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Abstract

Lithium-bearing alloys such as Si-Li, Al-Li and Cu-Li
are of importance in a variety of technological applications,
many of them depending on the fact that the surface composi-
tion of these alloys differs significantly from that of the bulk,
both at thermal equilibrium and under ion bombardment. Dur-
ing ion sputtering, these materials exhibit a variety of phenom-
ena which affect the surface composition and concentration
depth profile in a complex manner. We present here experi-
mental measurements of the surface and near-surface composi-
tion profiles of sputtered Cu-Li and Al-Li alloys. The experi-
mental results are interpreted in terms of surface loss and
radiation-induced segregation processes. Empbhasis is placed
on the use of these materials for use as plasma-interactive com-
ponents in magnetic-confinement fusion applications.

Keywords:Lithium Alloys, Sputtering Properties, Surface
Composition, Near-Surface Composition, Gibbsian Segrega-
tion, Radiation-Induced Segregation, Solid-State Diffusion,
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Introduction

Lithium-bearing alloys have a number of important
technological applications. Dilute alloys of Li in Si have been
used to make efficient, very rugged photocathodes [15]. More
concentrated Si-Li alloys are being used as the negative elec-
trode in advanced secondary batteries [19]. In this application,
alloys containing up to 94 at.% Li have been used to contain
the lithium electrode material in solid form. B-phase Li-Al
(47-55 at.% Li) is another contender for the cathode material
because of the exceptionally high diffusivity of Li in the
solid [24] (~4 orders of magnitude higher than the low con-
centration o. phase) even though the cell potential is somewhat
lower [19]. Depletion of the lithium inventory in these elec-
trode materials during use is a major factor determining the life
of the cell.

Lower concentration Al-Li alloys are of interest as a very
light, high-strength structural material for airframe use [23]. A
major consideration for this application concerns embrittlement
and loss of lithium in the near-surface region as a result of
welding. The mechanical properties depend on the extent of
lithium loss, the depth of the depleted region, and the depth
profile of the lithium concentration.

In another application, aluminum alloys have been pro-
posed as a tokamak first-wall material [10] because of the low
activation cross section for 14.1 MeV fusion neutrons. It has
been found that the addition of up to 16 at.% lithium drasti-
cally reduces the neutron swelling of Al-Mg alloys [1], result-
ing in a material which eliminates one of the major problems of
the fusion environment.

Another major problem associated with plasma-
interactive materials in fusion applications concerns sputtering-
induced erosion. Not only do most materials have an unac-
ceptably short service life as a result of sputtering, but the
sputtered material enters the plasma and causes energy loss by
line emission. Since the rate of energy loss is proportional to
Z3, high-Z refractory metals, which have low sputtering yields
for light ion impact, are probably unacceptable because even
very low plasma impurity levels of high-Z atoms are sufficient
to quench the thermonuclear burn.

It has been proposed that the erosion of plasma-
interactive components (e.g., first walls and limiters) in fusion
devices and the plasma contamination resulting from entry into
the plasma of eroded material might be significantly reduced
through the use of materials which form a self-generating
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low-Z coating as a result of the interaction between the plasma
and the surface. According to the results of the Monte Carlo
computer code, TRIM, the low-Z coating need not be more
than 1-2 atomic layers in thickness in order to very significant-
ly reduce the sputtering yield of the higher-Z component [7].

If in addition, the low-Z material is sputtered primarily in the
form of secondary ions, the loss of this component is also
very low since the electric and magnetic fields of a magnetic
fusion device trap secondary ions at the surface of the plasma-
interactive component. The service life of such a material is
determined by the concentration profile and the extent of deple-
tion of the low-Z component.

It has been experimentally found that lithium spontane-
ously forms an overlayer in Al-Li and Cu-Li binary alloys [8],
and that the lithium overlayer results in ~4-6x reduction in the
sputtering yield of the solvent metal. Additionally, enhanced
secondary electron emission has been observed [11] to result
from the formation of the lithium overlayer. In a fusion envi-
ronment, the plasma edge temperature, and consequently the
sputtering rate of plasma-interactive components, may be re-
duced as a result of high secondary electron yields. The lithi-
um, which is preferentially sputtered, would constitute the pri-
mary plasma impurity in a fusion device. Because of its low
atomic number, it is expected that there would be negligible
plasma energy loss due to line emission by lithium plasma im-
purities. The Al-Li and Cu-Li binary alloys are therefore plau-
sible candidates for the production of self-sustaining lithium
coatings as a means of reducing the substrate sputtering ero-
sion yield in fusion devices.

