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ABSTRACT

The redistribution of solute atoms near the surfaces of ion-bombarded Cu-
base alloys (Cu-3.4 at% Be, Cu-1 at% Co, and Cu-1 at% Fe) has been measured
using Auger electron spectroscopy combined with sputtering. Solution annealed
alloy specimens were irradiated with 14 MeV Cu ions at temperatures of 350°C
to 475°C, to doses of 8.8 x 1014 - 3.5 x 1016 jons/cm? (0.06 to 2.7 dpa at the
specimen surfaces). Strong irradiation induced surface segregation of the
undersize Be solute was observed, which increased with irradiation temperature
and dose. Some Be surface segregation also occurred in unirradiated control
samples, so the degree of segregation in irradiated Cu-Be depended upon the
thermal history of the specimen. The Co and Fe solutes, which are similar in
atomic size to Cu, underwent little or no redistribution during irradiation.
Irradiation induced precipitation in the Cu-Be was observed by electron

microscopy, although these results are discussed only briefly in this paper.



1. Introduction

In recent years, considerable effort has been devoted to the experimental
measurement of solute enrichment or depletion near point-defect sinks in ir-
radiated alloys [1-14]. The understanding of such localized changes in the
alloy composition is important, since these changes could alter the physical
properties of the bulk material. The origin of radiation induced solute
redistribution is linked to an interaction between the alloying elements and
radiation induced point-defect currents migrating to sinks [15-16]. The
magnitude and type of redistribution (enrichment or depletion) that occurs
near a sink is related to the relative size of the solute atom, which governs
the strain field surrounding the atom [17,10]. Regions near sinks tend to
become enriched with undersize solutes and depleted of oversize solutes.
Although solute segregation has been observed near internal sinks such as
voids [1-5] and dislocations [6], many measurements have been performed near
the external surfaces of irradiated specimens [7-14], because the free surface
is an unsaturable point-defect sink, and is easily accessible to the experi-
menter.

While many previous solute segregation experiments have focussed on Ni-
base alloys [5,7-10,12-14], little attention has been paid to other fcc
metals. The present paper reports on measurements of solute concentration
profiles near the surfaces of several Cu-base alloys that have been irradiated
with 14 MeV Cu ions at temperatures between 350°C-475°C, to doses ranging from
0.08 dpa to 3.5 dpa at the surface. Measurements reported here, which were
made using Auger electron spectroscopy (AES) combined with sputtering, are
part of an on-going investigation of solute redistribution and phase stability

in irradiated Cu-base alloys.



2. Experimental Methods

The alloys used in this experiment were Cu-3.4 at % Be, Cu-1 at % Co and
Cu-1 at % Fe. Beryllium, a very undersize solute in copper, has a relative
volumetric size factor [18] of -26.5%; Co is slightly undersize, with a size
factor of -3.78%. The Fe solute is believed to be slightly oversize, although
there is disagreement on this point (see Discussion). The Cu-1 at % Co and
Cu-1 at % Fe alloys were prepared by Materials Research Corporation using MARZ
grade stock with a nominal impurity content of less than 20 ppm. The Cu-3.4
at % Be (1/2 wt % Be) alloy was prepared by Wilkes [19]. This alloy contained
~ 550 ppm impurities, mainly Mg, Fe, Sn and Si. Portions of the alloy stock
were rolled into 0.25 mm - 0.38 mm foils, from which specimens ~ 1 cm x 1 cm
were cut,

A1l specimens were annealed and solution treated in an Hy atmosphere at
800°C-900°C for ~ 1-1/2 hrs, then quenched into distilled water. The Cu-Be
foils were mechanically polished after the anneal. Before loading into the
irradiation target chamber, ~ 25 um - 50 um was electropolished from each
specimen to provide a clean surface.

