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Introduction

Radiation-induced segregation (RIS) of alloy components toward and awéy
from point defect sinks is common in alloys irradiated at elevated
temperatures.(l) For example, the compound Mi3Si (y°) 1s found at
dislocations, grain boundaries, and external surfaces after electron,(z)
light-ion,(3’4) self-ion(>) and fast=neutron(®) irradiations of normally
stable, solid~solution Ni-Si alloys, demonstrating that Si enrichment occurs
at sinks during the irradiation. A detailed understanding of the mechanisms
by which RIS occurs in different alloys and of the effects of the primary
recoil spectrum of the irradiation have not yet evolved. Quantitative

information on the kinetiecs of RIS is an important step toward such an

understanding.

We have measured compesition changes near the irradiated surfaces of
binary Ni-based alloys during He and Kr irradiations using high—-resolution
Rutherford Backscattering Spectrometry (RBS). For the He irradiation,
backscattered ions from the beam that was employed for the production of
defects were used for simultaneous RBS analysis of the near-surface

composition. These in-situ measurements of composition changes during

*Work supported by the U. S. Department of Energyv.



irradiation at elevated temperature provide quantitative information on the
kinetics of RIS, In this paper we demonstrate the use of the in-situ RBS
technique to measure RIS in different alloys and show examples of the type of
kinetic information that can be obtained. The versatility of the technique is
demonstrated by presenting results on alloys for which the solute atomic mass
is greater than (Ni-Ge), less than (Ni-Si), and nearly the same as (Cu~Ni)
that of the host atoms. We also compare RIS results obtained for Kr and He
irradiations of NM-Si to illustrate the effect of the different primary récoil

spectra on the kinetics of RIS.
Technique

The application of Rutherford backscattering to study the depth
distribution of alloy components near a surface is described in detail in Ref.
7. The technique, as applied in the present investigations, is based on
differences between RBS spectra acquired during successive irradiations and
the spectrum obtained from the as-prepared alloy. The changes in alloy
composition during irradiation as a function of depth and time appear as
changes in backscattering yields at different energies. To illustrate the
technique, computer simulations of difference spectra which represent
segregation effects in Ni-S5i, Ni-Ge, and Cu~Ni are shown in Fig. l. The
spectra were calculated from an assumed concentration distribution by a
computer program similar to that described by Ziegler et 81-8 A difference
spectrum is obtained by subtracting an RBS spectrum for the unirradiated,
homogeneous alloy from a spectrum for a specimen with segregation. Figs. la
and lc show difference spectra for Ni3SL and NijGe layers of th¥ee thicknesses

on the surfaces of a Ni-10 at. ¥ S and Ni-10 at. ¥ Ge alloy, respectively.




Fg. 1b shows difference spectra for NMl-enriched layers containing 60 at. ¥ Ni

on the surface of a Cu-40 at. 2 M alloy.

There is a large difference in the masses of Ni and Si. When the Ni,Si

layer thickness becomes iarger than the experimental resolution, two clearly

separated steps appear in the difference spectra representing the decreased Ni

and increased Si concentrations at the surface (fig. la). 4s the layer

B T Tt T VTP T Tt ST SRR ot St ¥ Awie o1 (UM o S ettt SR

thickness increases still further, the width of each step increases. Overlap

of the steps begins to occur when the layer thickness reaches ~ 100 nm. For 2

MeV He ions, this overlap can be delayed up to a maximum thickness of ~ 300 nm
by adjusting the backscattering geometry.(7) In Ni-Ge the mass difference is
less, and overlap of the NI and Ge signals occurs at about the same thickness

that the steps become fully developed. For thicker layers, the Ge-signal from E
the back of the layer superimposes on the Ni-signal from the front of the
layer (bottom of fig. le). In Cu-Ni the mass difference is quite small.

Here, the difference plots show a narrow dip at the front which corresponds to
depletion of the heavier Cu atoms at the surface, followed by a narrow peak
which corresponds to Ni enrichment at the surface. As the layer thickness

increases, the back-portion of the "Cu-deficit" signal nearly compensates the

front-portion of the "Ni-excess" signal because of the nearly equal scattering

cross sections of Cu and Ni. The narrow peak corresponds to the "Ni-excess"
signal originating from the back-portion of the layer. Hence the peak shiits
toward lower energles as the film grows. The dip, which corfesponds to the %
"Cu-deficit" signal from the front—edge of the layer, remains fixed. Thus,
layer thicknesses can be determined from the energy difference between dip and
peak in the RBS difference spectra even in alloys containing neighboring

elements of the periodic table.




