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ABSTRACT

CuTi was irradiated with 1-MeV electrons and Kr+ ions
simultaneously at temperatures from 10 to 423 K. Retardation of
Kr+-induced amorphization was observed with simultaneous
electron irradiation at 295 and 423 K. The retardation effect
increased with increasing irradiation temperature and relative
electron-to-Kr dose rate. In contrast, simultaneous irradiation
below 100 K showed an additive effect of electron- and Kr+-
induced amorphization. The results can be explained by the
mobility point defects introduced by electron irradiation
interacting with Kr+-induced displacement cascades.

INTRODUCTION

A recent study [1] has shown that amorphization of Si during
irradiation with 1-MeV Kr+ icns at 10 K can be strongly retarded
by simultaneously irradiating the sample with a 1-MeV electron
beam. The retardation effect under simultaneous irradiation was
found to occur only when the calculated electron displacement
rate (dpa/s) exceeded that for the Kr+ beam by a factor of about
two. Although not yet fully understood, the retarding effect
clearly indicates that the primary damage state characteristic
of ions which produce dense displacement cascades can be
significantly altered by additional Frenkel pair production by
electrons. The present paper reports the effect of simultaneous
irradiation with 1-MeV electrons and 1-MeV Kr+ ions on the
amorphization behavior of the intermetallic compound, CuTi.

In contrast to Si, which becomes amorphous under Kr+

irradiation but not under electron irradiation, CuTi can be
rendered completely amorphous by both types of charged particles
[2]. As suggested in a recent theoretical study [3] of the
amorphization kinetics of intermetallic compounds under
simultaneous irradiation conditions, the Kr +-induced
crystalline-to-amorphous transition in CuTi can be suppressed or
accelerated by simultaneous electron irradiation depending on
the irradiation temperature and on the relative dose rate of the
electron and ion beams employed.

EXPERIMENTAL PROCEDURE

The preparation and homogenization treatments of the
polycrystalline samples of CuTi have been described previously

*The work is supported by DOE W-31-109-ENG-38 and NSF DMR-8411178.



[4 ] . Simultaneous i r rad ia t ions with 1-MeV electrons and Kr+ ions
were carr ied out in s i tu in the Argonne National Laboratory High
Voltage Electron Microscope in ter faced to a 2-MeV tandem
a c c e l e r a t o r . Kr+ i r r a d i a t i o n s were performed using three
di f ferent current dens i t ies of 1.7 x 1010, 5.1 x 1010 and 3.4 x
1011 ions/cm 2 / s . The corresponding atomic displacement r a t e s
obtained by TRIM calculat ion [5] using a threshold energy of 21
eV [6] are 5 x 10~5, 1.5 x 10"4 and 1.0 x 10"3 d p a / s ,
respec t ive ly . Electron i r rad ia t ions were performed with a fully
focused beam. A Faraday cup located above the specimen posit ion
was used t o measure t o t a l beam current (IT) , and a movable
Faraday cup located in the viewing chamber was used for beam
prof i l ing and for measuring the peak electron flux (IP) . Typical
beam p r o f i l e s employed for t h i s study can be descr ibed
approximately by a Gaussian d i s t r i b u t i o n , I ( r ) = I p - e x p { -
1/2(r/a)2} [1]• The parameter a i s the standard deviation of the
d i s t r i b u t i o n , and was calcula ted from the measured e lec t ron
f luxes us ing the r e l a t i o n s h i p O - (IT/27tIP) l / 2 . The beam
parameters were chosen to obtain a peak e lect ron flux of 2 x
101 9 e l e c t r o n s / c m 2 / s , corresponding to a c a l c u l a t e d peak
displacement r a t e of 1 x 10"3dpa/s.

RESULTS

Figure 1 shows the temperature dependence of the critical
dose required for aiaorphization of CuTi when irradiated
separately with either 1-MeV electrons or Kr+. The critical dose
for electrons was obtained from the calculated dose at the
position where a bend contour of a strongly excited Bragg
reflection disappears in the bright field image, while that for
Kr + was determined by the dose at which crystalline spots
completely disappear in the diffraction pattern. There is a
critical temperature <TC) below which CuTi can be rendered
completely amorphous; at higher temperatures the specimen
remains crystalline. Tc for 1-MeV electrons is about 220 K for a
calculated displacement rate of 1 x 10"3 dpa/s. For the same
calculated displacement rate, Tc for Kr

+ is substantially higher
than that for electrons, and has been found to increase with
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Fig.l
The temperature dependence
of the critical dose for
amorphization with 1-MeV
electrons and Kr+ at the
indicated dose rate.
Filled symbols denote
complete amorphization;
half-filled and open
symbols denote partial and
no amorphization,
respectively.



dose rate as shown in Fig.l by the two different curves obtained
for Kr+ displacement rates of 1 x 10~4 and 1 x 10~3 dpa/s.
Another difference between electrons and Kr+ is that with
electrons CuTi cannot be partially amorphized above TC/ whereas
with Kr+, partial amorphization {denoted by the half-filled
symbols) does occur above Tc up to an upper limiting temperature
(Tu) of - 523 K. Above T u no amorphization occurs regardless of
the dose rate. Extrapolation of the Kr+ data to low temperatures
indicates that the critical doses for electrons and for Kr+ ions
converge to the same value of - 0.25 dpa below ~ 70 K.