The alloy specimens were irradiated with 14 MeV cut3 ions in the Heavy
Ion Irradiation Facility of the University of Wisconsin tandem Van de Graaff
accelerator. This facility has been described in detail previously [20]. The
principal modification to this system for the present experiments has been
redesign of the specimen holder and furnace assembly. In the original design,
specimens were mounted adjacent to each other and were effectively heated en
masse, so the temperature history of an individual specimen could not be
controlled. Specimens in the redesigned holder were thermally isolated from

one another, which allowed an individual sample to be heated only during its



irradiation. Some specimens were irradiated in the old holder, where they
were subjected to annealing before and after irradiation, as discussed later.

Vacuum pressures during irradiation were generally less than 2 x 10~/
torr, the residual gas composed mainly of hydrogen. Irradiation temperatures
were monitored by thermocouples mounted behind and in good thermal contact
with each foil. A 3 mm diameter mask-aperture located in front of the sample
defined the shape and position of the heavy ion beam striking the sample.

The damage energy distribution for 14 MeV Cu on Cu was generated using
the Brice codes COREL, RASE 4 and DAMG 2 [21], then converted into displace-
ments-per-atom (dpa) vs. depth using a mean displacement energy of 34 eV. The
dpa curve corresponding to an ion flux of 1 x 1016 1’ons/cm2 is shown in Fig.
1. Effects of the alloying elements on the ion energy loss were not con-
sidered in these calculations. The peak damage occurred at a depth of ~ 2300
nm into the target and was ~ 16 times greater than the damage at the target
surface. Since all AES measurements were made within ~ 300 nm of the specimen
surface, dpa damage Tevels quoted in this paper are those at the surface
rather than at the damage peak. In this experiment, the dpa rates at the
specimen surface ranged between 1.7 x 10-4 dpa/sec and 3.0 x 10-% dpa/sec.

The alloy composition near the irradiated foil surface was profiled using
a Physical Electronics Industries Model 548 Auger/ESCA System. A 3 keV pri-
mary electron beam of 30 uA, with a diameter of ~ 0.2 mm, excited the Auger
transitions. Sputtering was accomplished with a beam of 2 keV Xe™ or 5 keV
Art ions. The sputtering rates were determined by masking off part of the
specimen close to the point of contact of the primary electron beam, then
measuring the resulting step-height with an intérference microscope. These

rates were assumed to be linear, i.e., no corrections were made for changes in



alloy composition with depth. Absolute sputtering rates were also measured by
clocking the time required to sputter through a foil of known thickness, while
simultaneously monitoring the Auger spectrum from the foil. Pressures in the
high vacuum chamber were ~ 109 torr before sputtering began, and ~ 5.5 x 1070
torr after introduction of the high purity Xe or Ar.

The energy spectra of the Auger electrons were recorded as dN(E)/dE vs.
E, where E is the energy of the Auger electron and N(E) is the number of
electrons detected at that energy. The concentration of an element is related
to the peak-to-peak amplitude of dN/dE for an Auger transition characteristic
of that element. The composition vs. depth measurements in the Cu-Be speci-
mens were obtained by simultaneously sputtering and measuring the amplitudes
of selected Auger peaks, with the instrument in a multiplex mode. Auger
spectra were also recorded before sputtering began and following the comple-
tion of sputtering. In the Cu-Co and Cu-Fe samples, the measurements were
made by sputtering, then intermittently recording the Auger spectra with the
ion beam off.

Following Auger analysis, all specimens were thinned and studied in the
electron microscope, to determine the effects of irradiation on precipitation
in the damage zone. These results are discussed very briefly in this paper.
3. Results

Depth profiles of the relative alloy composition near the irradiated
surfaces of Cu-3.4 at % Be samples are shown in Figs. 3-7. The relative
solute concentration profiles in Cu-1% Co and Cu-1% Fe are shown in Figs. 9
and 10, respectively. Composition profiles labeled "control" were measured
from areas of the foil masked from the Cu ion beam, whose temperature history

was identical to that of the irradiated spot. Irradiation temperatures and



heavy-ion doses {(which can be converted to dpa using Fig. 1), are given in
each figure.

