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RADIATION-INDUCED SEGREGATION iN Ni-Si ALLOYS*
L. E. Rehn, P, R, Okamoto, D. I. Potter and H. Wleder51ch
Materials Science Division
Argonne National Laboratory
Argonne, IL 60439
ABSTRACT
Radiation-induced segregation was studied in an Ni-1 at. % Si alloy after

irradiation at a temperakure of n525°C with 3-MeV 58Ni+ ions. Profiles
of alloy composition as a function of depth from the irradiated surface were
obtained by standard Auger techuniques and ion-sputtering at room temperature.
Rapid segregation of Si toward the irradiated surface was observed. The solu-
bility limit of Si in Ni was reached at the surface after a dose of only
0.05 dpa. Segregatinn continued to increase up to the highest dose (6.5 dpa)
which was investigated. Precipitation of Ni3Si occured at the external sur-
face and internally on dislocation loops. The experimental results are com-
pared with calcuiations using the Johnson-Lam segregation model and a set of
parameters that was used previously to fit the temperature dependence of

radiation-induced segregation in Ni-1 at. % Si.

» -
Key Words: radiation effects, mechanical properties, void swelling, nickel
alloys, ion bombardment, radiation-induced segregation
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INTRODUCTION

Irradiation of metals at elevated temperatures creates fluxes of interstitial-

and vacancy-type defects‘which terminate at spatially discrete defect sinks.

In alloys, disproportionate transport of individual alloy constituents via

defect fluxes can produce large, nonequilibrium concentration changes in the
vicinity of the sinks. [1-3] Since internal imperfections, such as dislocations
and grain boundaries, as well as external surfaces act as defegt sinks, radiation-
induced segregation can alter both bulk and surface properties of materials

that are sensitive to alloy composition, e.g., mechanical strength, void swelling,
phase stability, corrosion resistance, sputtering and radiation blistering.
Radiation-induced segregation, therefore, impacts directly upon the performance

of alloys in fission and fusion reactor environments.

Okamoto and Wiedersicl: [1] first suggested that size differences between
solute and solvent atoms can influence the magnitude and direction of radiation-
induced segregation. In particwlar, they proposed that because undersize atoms
are more readily accomodated in interstitial sites than are larger atoms, the
fraction of migrating interstitials that are undersize solute atoms, during irra-
diation at elevated temperature, may greatly exceed the fraction of'undersize
solute present in the alloy. Interstitial fluxes transfer atoms toward defect
sinks, The preferential transport of undersize atoms via interstitial fluxes
should therefore increase the concentration of undersize solute in the vicinity
of a defect sink during irradiation at elevated temperatures. In the case of cver-

size solutes, the smaller solvent atoms should preferentially migrate via the

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




interstitial fluxes and solvent enrichmentr(i.e., solute depletion) should
occur near sinks. Enrichment of undersize and depletion of oversize solute
elements near defect sinks have been observed in Ni-base binéry alloys aftefr’
irradiation at high temperatures. [3,4]

Radiation-induced segregation is strongly temperature dependent. When the
irradiation-produced vacancies are relatively immobile, the recombination rate
of vacancies and interstitials is high. This greatly reduces long-range defect
fluxes at low temperatures, and concomitantly, the degree of segregation. At
very high temperatures, rapid back diffusion, enhanced recombination due to
the large equilibrium vacancy concentration, and the decreased effectiveness »f
defect-solute binding combine to inhibit radiation-induced segregation. The
temperature dependence of radiation-induced segregation is thus expected to
resemble the temperature dependence of void swelling, which also resuits from
the flow of point defects to sinks. Composition versus depth profiles obtained
by Auger analysis have shown that the temperature dependence of radiation-induced
segregation in the Ni~1 at. % Si system [3] i; indeed quite similar to that of
swelling in pure Ni [5], although the maximum in the segregation occurs
slightly below the maximum swelling temperature. The lower temperature of the
segregation peak is believed to ‘result from back-diffusion of solute, which
inhibits segregation at high temperatures but plays no role in the swelling of
pure Ni.