Figure 2 shows a result of a simultaneous electron and Kr+

irradiation carried out at room temperature which, as shown in
Fig.l/ is above T c for electrons. The bottom plot shows the
radial variation of the calculated dose rate determined_from the
measured values of IT and Ip and assuming the Gaussian intensity
distribution. The total electron dose scaled on the right-hand
side is for an irradiation time of 6000 seconds. The
corresponding quantities for the spatially uniform Kr+ beam are
also indicated by a dashed line on the plot. The bright field
image of the microstructure printed to the same scale shows that
after 6000 seconds of simultaneous irradiation, most of the
sample irradiated only by the Kr+ beam has become amorphous,
whereas the central part of the region simultaneously irradiated
by the electron beam retains a high degree of crystallinity.
This is evidenced by the residual bend contour, and by the
electron diffraction patterns taken from inside and outside of
this region shown at the top of Fig.2.
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Fig.2
The diffraction pattern
and the bright field image
after simultaneous
electron and Kr+

irradiation at 295 K for
6000 seconds. A calculated
dose rate and the total
dose are shown on the
bottom.

This result clearly shows that amorphization induced by Kr+

- ions is strongly retarded by the electron beam at room
-temperature. The two arrows on the dose-rate plot indicating the
- approximate positions where the bend contour disappears show
that the retardation effect occurs only in regions where the

- calculated electron dose rate is £, 6 times that of the Kr+ beam.



This critical electron-to-Kr+ dose rate ratio required to
suppress amorphization depends on temperature. This has been
demonstrated by maintaining the sample at room temperature and
increasing the ion current density to obtain a Kr+ dose rate
equal to the peak electron dose rate of 1 x 10~3 dpa/s. The
previous crystalline region becomes completely amorphous as
shown in Fig.3. However, Fig.4 shows that at 423 K a retardation
effect still occurs under the same electron and ion beam
conditions employed in Fig.3.

Fig.3 The bright field
image and diffraction
patterns after the
simultaneous irradiation at
295 K for 4000 seconds. The
calculated dose rate of Kr+

is equal to the peak
electron dose rate in Fig. 2.

Fig.4 The bright field
image and diffraction
patterns after the
simultaneous irradiation at
423 K for 4000 seconds. The
dose rate is the same as in
Fig.3.

The effect of temperature was further investigated by
carrying out simultaneous irradiations below Tc for electrons/
where CuTi can be completely amorphized by both electrons and
Kr+. A result at 10 K is shown in Fig. 5; the beam conditions
are the same as those employed in Fig.2. In contrast to the
retardation observed at room temperature, the central region of
the simultaneously irradiated area becomes completely amorphous
before regions irradiated only with Kr+ ions. This effect is not
prominent in the periphery where the amorphization process is
dominated by Kr+ irradiation. Similar results were observed at
50, 100, and 150 K.

As the break in the bend contour expands outward with
increasing irradiation time, the total dose accumulated at a
given position can be calculated from the known dose-rate
profile by multiplying by the irradiation time. The calculated
dose at the positions where the bend contours disappear



(indicated by arrows in the bottom figure) was taken to be the
critical dose required for complete amorphization. For
quantitative analysis of the critical dose, a peak electron dose
of 1.2 x 10"3 dpa/s and a Kr+ dose rate of 1.5 x 10~4 dpa/s were
employed. The calculated critical doses for electrons and Kr+

ions at 10 K have been plotted in Fig. 6 as a function of the
distance (r) from the electron beam center. Increasing r is
equivalent to decreasing the relative electron to Kr+ dose rate
as shown on the bottom of Fig.5. Hence the critical doses
measured at larger distances represent larger Kr+ doses {denoted
by open squares in Fig.6) For increasing r, the critical
electron dose (denoted by open circles) is found to decrease,
and the sum (denoted by filled circles) of the critical electron
and Kr+ doses remains almost constant at ~ 0.24 dpa. Note that
this value is very close to the critical dose for electron
irradiation alone. Similar additive effects of electron and Krf

were observed at 50 and 100 K.
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Fig. 5
Sample irradiated at 10 K
for 420 sec. The
calculated dose rates for
electrons and Kr+ are
about the same as in
Fig.2.
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Fig.6 Cr i t i ca l dose for
amorphization under
simultaneous i r rad ia t ion
at a given posit ion from
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DISCUSSION

Significant differences in amorphization behavior under
simultaneous irradiation were observed above and below Tc for
electrons. In a previous work [4], electron irradiation of CuTi
above T c was reported to produce mobile point defects resulting
in defect aggregation and retention of a high degree of chemical
order. These point defects are not mobile below Tc as evidenced
by chemical disordering preceding amorphization. The correlation
in the temperature dependence between point defect mobility and
amorphization suggests that the retardation of Kr+-induced
amorphization above Tc is due to annealing of the displacement
cascade damage produced by Kr+ irradiation by the additional
mobile point defects produced by electron irradiation.

Below Tc, electrons and Kr+ ions were found to contribute
additively to amorphization (c.f. see Fig.6). The present work
suggests that the crystalline-to-amorphous transition below is
controlled by the accumulated displacement density, independent
of how the defects are produced. This is consistent with the
converging critical dose for electrons and Kr+ ions at low
temperature when the sample is separately irradiated as shown in
Fig.l.

CONCLUSION

(1) Above 295 K, amorphization induced with Kr+ ions was
retarded by simultaneous electron irradiation. (2) The
retardation effect was greater with increasing irradiation
temperature and with increasing electron-to-Kr+ dose rate. (3)
At 10, 50 and 100 K, the effect of simultaneous Kr+ and electron
irradiation was additive.
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