In the Cu-Be specimens, the relative concentration of an element at a
given depth was assumed to be proportional to the peak-to-peak Auger amplitude
of that element, after correction for the element's relative Auger sensitivi-
ty. The elemental sensitivity factors and the method of calculation are from
Davis, et al. [22]. However, the concentration profiles presented here should
be considered only first order approximations. The data are presented in this
manner to facilitate comparison between specimens. Accurate quantitative
analysis would have required the use of Cu-Be standards and more detailed
calculations to determine the relative sensitivity factors of the elements
[23,24]. Without the use of standards of various compositions, matrix effects
on the Auger signals are not well known. The relative beryllium concentration
was measured using the Auger transition at ~ 95 eV. The transitions at 508 eV
(oxygen) and 920 eV (copper) were also used in the calculations.

A typical Auger spectrum of the surface of an irradiated foil, along with
a spectrum from a depth of ~ 100 nm, are given in Fig. 2. The upper spectrum
in this figure contains a beryllium peak at 95 eV and also a large oxygen peak
at 508 eV. Before describing the results of the Be measurements, these two
features must be discussed. The main Auger peak for pure, or chemically
unbound beryllium, is reported to occur at 104 eV rather than 95 eV [22,25].
Previous AES studies on both pure Be [25] and on a Cu-2% Be alloy [26] indi-
cated that the 94 eV - 96 eV peak is characteristic of oxidized beryllium. The
effect of Cu alone on the energy and yield of the Be Auger electrons is not
known, since no spectra from clean Cu-Be were found in the literature. In

this experiment, Be giving rise to a 104 eV signal would have gone undetected



because of interference with the 105 eV peak of Cu. Therefore, the question
of whether the 95 eV peak was representative of the actual Be concentration
was investigated.

As shown in Fig. 6, the ratio of the oxygen/beryllium concentrations
typically decreased with depth. To check if any unoxidized Be existed that
did not contribute to the 95 eV peak, the following test was performed. A
specimen irradiated at 430°C (not shown in these figures), which exhibited a
large Be enrichment near the surface, was sputtered until the 95 eV peak
decreased to ~ 25% of its initial value. The specimen was then withdrawn from
the high vacuum chamber to the reaction chamber of the instrument, where it
was exposed to air for ~ 5 minutes. A scan of the freshly oxidized specimen,
after re-insertion to the same position within the high vacuum chamber as
before, showed an increase in the 508 eV oxygen peak as expected, but no
increase in the 95 eV Be peak. The peak height of the beryllium transition at
95 eV was therefore assumed to represent the actual beryllium concentration.

Each Cu-Be specimen in Figs. 3-6 was held at the indicated temperature
only while it was exposed to the heavy ion beam. Otherwise the specimen
remained at temperatures between 100°C-200°C, until irradiation of all speci-
mens in the target chamber was completed. Strong beryllium enrichment oc-
curred near the surfaces of all irradiated foils. However, significant
beryllium enrichment due to thermal segregation was also observed in all
control specimens.

The relative concentrations of Be, Cu and 0 vs. depth in a specimen
irradiated at 475°C with 1.8 x 1010 ions/cm2 (1.35 surface dpa) are shown in
Fig. 3. The amplitude of the Be Auger peak within ~ 15 nm of the surface is

about 30 times greater than the Be amplitude at a depth of ~ 100 nm, where the



profile levels off. Error bars on the data in this figure represent the
typical estimated uncertainty in the measured peak-to-peak Auger amplitudes
due to random instrument noise. At depths greater than ~ 60 nm the relative
uncertainty in the Be concentration becomes quite large due to the small
amplitude of the Be Auger peak. No attempt was made to measure Be concen-
trations at depths beyond the enriched zone, where Be depletion must have
occurred due to conservation of solute.

In Fig. 4 the Be concentration profile of the 475°C specimen is compared
with Be profiles in several other specimens irradiated at Tower temperatures,
but with similar ion doses. Beryllium concentration profiles from corre-
sponding control samples are also shown in Fig. 4. There is a striking
difference between the Be profiles in the samples irradiated at 475°C and
375°C to a surface dose of ~ 1.3 dpa. The maximum Be concentration is about
40% higher in the 475°C sample, while the width of the beryllium enriched zone
is ~ 400% greater. The maximum Be enrichment is lower still in the 350°C
specimen, which was irradiated to twice the dose of the higher temperature
samples. The widths of the enriched zones in the 350°C and 375°C samples are
similar. In the control samples, both the maximum Be concentration and the
width of the enriched zone decrease with temperature. An abrupt decline in
the Be concentration profiles begins at the surface of the control samples,
whereas in the irradiated specimens the Be concentration remains approximately
constant in the first 10-20 nm, then drops sharply.