Cu-Li alloys are of interest for fusion applications be-
cause copper has a higher melting point and better thermal con-
ductivity than aluminum. Additionally, since copper has a
higher work function than aluminum, lithium sputtered from a
copper surface has a higher secondary ion fraction. Because of
the electric and magnetic fields in a fusion environment, secon-
dary ions are trapped at the surface and do not constitute a
source of plasma impurities. There is also a long-term condi-
tioning effect in the Cu-Li alloy which results in an ability to
maintain the lithium overlayer for extended periods of time.
An example of this effect is shown in Fig. 1 [6] for a Cu-6
at.% Li alloy sputtered by 100 eV He ions extracted from a
plasma. The amount of copper in the plasma was determined
by monitoring the intensity of the 303.6 nm Cu I emission
line. The sputtering yield for pure copper was dose-
independent, whereas the CuLi alloy exhibited a dramatic re-
duction in the amount of copper entering the plasma after ex-
tended sputtering.

Although the mechanism of this conditioning process is
not fully understood, it appears to be related to radiation-
induced precipitation of Cu-Li compounds [12]. The secon-
dary ion fraction of the sputtered lithium varies significantly,
depending on the material and experimental conditions [14,3]
but has been found to be as high as 90% [2]. It is therefore
relevant to determine the initial surface composition, time evo-
lution, and steady state composition of the surface after pro-
longed sputtering. A detailed comparison is made between
Cu-Li and Al-Li alloys.
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Fig. 1: Dose dependence of the 303.6 nm Cu I emission line
(arbitrary units) for plasma sputtering of a pure copper sample
(O) and Cu-6 at% Li (®)by 100 eV Het at 450°C with a flux
of 6.25x1017 ions cm-2 sec-1.

Theory

At thermal equilibrium, the composition of the first
atomic layer of a binary alloy [26] is given by

where C1, and Cyy, are the first atomic layer concentrations of
species a and b, C, and Cy, are the bulk concentrations of a
and b, and AHj is the heat of segregation, which is related to
bond enthalpies, atom size, and the alloy crystal structure.
During high temperature sputtering, the surface composition is
altered as a result of radiation-enhanced diffusion, radiation-
induced segregation, preferential sputtering and recoil mixing.
At steady state, the surface composition is determined by pref-
erential sputtering and is given by

C1a/C1p=CaSt/CpSa )

where S, Sy, are the sputtering yields of species a and b in the
alloy. Eq. 2 is based on the assumption that sputtered atoms
originate entirely in the first layer. A number of recent experi-
ments and calculations show that this is approximately true un-
der the conditions to be discussed in this paper. Initially, there
will be a transitory period during which large changes in the
surface concentration and sputtering rate occur. The steady
state condition (expressed by Eq. 2), however, will be reached
only when the subsurface concentration of the segregating spe-
cies has been depleted to a depth

A=D, /v 3)

where v is the surface recession velocity and Dy is the radia-
tion-enhanced diffusion coefficient of speciesa, defined as
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D =d, C

a_-av v+daiCi

@
where dgy, dyj are the diffusivity coefficients for species a via
vacancies and interstitials, respectively, and Cy, and C;j are the
vacancy and interstitial concentrations.

Radiation-induced segregation (RIS) results from a pref-
erential coupling of either solute or solvent species with radia-
tion-induced point defects, and can produce either a subsurface
buildup or depletion of the solute species, depending on the
relative magnitudes of the solute-defect and solvent-defect in-
teractions. RIS depends on the defect concentration gradients;
the flux of atomic species a across an imaginary plane is given
by

J,=-

D, VC, - C, {d,; ¥C; -d, VC.). )
In principle, both vacancies and interstitials affect the diffusion
of the solute species a relative to the solvent b. However, in
many alloys, RIS is dominated by one defect species or the
other.

