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ABSTRACT 

The effects of 75-keV Ne+ and 300-keV Ni+ bombardment on electron radiation-induced 
segregation (RIS) in a Ni-gat.%Al alloy were investigated in-situ using the HVEM (high voltage 
electron microscope)/Tandem accelerator facility at Argonne National Laboratory. The radial 
component of defect fluxes generated by a highly-focused 900-keV electron beam was used to 
induce segregation of Al atoms towards the center of the electron irradiated area via the inverse- 
Kirkendall effect. The radial segregation rate was monitored by measuring the increase in the 
diameter of the Al enriched zone within which y-Ni3Al precipitates form during irradiation. 
Both dual electron-ion and pre-implanted ion-electron irradiations were performed in an attempt 
to separate the contributions of energetic displacement cascades and implanted ions acting as 
defect trapping sites to IUS suppression. It was found that 75-keV Ne+ implantation has a 
retarding effect on RIS. 

INTRODUCTION 

Radiation-induced segregation (IUS) of the chemical constituents of an alloy is a well- 
known phenomenon that occurs because defect annihilation at sinks induce defect fluxes that 
tend to couple preferentially to atom fluxes of a particular alloy component [1,2]. The 
preferential coupling can arise via the inverse-Kirkendall effect or via defect-solute interactions 
that result in the formation of mobile solute-defect complexes [l-31. RIS processes driven by 
radial gradients in the concentration of point defects generated by highly-focused electron beams 
have been used to induce precipitation of y'-Ni3Al and y'-Ni3Si phases in undersaturated Ni-Al 
and Ni-Si solid-solutions respectively, and to cause a redistribution of these phases in initially 
two phase alloys [4-71. As shown by Lam and Okamoto [5-81, the redistribution of the y'-phase 
provides a direct measure of electron beam-induced solute segregation rate. In the present work, 
we show that the electron beam driven segregation rate in a Ni-gat.%Al alloy can be altered by 
irradiating the sample simultaneously with ions or by pre-implanting the sample with ions prior 
to electron irradiation. 

EXPERlMENTAL PROCEDURE 

In-situ electron-ion dual irradiations were carried out at the Argonne HVEM/Tandem 
accelerator facility. All irradiations were performed at 55OOC with 900-keV electrons and either 
75-keV Ne+ or 300 keV Ni+ ions. Ne was selected to study the effect of implanted gas atoms on 
segregation kinetics, while Ni was chosen to study the effect of cascade damage. TRIM 
calculations indicated the 99% of the 300-keV Ni+ ions and 100% of the 75-keV Ne+ ions are 
stopped within a distance of 180 nm from the top foil surface. 



The defect distribution produced in a thin film by a focused electron beam is shown 
schematically in Fig. 1. Here Do is effective beam diameter defined by IT = I, (7cD0/2)2 where IT 

is the total electron current and &, is the maximum electron 

c, (2.01 

-L 

flux. For a Gaussian beam Do is 2 4 0  where 0 is the 
standard deviation of the beam intensity profile. Previous 
work [5,8] on Ni-Al alloys showed that Al atoms diffuse 
uphill against the flow of vacancies and that the irradiated 
area where the defect concentration profile is concave 
downward becomes enriched with Al. The enrichment 
continues until the Al solubility limit is reached at which 
point the y'-Ni3Al phase can nucleate and grow [9]. The 
diameter of the zone of precipitation sharply defines the 
Al-enriched region, and its growth rate provides a direct 
measure of the radial segregation rate. 

Peak electron damage rates employed in the present 
study varied between 7.2-9.9~10-~ dpds. For the ion 
bombardments, peak damage rates were 5 .5~10-~  and 

production profile, and radial defect irradiations were performed: (i) electrons only, (ii) dual 
divergence. The defect gradients irradiations with electrons and ions, and (iii) ion 
determine the direction and implantation followed by electron irradiation. To provide 
magnitude of the defect flux, while reference markers during (ii) and (iii), small zones of the q- 
the defect divergence detmmm the Ni3Al phase were pre-formed with electrons. In all cases 
local rate Of "lute accumulation Or the shape of the focused electron beam and hence that of 

the precipitation zone was elliptical. The beam intensity depletion [6-81. 

was assumed to be bi-Gaussian and of the form I(x,y) = I,exp{-(x/a,)2 - (y/bo)2} where a, = 
and bo = dq, (0's are the standard deviation of the beam profile along the major and 

minor axes). The dimensions of the precipitate zones along their major and minor axes were 
taken as da, and b/b, respectively. Normalizing measurements with respect to beam dimensions 
allows both da, and b/b, to be shown on the same scale. 