In Figs. 5 and 6 the relative Be concentration profiles are plotted vs.
depth for specimens irradiated at 375°C-430°C, but to lower doses than in Fig.
4. While the shapes and maximum values of the Be profiles are about the same,

the width of the solute enriched region decreases with decreasing dose and



irradiation temperature. The damage levels at the surfaces of these specimens
ranged from 0.08 dpa to 0.33 dpa. As in the higher dose specimens, Be enrich-
ment in the control samples is substantially smaller than in the irradiated
samples, and the Be concentration decreases approximately linearly with depth.

The effect of pre-irradiation and post-irradiation aging on the near-
surface Be enrichment in several Cu-Be foils is shown in Fig. 7. Beryllium
concentration profiles labeled "AGED" are from samples that were held at
temperatures between ~ 475°C-350°C, for various lengths of time, before and
after irradiation to 0.2 surface dpa at the temperatures indicated in the
figure. The 475°C specimen was held at ~ 475°C for 6 hours before irradi-
ation, then at 430°C to 350°C for ~ 8 hours after irradiation. The 430°C
specimen was annealed at 475°C-430°C for ~ 9 hours before irradiation, and at
400°C-350°C for 5 hours after irradiation. Finally, the temperature of the
350°C specimen ranged from 475°C-350°C for ~ 14 hours before irradiation.
This unusual heat treatment was not intentional, but resulted from the design
of the specimen holder used for these samples, as explained earlier. The
purpose of including these concentration profiles is to illustrate the sensi-
tivity of the beryllium enrichment to the thermal history of the specimen.
The Be enrichment in the aged control sample is much less than in the aged
irradiated specimens, yet larger in amplitude and width than profiles in
control samples in Figs. 4-6. Several Be concentration profiles from speci-
mens that were heated during irradiation only are also plotted in Fig. 7, for
comparison with the aged specimens.

Although Auger analysis was performed only to depths within ~ 100 nm of
the surface of the Cu-Be foils, the alloy microstructure deeper in the foils

was studied by transmission electron microscopy (TEM). Platelike precipitates



(belived to be y'CuBe) were observed in all Cu-Be specimens irradiated at
375°C-430°C, and in high dose specimens irradiated at 475°C. No precipitation
occurred in any of the unirradiated control specimens. As an example, Fig. 8
shows precipitation throughout the damage zone of a specimen that was irradi-
ated at 430°C with 3.2 x 101° ions/cmz, then thinned in cross section. Note
the absence of precipitation beyond the end-of-range of the incident ions.

The relative concentrations of cobalt vs. depth in Cu-1% Co foils irradi-
ated at 475°C and 400°C are plotted in Fig. 9. Since the peak height of the
Co Auger transition was always much smaller than the peak height of the Cu
transition, and since Co and Cu were the only elements present in the samples,
the Co concentration is represented by the ratio of the Co (656 eV) to Cu (920
eV) peaks. The largest Co Auger peak, at 775 eV, was not used because of
interference with the 776 eV peak of copper. Error bars on the data in Fig. 8
represent uncertainty in measurement of the small Co peak due to random
instrument noise. The data from the 400°C unirradiated control sample are
typical of all control samples measured. These specimens were irradiated to
surface doses of ~ 0.25 dpa (at 475°C and 400°C) and ~ 1.1 dpa (at 475°C). As
Fig. 8 indicates, no solute redistribution occurred in the Cu-Co specimens,
within the limits of experimental error (~ t 30%).