The model used to calculate the solute concentration pro-
file resulting from all these processes has been described in de-
tail elsewhere [9,16-18]. In order to define the quantities used
in the present calculations, we note that for thermally activated
diffusion via vacancy or interstitial coupling, the activation en-
ergies are given by

Eav =Efv = Emv (62)

Eai =Efi +Ep; (6b)
where Eg,, Eny, Eg, Epj are the formation and migration

energies for vacancies and interstitials, respectively. It is as-
sumed in Egs. 6a and 6b that only monovacancies are relevant:
divacancies and higher order vacancies do not exist in suffi-
cient numbers to affect the solute transport. During high tem-
perature sputtering, the majority of the vacancies and intersti-
tials are normally created by the radiation, and the movement
of atoms in the solid is then determined by the migration ener-
gies, rather than by the activation energies. Such is the case
for the Cu-Li alloy system. However, for the Al-Li system,
the vacancy formation energy is low and the thermal equilibri-
um vacancy concentration is ~103 times that of Cu-Li. Conse-
quently, the thermally-induced vacancies dominate the radia-
tion-induced vacancy concentration and VC, is therefore very
small. Therefore vacancy-induced RIS is expected to be negli-
gible. If RIS is significant in Al-Li, it must then be driven by
interstitials. Additionally, the formation of solute-interstitial
complexes modifies the solute concentration profile. These
complexes are probably not stable at the temperatures to be
discussed here, but they are continually created during the
sputtering process and there are always some available. The
concentration of solute-interstitial complexes is determined by
the temperature and the solute-interstitial binding energy, Ey;.
For each of the calculations presented in this paper, the values
used as input are tabulated in Table 1.
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Table 1
Input Parameters for the Calculation of
Solute Concentration Profiles

Fig. Emv Efy Eq Emi Epi
2 Cu 0.82 1.20 2.02 0.117

Li 0.70 0.85 1.55 0.117 0
3a Al 0.67 0.81 1.48 0.115

Li 0.63 0.77 1.40 0.115 0
3b Al 0.63 0.81 1.48 0.115 0

Li 0.63 0.77 1.40 0.150 0.101
4 Al 0.67 0.81 1.48 0.115 0

Li 0.54 0.66 1.20 0.115
9 Al 0.67 0.81 1.48 0.115 0

Li 0.63 0.77 1.40 0.115

For the Cu-Li system, the activation energy for the dif-
fusion of lithium in copper via vacancy coupling is lower than
that of copper in copper (Table 1). Consequently, lithium is
expected to accumulate in regions of maximum damage
density. The calculated Li concentration profile is shown in
Fig. 2 for 1.1x10% seconds of 1.7 keV D* bombardment at
350 ©C. There is a shallow lithium-rich layer right at the sur-
face, followed by a region of extreme lithium depletion just be-
low the surface. Starting at a depth of ~1 nm, there is a broad
region about 100 nm wide of very high lithium concentration.
The shape of this subsurface region depends on temperature,
and the mass and kinetic energy of the incident ion as well as
the Li sputtering yield [12]. However, the general shape of
the subsurface region of enhanced lithium concentration is re-
lated to the damage profile. If the damage profile is sufficient-
ly peaked, it is expected [12] that the subsurface lithium con-
centration will exceed 20 at.% (shown in Fig. 2 by the dotted
line) and precipitate the formation of CuyLi, the only known
copper-lithium compound. Radiation-induced precipitation is
expected to further alter the composition profile since precipi-
tates may serve as additional defect sinks and/or solute traps.
Consequently, the observed lithium profile will be broader
than shown in Fig. 2.

For the o phase of the Al-Li system, it is much harder
to specify the effect of RIS. The activation energies for diffu-
sion of the two component species by vacancy coupling and
by interstitials have been measured experimentally. However,
the interpretation of the experiments depends on the assumed
lithium diffusion mechanism. The thermal activation energy
for the diffusion of Li in Al is reported as 1.4 eV [25]. Using
the rule, valid for vacancy-induced diffusion in FCC metals,
that vacancy formation energy is 55% of the activation energy
[20] gives Eg,(Li)=0.77 eV and E;(Li)=0.63 eV. Experimen-
tally, a value E¢, (Al)=0.76 £ 0.04 eV has been obtained by
positron annihilation spectroscopy for the self-diffusion of Al
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Fig.2: Calculation of the lithium concentration profile of Cu-
8.5 at.% Li bombarded by 1x1020 1.7 keV D+ at a flux of
8.8x1015 cm2 sec-1 at 350°C for vacancy-driven RIS. The
dashed line corresponds to the compound CugLi.