Figure 1. Top to bottom: electron + beam profile, radial and axial defect 2.4~10" for Ne and Ni+ ions respectively. Three types of 

RESULTS 

Results are summarized in Figures 2, 3, 4, and 5. Figures 2 and 3 show the y' growth 
under electron only, dual electron-ion, and electron only after ion implantation irradiation 
conditions. In both the dual and pre-implanted cases, a y' zone was seeded with a 900-keV 
electron irradiation before the samples were subjected to any ion bombardment as seen in 
Figures 4b-c, t = 720 s, and 5b, t = 420 s. In all cases, the focused electron beam, slightly 
elliptical in geometry, ranges from 1.0-1.2 pm on the major axis and 0.80-0.95 pm on the minor 
axis (the beam dimensions are a, and bo, defined in the previous section). All beam dimension 
calculations are dependent on the assumption that the electron beam is bi-Gaussian in nature. 

The effects of 75-keV Ne+ implantation on RIS are demonstrated in Figure 2. During the 
dual electron-ion irradiation, the growth of the precipitate zone was somewhat suppressed 
(micrographs in Figure 4b). After ion implantation to 1015 iodcm2, the growth of the precipitate 
zone experienced greater suppression than during dual irradiation (micrographs in Figure 4c). 
The effects of 300-keV Ni+ on RIS are shown in Figure 3. During both dual (micrographs in 
Figure 5b) and pre-implanted runs, no significant difference was observed in the growth of the 
irradiation-induced precipitate. An interesting feature in Figures 4c and 5b is the sink free 
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Figure 2. y'-Ni3Al growth curve for 900-keV electron, dual 900-keV electrod75-keV Ne+ ion, and pre- 
implanted 75-keV Ne' iod900-keV electron irradiations at 550°C. The y-axis is the ratio of the 
precipitate zone size to the elliptical Gaussian beam dimensions, which allows for the normalization of 
irradiations with different electron beam conditions. 
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Figure 3. y'-Ni,Al growth curve for 900-keV electron, dual 900-keV electrod300-keV Ni" ion, and pre- 
implanted 300-keV Ni' iod900-keV electron irradiations at 550°C. The y-axis is the ratio of the 
precipitate zone size to the elliptical Gaussian beam dimensions, which allows for the normalization of 
irradiations with different electron beam conditions. 



denuded zone surrounding the y’ precipitate zone. When 1015 ion/cm2 of 300-keV Ni+ were 
implanted, this denuded zone was replaced by a complex dislocation network. 

Figure 4. Precipitate4rowth as a function of time for (a) 900-keV electron only for 36000 s (3.02 
dpa, Kpeak = 8.4~10 dpd$ (b) 900-keV electron irradiation for 720 s (0.583 dpa) to grow the 
precipitate (K e& = 8.1~10 dpds) followed by dual 900-keV electrod75-keV Ne irradiation for 
2880 s (223 &a), and (c) 900-keV electrons only for 720 s (0.598 dpa) to grow the precipitat3 (Kpek 
= 8.3~10- dpds), followed by 10’’ Ne/cm2, followed by 900-keV Slectrons (Kpeak = 7.6~10- dpds) 
for 2880 s (2.19 dpa). All irradiations were conducted at 550 C and listed damages are from 
electrons only. 

DISCUSSION 

Our results demonstrate that 75-keV Ne+ irradiation has a suppressing effect on RIS and 
that 300-keV Ni+ does not. In both cases, a sink structure develops: thus, this effect cannot be 
attributed to difference in the visible sink structure. 



Figure 5. Precipitate growp as a function of time for (a) 900-kev electron only madiation for 3600 s 
(3.49 dpa, Kpek = 9.7~10- dpdtiand (b) 900-keV electron irradiation for 420 s (0.407 dpa) tf grow 
the precipitate (K e&= 9.7~10 dpds), followed by dual 900-keV electrod300-keV Ni dual 
irradiation for 318b s (3.08 dpa). All irradiations were conducted at 550oC and listed damages are 
from electrons only. 

Since RIS is cause by the defects which survive recombination, these results suggest that 
the presence of Ne causes a retardation in RIS by acting as a strong vacancy trapping site, hence 
enhancing recombination. It has been previously suggested that He clusters can act as defect 
trapping sites, enhancing recombination and reducing segregation in Ni-based alloys [ 101. The 
300-keV Ni+ ion bombardment results in the present work contradict to some extent recent dual 
irradiation studies of RIS in Cu-lat.%Au [11,12]. In that work, Iwase et. al [11,12] concluded 
the cascade remnants of energetic displacement cascades were responsible for suppressing RIS. 
Further investigations are necessary to clearly determine the roles of cascade remnants and 
defect trapping in changing RIS behavior. 

As mentioned in the previous section, a sink free denuded zone is present at the periphery 
of the central precipitate. At the present time, the reason for the formation of this denuded zone 
is unknown, and further studies are necessary to determine its nature. 

CONCLUSION 

In Ni-9at.%Al irradiated with 900 keV electrons at 55OoC, Ne implanted at 75-keV had a 
suppressing effect on RIS of Al, as demonstrated by the retarded growth of the y'-Ni3Al 
precipitate zone. 300-keV Ni+ bombardment, however, had no effect on segregation kinetics 
both during dual electron-ion and pre-implantation (with 1015 Ni/cm2) electron runs. These 
results lead to the conclusion that Ne has a suppressing effect on RIS in Ni-gat%Al. 
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