Concentration profiles of Fe in irradiated Cu-1% Fe samples, obtained
from the measured ratios of the Fe (651 eV) to Cu (920 eV) Auger peak heights,
are plotted in Fig. 10. Again, the relatively small signal to noise ratio
results in a large uncertainty in the measured Fe peak height. Within the
limits of the estimated experimental error the Fe concentration is approxi-
mately constant with depth in samples irradiated at 350°C and 400°C to ~ 0.76

surface dpa, and in the 400°C control sample. However, the Fe concentration



in the specimen irradiated at 450°C (0.76 surface dpa) is partially depleted
within ~ 150 nm of the free surface. The Fe/Cu ratio at the surface of the
specimens was not measureable because oxygen and carbon surface contamination
reduced the relative size of the Fe Auger peak to the level of the background
noise.

4, Discussion

4.1 Behavior of Beryllium Solute

The enrichment of Be near the surface of irradiated Cu-3.4 at % Be foils,
estimated by the area under the Be concentration-vs.-depth curves, was in all
cases greater than in corresponding unirradiated samples. This enrichment
increased with both irradiation temperature and dose (Figs. 3-6). Examination
of relatively low dose specimens (0.08 suface dpa) irradiated at 430°C and
400°C in Figs. 5 and 6 shows a very rapid build-up of Be at the foil surface,
to a maximum value of roughly 50% Be. Irradiation to higher doses, at temper-
atures < 430°C, increased the width of the Be enriched zone, but did not
significantly alter this maximum Be concentration. The effect of increasing
the irradiation temperature, within the temperature range used in this study
(350°C-475°C), was to increase both the width of the Be enriched region and
the concentration of Be within this region (Fig. 4).

The shape of the Be concentration vs. depth profiles in all irradiated
specimens (a relatively flat profile within 5-15 nm of the surface followed by
a steep gradient) is assumed to indicate a precipitate layer near the surface.
ATthough the microstructure of this region was not examined by TEM, the evi-
dence of irradition induced precipitation deeper in the damaged region (Fig.

8) supports this assumption.
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The Be enrichment due to thermal segregation only, which occurred in
unirradiated regions of the foils, increased with temperature, and increased
with the length of time the specimen was held at high temperature. Segregation
of Be to the surface of Cu-Be samples during heating has been also noted by
previous investigators [11,26,27], who assumed that oxidation stabilized the
Be. The surface segregation of Be during heating before irradiation is
believed to be the cause of the large Be near-surface enrichment observed in
the aged specimen in Fig. 7.

Segregation of the undersize Be solute to the surface during irradiation
agrees with the results of previous solute segregation studies in Ni alloys
containing undersize solutes [7,9-13]. The irradiation induced Be segregation
observed here is consistent with the work of Bartels, et al. [28], who ob-
served a decrease in the amount of Be in solution in very dilute Cu-Be alloys,
following 3 MeV electron irradiation. Presumably the Be segregated to inter-
nal sinks. In those studies, the segregation mechanism was assumed to be
preferential transport of the undersize solute via the interstitial flux to
sinks. This mechanism is assumed to operate in the present study, although
radiation enhanced diffusion may also accelerate the transport of Be to the
surface. Post-irradiation annealing studies will be done in the future to try
to define the mechanisms responsible for the segregation.

4.2 Behavior of Co and Fe

According to theory [17,10], the magnitude and direction of solute segre-
gation depends in part on the misfit between the solute and solvent atoms.
The absence of significant radiation induced solute segregation in the Cu-Co

alloy indicates little interaction between the Co atoms and the point defect
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currents, which is consistent with the fact that Co and Cu atoms are similar
in size.

In Cu-Fe, the depletion of Fe near the irradiated surface, at 450°C,
would indicate a preferential exchange of oversize Fe atoms with vacancies,
causing migration of the Fe atoms away from the surface [10]. The data in the
present work, however, conflict with a recent HVEM study by Takeyama, et al.
[29,30], who measured Fe enrichment near internal sinks (voids and grain
boundaries) in Cu-2% Fe irradiated to 10 dpa at 300°C. Takeyama, et al. state
Fe is an undersize solute in Cu, and therefore attribute the Fe enrichment to
the interstitial transport mechanism proposed by Okamoto and Wiedersich [17].
A review of the literature reveals disagreement over whether Fe is oversize or
undersize in Cu solid solution. Several x-ray studies [31,32] and a simple
calculation [33] indicated Fe is slightly undersize, while other precision x-
ray measurements [34,35] showed that the addition of Fe to pure Cu increased
the Tattice parameter of the solution. Because of this uncertainty in the size
factor of Fe, the mechanism by which Fe segregates during irradiation cannot