[5], based on the assumption of a monovacancy model. How-
ever, it was found that a better fit to the temperature depen-
dence of the diffusion coefficient could be obtained by assum-
ing the existence of a divacancy mechanism. The formation
energy of the lithium monovacancy was then found to be 0.66
eV and the divacancy formation energy was 0.3 eV.

In order to determine the role of interstitials in the solute
diffusion in o phase Al-Li, different values of solute migra-
tion energy (€pjy) ranging from 0.115 eV (the migration ener-
gy of Alin Al via interstitials) to 0.25 eV were assumed. For a
given value of solute-interstitial binding energy (ey,,), the cal-
culated lithium profiles were independent of ep,;, . Varying
epia for a given value of e, resulted in very slight change in
the calculated lithium profiles for all values of ep;, <0.1€V.
It therefore appears that radiation-induced segregation by an
interstitial mechanism is negligible compared with vacancy-
related effects. This conclusion is also supported by the fact
that at thermal equilibrium the vacancy concentration is 11 or-
ders of magnitude larger than the interstitial concentration and
during irradiation it is still up to 8 orders of magnitude larger.
Consequently, large VC; terms in Eq. 5 cannot be obtained
and RIS by interstitials is not dominant. Since VC, is also
small, as discussed above, the solute flux in Eq. 5 is dominat-
ed by the VC, term.

The model used here is based on the assumption that
only monovacancies and interstitials affect the radiation-related
transport properties [16-18]. Formation energies for the alu-
minum vacancy ranging from 0.73 eV to 0.81 eV were used to
calculate the predicted lithium concentration profile. It was
found that regardless of the value used for Eg, (Al), the best fit
to the experimental data resulted when a value E, (Al)=1.48 eV
was used, regardless of the Eg, (Al) value. This is again in
accord with thermally-dominated diffusion processes. The re-
sults for E,=0.81 eV are presented here.

Calculations have been performed for the Al-3.46 at.%
Li system subject to 1.7 keV D+ sputtering for 2.7x104 sec-

1.7 keV DY / AI-3.5 at.% Li
T=350 °C
Vacancy

[Lil(x) / [Lil(b)
o
o

O-O'I'l'l'Ifrfr'l-l-l'
012 3 45 6 7 8 9 10
Depth (microns)
1.2 1
1.0 |

0.8 ] ®

[Lil(x) / [Li](b)
o
o

il 1.7 keV D'/ Al-3.5 at.% Li
0.4 4 T=350 °C
0.2 A Interstitial

0.0 1 T v L L S5 T
0 1 2 3 4 56 7 8
Depth (microns)

1 71770

9 10

Fig.3: Calculated lithium concentration profile (normalized to
the bulk concentration) for 1.7 keV D* bombardment of Al-
3.5 at.% Li at 350°C. (a) Vacancy mechanism was assumed
using 0.63 (1.4) eV for the lithium migration (activation) ener-
gies and 0.67 (1.48) eV for aluminum. (b) Interstitial mecha-
nism was assumed using 0.15 eV for the lithium migration en-
ergy and 0.115 for aluminum.

onds. Two different mechanisms have been assumed. In one
case, (Fig. 3a), a preferential vacancy exchange mechanism
with E,,(Li)=0.63 eV {E,(Li)=1.4 eV} and E,(Al)=
0.67eV {E,(Al)=1.48 eV} has been assumed. In the other case
(Fig. 3b), preferential exchange or preferential association has
been assumed between lithium and the interstitials, using val-
ues of E,;(Li)=0.150 eV, Ep;(Al)=0.115 eV, and Eg;
(Li)=0.101 eV, obtained from the literature [27]. Nearly iden-
tical Li profiles are obtained for the two mechanisms. It
should be noted, however, that regardless of the mechanism
assumed for the Al-Li system, the predicted solute concentra-
tion profile is qualitatively quite different from that of the Cu-
Li system.