A kinetic model has been developed by Johnson and Lam (J-L) [2] which
describes the radiation-induced segregation process by a set of coupled rate
and diffusion equations. The model has recently been extended to include the
effects of surface precipitation [6] and a depth—dependent defect production
rate [7]. In the case of binary Ni-Si alloys, the J-L model assumes preferential

participation of the undersize Si atoms in interstitial fluxes.




The purpose of this paper is to report measurements of the dose dependence
of radiation-induced segregation in an Ni-1 at. Z Si alloy. For comparison,
segre&aLlon profiles have been calculated as a functlon of dose uslng the
modlfled J-L model and a set. of éaramete?éyfhgﬁ was preﬁlously used‘[7] torrv
model the temperature dependence of radlatlon—lnduéed segregétién 1ﬁ thé same .

alloy.

EXPERIMENTAL PROCEDURES
The Ni-1 at, Z Si alloy was prepared by arc-melting and subsequent levi-

tation melting in an induction furnace. Specimens in the form of 3-mm disks

were punched from ~0.z5-um foils that had been rolled from this stock. The

disks were annealed at 900°C for 2 hours in a vacuum of 710 8 torr and ﬁhen
electropolished.

Irradiations were performed with 3-MeV 58Nif ions in a vacuum of ~10 & torr
at the ANL Dual-ion Irradiation Facility. Details of the irradiation procedures
may be frund elsewhere [8]. Thermocouples were used to monitor and control
the tewmperature of the sample holder. Individual sample temperatures were
measured during the irradiation with a previously calibrated’iqffared pypgmeter.
Total doses are given at the peak damage depth. They werevcalculated‘using a
threshold disﬁlacement energy of 40 eV and tﬁe Brice Codes RASE3 and DAMG2 [9].
The peak damage rate was 2.5 x 10 ° displacements per atom per second (dpa/s)
and occured at a depth of 550 nm. Near the s;rface, the displacement rate
was V10 3 dpa/s.

Auger analysis [10] was done with a primary electron beam of 5 kV.

Depth profiling was accomplished by sputtering an area »2 mm in diameter with
2 kV Ar ions in an Ar atmosphere of 5 x 10 ° torr. Sputtering was® interrupted
to record the Auger spectra. DMeasurements of the total~sputte:ing “depth in
several different samples -gave sputtéring rates of 11 % 2 nm per minute. A

kvaluc of 11 nm per mlnute was used to convert the measured sputtcring tlmes

iptqrdepths. Analy51s of unirradiated control speclmcns showed no. signlflcant




variation of composition with depth. Standard alloys containing 0, 1, 2, 4,
12.8 and 25 at. % Si were used to determine the relationship between concentra-

tion and Auger peak-to-peak ratio.

RESULTS AND DISCUSSION
Measured Dose Dependence

The 8i/Ni Auger peak-to-peak ratios measured at various depths below the
irradiated surface in Ni-1 at. % Si specimens exposed at ~525°C to doses of
0.05, 0.16, 0.5, 2.8 and 6.5 dpa at the damage peak are presented in Fig. 1.
Si/Ni peak-to-peak ratios obtained from unirradiated Ni alloys containing known
amounts of Si are indicated on the right-hand side of the figure. The peak-to-
peak ratio is a smoothly varying and monotonically incresasing function of Si
concentration. The nominal irradiation temperature of 525°C lies 50° below
the peak segregation temperature. [3,7]

The irradiaped surface serves as an unsaturable sink for both vacancy- and
interstitial~type defects. Significant segregation of the undersize Si atoms
toward the surface is evident in all five sambles. Segregation continues with
dose throughout the investigated damage range from 0.05 to 6.5 dpa. At the

lowest dose, the concentration of Si on the surface is ~10 at. %. As the irra-

» -

diation dose is increased, both the surface concentration of Si and the thickness

of the enriched layer increase. Enrichment of Si near the surface is accompanied
by depletion at intermediate depths. For example, the depleted zone in the
6.5 dpa sample extends from a depth of 25 nm to 200 nm (off scale in Fig. 1)
before the measured Si concentration returns to the 1 at. % level.