be determined at this time.
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Figure 1.  Energy deposition profile, in displacements-per-atom (Tga), for 14
MeV Cu ions incident on a Cu target, normalized for 10 ions/cm®,
(Generated using Brice code [21]).

Epe 3Kev
Ipe 304A
Em» 30V

Bs (Be0)

T 2

Cv

4N/dE

¥ T T T T

T T T T
o 100 200 300 400 500 600 700 800 900 1000
AUGER ELECTRON ENERGY, oV -

Figure 2.  Typical Auger electron spectra for irradiated Cu-3.4 at % Be.
Top: 1irradiated surface before sputtering. Bottom: after sput-
tering until alloy composition no longer changes with depth (~ 100

nm depth).

15



o
o

75

n
(&)

ATOMIC CONCENTRATION, percent
(8]
o)

0 20 40 60 80 100
DEPTH (nm)

Figure 3. Concentration vs. depth profiles of Be, Cu and oxygen in
Cu-3.4 at % Be irradiated with 1.8 x 10 ions/cm¢ (1.3 surface
dpa) at 475°C. These concentration profiles are f1rst order
approximations, generated from Auger electron spectroscopy data.

5 318 Ton: K
=" e EREErty 78
S A& 3.5x10'° ions/cm? at 350°G
o 4 475°C CONTROL
> °° o 375°C conTROL
& Oem=A 3509 CONTROL
c % -
&,.4 |
z:
O

30 \ N
Eo.
2 20 N
3
> 10 0|
0
m O

DEPTH (nm)

Figure 4. Concentration vs. depth profiles of Be in Cu-3.4 at % Be irradi-
ated at 475°C (1.3 surface dpa), 375°C (1.3 surface dpa), and
350°C (2.6 surface dpa), generated from AES data. Control
measurements were obtained from areas of the specimens masked from
the Cu ion beam.

16



Figure 5,

Figure 6.

at.N peg‘:enk
[®] o _,0

o

o

! . 1.6x10'5 10NS / em? AT! 430°C

O 8.8x107 ONS / cm? AT 430°C —
4 NON (RRADIATED CONTROL, 430°C

BERYLLIUM CONCENTRATION,

(@]

I 1 3‘1— T ‘0
10 20 30 40
DEPTH (nm)

Berx]]ium concentration vs. depth profiles in Cu-3.4 at % Be ir-
radiated at 430°C to relatively low doses (0.13 and 0.06 surface
dpa). Concentrations are first-order approximations generated

from AES data.
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Concentration vs. depth profiles in Cu-3.4 at % Be irradiated at
400°C to relatively low doses (0.13 and 0.06 surface dpa), and at
375°C (0.25 surface dpa). The oxygen profile shown here is typi-
cal of these specimens. Concentrations are first order approxi-
mations generated from AES data.
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Figure 7. Comparison of Be concentration profiles in Cu-3.4 at % Be speci-
mens aged before irradiation, with Be profiles in specimens heated
only during irradiation. The 475°C and 430°C aged specimens were
also heated after irradiation (see text for details).
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Figure 8.

++ depth(microns)

Electron-micrographs of irradiation-induced pigcipitatign in Cu-
3.4 at % Be irradiated at 430°C with 3.2 x 10*° ions/cm¢ (0.26
surface dpa). The damage zone, which extends to a depth of ~ 3
microns, is shown here in cross section. A precipitate reflection
was used for the dark field image. Note the absence of precipi-
tation beyond the damage zone.
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Figure 9.

240

Relative cobalt concentration vs. depth profiles in Cu-1 % Co
irradiated at 475°C (3.5 and 0.7 surface dpa) and 400°C (0.7

surface dpa), generated from AES data.
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