In the absence of strong RIS, the major radiation effects
are preferential sputtering, radiation-enhanced diffusion
(RED), and cascade mixing. Phenomenologically, it is possi-
ble to model these processes by a surface loss mechanism and
an effective bulk diffusion rate. This model is formally equiv-
alent to a thermal loss mechanism and has been used to charac-
terize the loss of lithium from o phase Al-Li by thermal evapo-
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ration. Following the approach of Carlslaw and Jaeger [4],
Schulte et al. [23] describe the lithium concentration profile by:

_ 4(Ca-C1a) = (N
CO=C1+———" % onipy
-Dat(2n+1)2 12 (2n+1)mx
Xexp (_—4L2 ) X cos L 7
where Dy is given by:
D,=D,, exp (-E/kT) (8)

and L is the specimen thickness, C, is the bulk concentration
of a, C,(x) is the depth-dependent concentration of a and Cy,
is the surface concentration of a. E, is again the sum of the de-
fect formation and migration energies. For a phase Al-Li, we
have used the values Dy=3.292 cm? sec"! and E,=1.4 eV

[23,25], although for very dilute alloys E, has been reported
to be as low as 1.2 eV [9].

For purely thermal processes, the lithium diffusion is
characterized by Eq. 8 with constant E; and Dy values. In a
radiation environment, it is expected that the effective diffusion
coefficient is depth-dependent. The exact shape of the profile
depends on the near-surface lithium concentration. If it is as-
sumed that the near-surface lithium depletion is nearly com-
plete, the predicted solute concentration profile at 3500C with a
constant activation energy of 1.4 eV is as shown in Fig. 4a.
Except for the fact that the surface peak resulting from Gibb-

sian segregation is not considered in the treatment of Schulte
et al. [23], this profile is similar to the profile expected for RIS

for a vacancy coupling mechanism with an activation energy of
1.2 eV (Li migration energy of 0.47 eV) as shown in Fig. 4b.

RIS (vacancy)
11 —o-0-0-0-0-4
| Eq =1.2V Pat=s
s %% ® i
- (a)
= 0.67 Thermal
: ) Ea = 1.4 GV
x 0.4¢
= 0.2 1.7 keV D AI-3.5 at% Li
T=350°C
0 ——+ +

0 2 4 6 8 10 12 14 16
Depth (microns)

Fig. 4: (a) Carlslaw-Jaeger lithium profile calculation for Al-
3.5 at.% Li at 350°C using E,=1.4 eV and assuming lithium
evaporates as soon as it reaches the surface. (b) Lam-Johnson
calculation of the lithium profile for 1.7 keV D* bombardment
at a flux of 8.8 x1015 cm-2 sec-! for 2.7x104 seconds, assum-
ing vacancy-coupled RIS with E=12eV.
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For B phase (47-55 at.% Li) Al-Li alloys, it is appro-
priate to model the lithium concentration via a purely diffusion-
al process since the diffusivity of lithium is ~4 orders of mag-
nitude greater than in the o phase material [24]. The maximum
sustainable lithium loss rate is determined by the requirement
that the material remain in the [ phase, i.e., the surface Li con-
centration does not drop below 47 at.%. This loss rate is de-
termined by the bulk Li concentration C,(b) and the tempera-
ture and is given by the first term on the right side of Eq. 5
where the gradient term may be approximated by:

VC,= (C,-047) N )
where A is defined by Eq. 3 and N, is the average atomic den-
sity of B Li-Al. A detailed analysis of the service life of B Li-
Al for fusion applications is presented elsewhere (A. B. De-
Wald, A. R. Krauss and N. Q. Lam, in preparation), but pre-
liminary results indicate lifetimes which compare favorably
with conventional materials.

Experimental

Aluminum-lithium alloys were prepared by the Sumi-
tomo Light Metal Industry, and the copper-lithium alloys were
prepared at Argonne National Laboratory. The experimental
details of the system used for D* sputtering [21] are given
elsewhere. Samples 3.2 cm? x2 mm thick were mounted on a
ceramic heater in a vacuum system with a base pressure
~2x10-7 torr. The sample mount was placed inside a gridded
current measuring cup at a distance of 36 cm from a Duo-
Pigatron ion source. The chamber pressure was ~2x104 torr
when the ion source was operating. D, was used as the feed
gas and the dominant ion species was D,*. The grid closest to
the sample was biased negatively to suppress secondary elec-
tron emission from the sample, and both instantaneous and in-
tegrated sample currents were measured. The sample was heat-
ed, typically to 350°C, and a beam consisting of 8.8x1015
cm-2 sec'! 1.7 keV D+ ions (5 keV D3*) was allowed to im-
pinge on the target for a predetermined time. The samples were
then removed and weighed to determine the average lithium
loss. The lithium concentration profile was determined at Na-
goya University by Nuclear Reaction Analysis (NRA), using
the 7Li (p,o) He reaction. This technique is capable of quantit-
atively measuring the lithium concentration profile with a
depth resolution of ~150 nm.