It should be emphasized that the Auger peak-to-peak ratio is a measure
of the alloy composition averaged over the area of the analysis beam (V100 pm?)
on the sample. The return of this ratio in the irradiated spet¢imens to the

value found in the unirradiated Ni~1l at. % Si standard demonstrates only thiat




no net flow of solute to the surface has occured from deeper in the sample; it
does not indicate the absence of radiation-induced segregation at these depths.

‘The'effectiveneSS*of*thefsurface as”arsink diminishes for defects produced at-

greater depths because of 1nternal 31nks, whlch gradually become the predomlnant

termini for defect fluxes. Since the area analyzed by the Auger technlque 1s;fi

of sufficient size to encompass many internal sinks, the depletedﬁand.enrlchedfa
regions are averaged at depths sufficiently removed from the external surface,

and the same peak-~to-peak ratio is found regardless of whether or not segregation;i
to internal sinks has occured.

Layers of Ni3Si have previously been identified on the surface of itredietedzt
Ni—Si alloys by means of Auger analysis, [3] electron diffréction and"x—ray"if"‘«
flourescence. [11] The phase diagram reveals that at the present irrediation
temperatures, precipitation of the ordered NijSi y' phase shoold iﬁi£i5£é nnetever
the local Si concentration surpasses the solubility limit of 10 at. %. [12]

In the present experiments, this limit is exceeded at the irradiated surface
for all doses greater than 0.05 dpa. Auger ratios between ~20 x 10 3 and

45 x 10 3 correspond to two-phase regions of the matrix containing Ni3Si
precipitates in an Si enriched background. The existence of‘a conplete surface
layer of Ni3Si is apparent in tHe profiles of the two highest dose epeclmens

in Fig. 1. In particular, the Auger peak-to-peak ratios that were measured

at the first three sampled depths in the 6.5 dpa specimen all indicate a

S5i concentration of 25 at. %. However, the precipitate-matrix interface is

not as sharply defined as in a previous study. [3]

Caiculated Dose Dependence
Concentration profiles shown in Fig. 1 were produced by irradiation of
identically prepared samples at the, same dose rate and at approximate1y=the

same - tcmpclature. The J—L model requ1res several parametcrs as input in order

to predlct the dose dependence of solute concentration plofiles, The parameters




include migration energies and pre-exponential factors for self-interstitials,
vacancies and solute-defect complexes, solute-~defect binding energics and the
vacancy formation energy. The parameters used in the present calculations

are listed in Table I, and are characteristic of Ni-base alloys and undersizé

solute atoms such as Si in Ni. The same parameters have been used previously

to reproduce qualitatively the temperature dependence of radiation-induced segregatigﬁi
in the Ni-1 at. Z Si alléy [7]. Precipitation is assumed to occur when the
surface concentration exceeds 10 at. %; the excess solute is allowed to flow
through the precipitate-matrix interface to form the Ni3Si precipitate layer.
For a discussion of the details of the calculations, the reader is referred

elsewhere [2,6,7]. A depth-dependent damage rate characteristic of 3-MeV 58Ni+

ions incident on Ni was used,.

It should be emphasized that the present experimental situation is con-
siderably more complex than that assumed for the model calculations, where
internal sinks and clustering effects are neglected. The experimental profiles
were obtained from specimens with a depth—, time- and temperature-dependent
internal sink structure. The model also assumes that the alloy may be treated
as an ideal diluce solid sdlution. Clearly, the latter coﬁditién is not fulfilled
when the solute concentration near sinks approaches the solubility 1iﬁit.
Chemical rather than dilute alloy diffusion theory would then more adequately
model the segregation behavior.