For simple-cases, e. g. Flg. la bottom, the layer thickness can be
determined directly from the energies of the front and back edges of the
layer. For layer thicknesses less than the resolution of the system (~ 5 nm
for our é;;;timental <onditions) the energy corresponding to the back edge of
the layer is not clearly defined. In this case the area in the difference
spectrum can be related to the thickness. For more complex cases, e.g. when
the atomic masses of the alloy components are close (see Fig. lb) or when a
layer with a depth dependent composition is formed, the computer simulati&n

program can be employed to fit the difference spectrum and the composition

profile can be obtained iteratively.

In order to study the growth kinetics of surface layers resulting from
radiation-induced segregation using the in-situ RBS technique, it 1s necessary
(1) that the bombarding ions have a lighter mass than at least one of the
alloying components, i.e., that the ions do indeed backscatter, and (2) that
statistically significant RBS spectra can be acquired using doses for which
the segregation effects are small. We have successfully employed MeV He and
Li irradiations. For example, with 2.0 MeV He, an incident angle of 150°, an
exit angle of 75°, a 1.0 mm beam diameter, and a solid angle of 2.5 x 1074
steradians for the detector, ~ 4 x 104 counts are acquired per nm and

displacement per atom (dpa) in Ni based alloys. Thus a suitable spectrum

requires only ~ 0.1 dpa of irradiation.

Examples

Fig. 2a shows typical RBS difference spectra obtained during 2.0 MeV He

irradiation of a Ni~12.7 at. ¥ Si alloy at 556°C. The decrease in Ki yield

%




and the increasg\;n 61 yield in the surface region relative to the initially
homogeneous alloy are readily apparent. The change in yields is consisteqt
with the formation of NiySi. Also apparent is the increase of the layer
thickness with increasing time (dose). The increase in Ml yield which can be
seen just below the Ni depleted surface layer in Fig. 2a shows that mass is
conserved during segregation., This Ni-enriched subsurface region was not
included in the computer-generated spectra of Fig. l. Difference spectra for
2.0 MeV He irradiation of NMi-10 at. % Ge and Cu-40 at. ¥ Ni are shown in fig.

2b and 2c¢, respectively.

The experimental difference spectra shown in Fig. 2 give clear evidence
that S1 and Ge segregate to the irradiated surface in binary M alloys and
that Ni segregates to the surface in irradiated Cu-40 % Ni. Analysis of these
data reveals that the layer thickness in the Ni~S5i specimen at the end of the
irradiation is ~ 35 nm. In Cu-40 % Ni, the Ni enriches to about 602 and the
enriched layer extends to ~ 12 nm. The enriched NMi layer however does not
have a constant composition over the entire enriched layer and a computer
simulation using a concentration gradient was necessary to determine the
actual composition vs. depth profile. The results on the Ni-10 at. % Ge alloy
are consistent with the growth of a NijGe layer or top of a Ge-depleted sub-
surface layer. Further details regarding the growth rates and temperature

dependence for these various alloys can be found elsewhere.(g)

An application of the in-situ RBS technique for quantitative kinetic
analysis will be given next. These experiments on the growth rates of Ni;Si
surface layers were designed to establish the relative importance of energetic

displaceaent cascades for creating solute traps during elevated temperature




irradiation compared to tﬁeir role as regions of enhanced defect recombination
and clustering. Important parameters in all kinetic models of radiation
effects at elevated temperature include the production rate of mobile defects
and the sink conpentration.(lo'lz) These two quantities depend upon the
energy density within the initial displacement cascade. Only those defects
which escape recombination or clustering within the cascade region can
contribute to long-range diffusion. We have found that, on the basis of
calculated (13} dpa rates, the Ni;Si surface layers grow approximately six.
times faster duriag 2.0 MeV He irradiation than during 3.25 MeV Kr irradiation
at the same temperature. The principal difference between the Kr and He
irradiations is their primary recoil spectra. Irradiation with Kr produces
most of the defects in energetic displacement cascades, whereas He irradiation
produces most of the defects by low-energy primary recoils, For example, only
~ 10% of the defects produced by 3.25 MeV Kr result frém recoils below 2 keV,
whereas for 2.0 MeV He irradiation ~ 50% of the defects are produced from

recoils below 2 keV.

