomic mobilities in the crystal and amorphous
phases. In MoNi, the critical temperature appears



to be in the range 670 to 770K for the irradiation
conditions used in the present study.

4.2. Crystallization mode

The unique crystallized structures observed in
heavy ion bombarded materials are a result of the
displacement spikes or cascades. Owing to the
large energy transfer in heavy ion damage, a large
number of atoms are displaced from their local
atomic positions. In crystals, this is characterized
by a region of high vacancy concentration from
which the interstitials have escaped. Cascades in
tungsten contained 200 to 500 vacancies as
measured by field ion microscopy [14]. Subcas-
cades were also identified for very high energy
cascades. The large excess free volume within the
cascade provides an effective nucleating site for
the crystal phase. It is difficult to calculate a
critical nuclei size, but the smallest crystals
observed were of the order of 2 to 3 nm. This is
comparable in dimension to that proposed for dis-
placement cascades [15]. Extended-type defects,
due to high energy cascades, have been proposed
for ion-bombarded amorphous Pd—Si alloys [16].
Parsons and Baluffi [17] found that crystallites in
amorphous germanium were directly related to
cascade formation. Very low doses were used and
a one-to-one correspondence was found between
the observed crystals and calculated cascade con-
centration,

The high defect concentration and hence high
short-range diffusion in the cascades will also pro-
mote the nucleation of the more complex, equilib-
rium crystal phases rather than the metastable
phases. During thermal annealing, a mixture of
pure molybdenum and either NizMo or «-Ni solid
solution forms in amorphous MoNi prior to forma-
tion of the equilibrium §-phase [8]. The amorph-
ous Fe—Cr—Ni—W alloy also forms two phases,
a-iron solid solution and x-phase, during thermal
annealing [1]. Both the §-phase in MoNi and the
x-phase in the Fe—Cr-Ni-W alloy are complex
structures with ~ 50 atoms per unit cell. Buschow
and Beekmans [18] have shown that an
amorphous alloy will normally crystallize by pro-
gressing through metastable phases because of the
lower activation energies for the metastable tran-
sitions. Additional activation, normally supplied
by higher temperatures, is required to attain the
final equilibrium phase or phases. However, the
very large number of atom displacements within
the cascades will provide sufficient activation to

directly nucleate these complex phases. The high
defect concentration has the same effect as a
highly localized temperature increase which pro-
motes the equilibrium phase.

Electron irradiation, in which no cascades are
formed, does not affect the type of crystallization
process. The maximum energy transfer for
1.5MeV electrons is about 200eV. This would
produce only about four displacements. The
defect structure consists of a uniform distribution
of isolated defects in the material. The presence
of the isolated point defects will cause an increase
in the long-range diffusion kinetics, but the highly
enhanced short-range diffusional behaviour found
in displacement cascades would not be produced
by electrons. HVEM irradiation of a number of
amorphous liquid-quenched alloys has generally
shown some degree of acceleration of crystalliza-
tion, but there have been no reports of a change in
mode of crystallization [4, 5, 7].

5. Conclusion

Both electron and heavy ion irradiation lowered
T, of amorphous alloys during annealing, but
heavy ion irradiation had a much stronger effect.
Radiation-enhanced diffusion was postulated as
being the main mechanism responsible for the
acceleration of crystallization and reduced trans-
formation temperatures. The enhancement of
crystal nucleation in the displacement cascades, in
addition to radiation-enhanced diffusion, can
explain the stronger effect due to heavy ions. The
direct transformation to the equilibrium phase by
heavy ion irradiation is also a result of the high
short-range diffusion rate of the atoms in the dis-
placement cascade region.
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