Once the Si solubility limit is attained at the specimen surface, the one-
dimensional J-L segregation model assumes formation of a continuous layer of
NizSi. The Si concentration profiles which were calculated for several doses
at an irradiation temperature of 550°C drop sharply from the solubility limit
of 10 at. % at the precipitate-matrix interface to below the Auger detection
limit (£0.2 at. % Si) within a few nanometers. Thus, the calculated profiles
are.ggpsiderably s;gypg; ;han‘those that were found experimentally. Of course,

‘the model cannot"rebrqducékthe two-phase reglons seen in Fig. 2. -




The calculations predict that the surface concentration of Si will reach

the solubility limit of 10 at. % after a dose of 0.2 dpa, which can be compared

‘to the experimental result of 0.05 dpa. . In addition, the enfiched région in =~

fthé10,05”dpaiépééihéﬁfi§?ﬁbnsidérablykthicker than that shown by the calculations

after a sihilér dose. 'Hence;‘tﬁé;iﬁitiéiléﬁéées”df Si"migfationfngard;fﬁe: 
irradiated surface occur more rapidly than the model predicts on Eﬁé
basis of the parameters in Table 1.

However, the total amounts of precipitate contained in the calculated
layer‘and observed experimentally in the near-surface region are remarkably

similar. The calculations show initial coverage of the surface by a one~atom-

thick layer of precipitate at 0.5 dpa. Between 1 and S'dpa,'théycélculéfed"

precipitate layer grows from a thickness of 21 to 5 nm. Considefing the com-

_plexity of the experimental situation which is modeled and the fact that the

parameters in Table I were chosen to fit the temperature-dependence of irradiation-

induced segregation, the agreement is considered good.

Effect of Damage Profile

During irradiation, fluxes of defects are”establishedknot only between the
matrii and defect sinks, but also in regions where gradients exist in the
defect production rate. Defect fluxes originate in regions where the produc-
tion rate is high and flow toward régioﬁs of lovér defect production. Pafticu~‘
larly large variations in the defect production rate occur adjacent to the
peak damage region in ion—irradiated materials. The J-L model has recently
been modified [7] to include a spatially nonuniform defect production rate.
In cases of strong defect-solute interactions such as occurs, for example, iu
Ni-51 alloys, the J-L model predicts a redistribution ofi solute between the

peak:damage region and the matrix immediately beyond the maximum penetration

:déﬁﬁﬁ of thé“ions.




A dispiééement'énergy of 40 eV was used with the Brice Codes RASE3 and
DAMG2 [9] tbrcéltﬁléte"ﬁhé>5parially dependent damage rate for 3-MeV 58Ni¥
ions on Ni shown in Fig. 2. The damage peak is located at 0.54 um from the
irradiated surface and thevtotal damage range is V1.1 pm., The damage profile
indicates that the 1atger nunber oi defects produced in the peak damage region
should create a net flux of interstitials from the peak damage region to depths
greater than the tofal damage range. In a manner similar to that observed
near the irradiated surface, preferential participation of Si in this interstitial
flux would be expected to cause depletion of Si near the peak damage region and
enrichment at greater depths.

The Ni-1 at. % Si sample which had been irradiated to 6.5 dpa at 522°C
was sputter-profiled with the Auger technique from the irradiated surface to
a depth of ~2 ym, which is well beyond the ion penetration depth. Although
strbng surface segregation and an underlying depletion layer were observed
(Fig. 1), no measurable changes in the Si concentration were found in or beyond
the peak damage region. The J-L model predicts enrichment to ~1.2 at. % Si
beyond the peak damage depth under these irradiation conditions. This is con-
'Siderably less than the compositional changes observed near the surface and
lies near the sensitivity limit of the Auger technique. The present measure-
ments therefore suggest that the degree of enrichment which is predicted
beyond tﬁe peak daﬁage region by the J-L model uSing the barameteré in Table 1
--and the damagé profile in Fig. 2 is an upper limit.