The difference in observed growth rates can be interpreted on the basis
that defect interactions within the denser Kr-cascades decrease the number of
migrating interstitials or, that defect clusters produced by the Kr-cascades
act as internal sinks which compete with the surface for segregating solute.
To examine the relative importance of these effects, a specimen of Ni 12.7 at.
% Sl was preirradiated with 3.25 MeV Kr to form a thin surface layer of
NiBSi' The growth rate of this layer during subsequent He irradiation was
determined and compared with the growth rate measured during only He
irradiation. The results are shown in Flg. 3, where the thickness of the

Ni3Si film is plotted as a function of the square root of the dose. The film




growth rate, being diffusion controlled, shows the typical square root of time
(dose) dependence (9, The solid circles are film thicknesses measured at
495°C for Re irradiation only. The film grown at 500°C with 3.25 MeV Kr ions
to a thickness of 8 nm (intersection of lines in Fig. 3) required a calculated
dose of 2.2 dpa. A beam of 2 MeV He ions was then used to continue growing'
the film at 495°C, and the data represented by the open squares was

obtained. The slope of the line obtained after Kr irradiation is a factor of
three less than fhe line for only He irradiation, showing that the sinks '
produced by the Kr irradiation significantly affect the growth kinetics. This
result clearly demonstrates that the primary recoil spectrum for an

irradiation can affect the alloy microstructure during irradiation even at an

elevated temperature.

Conclusion

The results presented here demonstrate that in-situ, simultaneous RBS
measurements can be used to obtain quantitative information about the kinetics
cf RIS in binary alloys., The solutes Si and Ge in Ni and Ni in Cu-40 7% N
were shown to segregate toward the surface during irradiation at elevated
temperature. Ni;Si and NijGe layers formed on the Ni-5i and Ni-Ge alloys,
respectively. Finally, it was demonstrated that the type of irradiation,
i.e., the primary recoll spectrum, can influence the kinetics of RIS even at

elevated temperatures.



10.

11.

12,

13.

~ References

See e.g., Proceedings of the Workshop on Solute Segregation and Phase
Stability During Irradiation", J. Nucl. Mater. 83 (1979).

A. Barbu and G. Martin, Scripta Met. 11 (1977) 771.
K. Janghorbane and A. J. Ardell, Scripta Met. 9 (1975) 1233.

1

R. S. Averback, L. E. Rehn, P. R. Ckamoto and R. E. Cook, Proceedings
International Conference on Ion Beam Modification of Materials.

D. I. Potter, L. E. Rehn, P. R. Okamoto and H. Wiedersich, Scripta Met,
Al (1977) 1095,

H. R. Brager and F, A. Garner, J. Mucl. Mater. 73 (1978) 9.

W.=K. Chu, J. W, Mayer and M. A. Nicolet, "Backscattering
Spectrometry", Academic Press, New York, 1978.

J. F. Ziegler, R. F. Lever, and J. K. Hirvonen, in "Ion beam Surface
layer Analysis", 0. Meyer, G. Linker, and F. Kippeler, eds., Plenum
Press, New York (1975) p. 163.

R. S. Averback, L. E. Rehn, W. Wagner and H. Wiedersich, to be
published.

R. A, Johnson and N. Q. lam, Phys. Rev. Bl3 (1976) 4364.

H. Wiedersich, P. R. Okamoto, and N. Q. Lam, J. Nucl. Mater. 83 (1979)
98.

R. Sizmann, J. Mucl. Mater., 69 & 70, (1978) 386.

Defect production calculations were performed using PINTO; see R. S.
Averback, R. Benedek and K. L. Merkle, Fhys. Rev. B 18, 4156 (1978).



Figure 1.

Flgure 2.

Figure 3.

- Figure Captions

RBS difference spectra obtained by computer simulation. Fgs.
la and lc show NiaSi and NijGe layers growing at the surface of
a Ni-10 at. # Si and a Ni-10 at. % Ge alloy, respectively. Fig.
1b shows a NI enriched layer countaining ~ 60 at. ¥ Ni growing on

the surface of 2 Cu-40 at. % Ni alloy.

Experimental difference spectra for~2.0 MeV He irradiation of
(a) a Ni-12.7 at. % 8L, (b) a Ni~10 at. % Ge and (c) a Ni-40 at.

Z Cu alloy.

Ni,Si layer growth during 2.0 MeV He irradiation at 495°C
(£f111ed circles) and at 495°C after preirradiation with 3.25 MeV
Kr at 500°C (open squares).
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