‘An indication that the J-L model may overestimate the degree of one-
dimensional solute redistribution can be seen in the transmission electron

micrograph shown in Fig. 3. The micrograph is a dark-field image taken with

a NijzSi superlattice reflection of an Ni-4 at, % Si specimen after irradiation
to 3 dpa at 525°C. Very severe segregation of Si to dislocation loops is evi-

dent. Similar effects have been reported by Barbu and Ardell. [13]} The segregation




is sufficient to form coatings of Ni3zSi on the loops., 1Internal sinks appear
to dominate the point defect diffusion near the peak damage range, and may

prevent the cestablishment of -long-range defect fluxes. The J-L model neglects

"intcrnalysinks,yahd thercfore may.overestimate the redistributiqn‘of;solute»*

" beyond the pedk damage region,

CONCLUSION
The experimentally determined dose-dependence of radiation-induced segre-
gation in an Ni-l at. % Si alloy ig in good qualitative agrecment with predictiﬂhé!
of the J-I. scpregation model. The experimental results and theoretical analysis -
“both show that‘theqirradiétion doses required. to cause sign}ficant‘compositional
'“éhﬁngésvétlgﬁéyé;ﬁcfﬁdl;surface, are remarkébly low,: Léfgéréoﬁpoéiﬁidnal chaages

" at grain boundaries can be expected to occur after equivalent doses, and to have-
élsignificant cffect on’ thé mechanical behavior of an irradiated alloy. The

present results therefore suggest that radiation-induced segregation may

affect the mechanical behavior of alloys long before the onset of void swelling. -
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FIGURE CAPTIORS
Si/Ni Auger peak-to-peak rativs as a function of depth from the
irradiated surface for five Ni-1 at. % Si specimers irradiated to
different doses.  lrradiation parameters are given on the [igure.
Peal-ro~pcak ratios measured in unirradiated samples containing
known amounts of Si arce indicated on the right-hand ordinate.
Normalized defcct production rate as a function of depth from the
irradiated surface.
(a) Bright-ficld image of interstitial Trank loops in a Ni-4 at. 7% Si
specimen irradiated to 3 dpa at 525°C.  (b) Dark-field image formed
with a v¥ superlattice reflection. hote the precipitation of '

on the dislocation loops.



TABLE I, Parameters Used in Calculations

Paramecters Values

Vibration frequency factor 5x101% 71
for interstitial

Vibration frequcency facter for 5x10'% g1
type-a interstitial-solutce complex

Vibration frequency factor for 5x1013 §7!
vacancy
Vibration frequency factor for 5¢1n'3 g7l

vacancy-solute complex

Migration energy of interstitial 0.15 eV
Formation energy of vacancy 1.60 eV
Migration energy of vacancy 1.28 eV
Migration energy of vacancy- 1.28 eV

solute complex

Migration energy of type-a 1.28 eV
interstitiai-solute complex

Binding energy of type-a 1.88 ev
interstitial—-solute complex

Binding energy of vacancy- 0.0
solute complex

Formation entropy of vacancy - 3 k%

%k is the Boltzmann constant



Ni-1 M. % Si

6.5 dpa ot 522 °C
2.8 dpo at 525 °C
0.5 dpaat 521 °C
0.6 dpo ot 537 °C
0.05 dpa ot 535 °C

s0Qo s

Si/Ni AUGER RATIO x 103
AL % Si

l
[ Il \ I

DEPTH, nm

Figure 1. Si/Ni Auger peak~to-peak ratios as a function of depth from

the irradiated surface for five Ni-1 at.

% 81 specimens irradiated
to different doses.

Irradiation parameters are given on the
figure. Peak-to-peak ratios measured in unirradiated samples

containing known amounts of Si are indicated on the right-hand
ordinate.
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Figure 2. Normalized defect production rate as a function of depth from
the irradiated surface.




Figure 3,

(a) Bright-field image of interstitial Frank loops in a
Ni-4 at. % Si specimen irradiated to 3 dpa at 525°C.

(b) Dark-field image formed with a y' superlattice reflec-
tion. Note the precipitation of y' on the dislocation

loops.