Similar samples were analyzed using Auger and SIMS.
These samples were sputtered at elevated temperature and the
lithium and copper AES and SIMS signals were continuously
monitored. A representative sampling of Cu-Li alloys was
subjected to high flux plasma sputtering at the PISCES device
at UCLA. These experiments are described in greater detail
elsewhere [6,13].

Results

Fig. 5 shows the NRA lithium profile for a Cu-8.5
at.% Li sample. In the as-prepared state (5a), the lithium con-
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Fig. 5: NRA experimental lithium profile for Cu-8.5 at.% Li
(a) as-prepared, (b) heated to 360°C for 11.3x10° seconds. (©)
bombarded at 360 °C to a dose of 1x1020 1.7 keV D+ cm2.
The dashed line corresponds to the compound CuyLi.

centration shows only a slight peaking at the surface: the con-
centration is nearly constant and equal to the bulk concentra-
tion of 7.2x1021 atoms/cm3. The sample was then heated to
360°C and subjected to a dose of 1x1020 1.7 keV D* ions at a
flux of 8.8x1015 cm2 sec-1. The edge of the sample was un-
der a protective mask and received no bombardment. In this
area (5b), NRA reveals a lithium-rich surface layer. The ap-
parent width of this peak is limited by the depth resolution of
the NRA technique, but the Li signal corresponds to a Li layer
thickness ~100 monolayers thick (1.4x1017cm-2). In the irra-
diated area (5c), there is a region of increased subsurface lithi-
um concentration as predicted by the calculation of Fig. 2. As
predicted, the experimental profile is slightly broader than the
calculated profile although the qualitative agreement between
Figs. 2 and 5 is excellent.

For the Al-3.46 at.% Li sample, a brief cleaning consist-
ing of Ne* sputtering and heating to 350°C for 150 seconds
resulted in the formation of a surface Li peak (Fig. 6a). Pro-
longed heating (8.1x10% seconds) resulted in an increase of the
surface peak, but there was no evidence of subsurface deple-
tion. When the sample was pre-irradiated with a dose of
1x1020 1.7 keV D* /cm?2 (Fig. 6b), an initial lithium surface
peak was again observed although it was smaller than that of
Fig. 6a. However, subsurface depletion was observed to a
depth substantially greater than that of the ion-induced dam-
age. Continued heating of the pre-irradiated sample resulted in
both an increase in the surface peak and the disappearance of
the subsurface depletion region.

The effect on the sputtering yield of the aluminum is
shown in Fig. 7. Sputtering yields were measured by weight
loss methods. Heating to 200°C during sputtering by a flux of
8.8x1015 D* cm2 sec-! resulted in only a slight reduction in
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Fig. 6: Experimental lithium profile for Al-3.46 at.% Li after
heating for two different times and cleaning by Ne* etching

(upper curve) and pre-irradition by 1.7 keV D* to a dose of
1x1020 D*/cm?2 (lower curve).

the aluminum yield. Heating to 350°C resulted in a greater ini-
tial decrease in the aluminum yield, followed by a progressive
increase. Heating to 400°C resulted in a still greater initial re-
duction of the aluminum yield (~2x), but a more rapid increase
to the pure aluminum value. For bombardment at 350°C by
1.7 keV D* to a dose of 2.4 x 1020 ¢cm-2, it was found that
the aluminum sputtering yield had returned to 87% of the value
for elemental Al. It should be noted, however, that although
Fig. 7 qualitatively demonstrates aspects of the change in sput-
tering yield, the experimental results vary significantly from
one sample to the next [22].

The reason for this behavior can be understood in terms
of the lithium concentration profiles shown in Fig. 8. Curves
(a) and (b) show the effect of raising the temperature from 200
to 350°C. Because of the greater lithium diffusivity, the de-
pletion extends to greater depth at the higher temperature.
Comparing curves (b) and (c), increased dose also results in
depletion to a greater depth. Curve (d) shows extreme deple-
tion at high dose and high temperature. These results are simi-
lar to results previously reported for the high flux sputtering of
Cu-Li alloys [13]. In both the Cu-Li and Al-Li systems, re-
duced loss of the solvent atoms occurs only when the lithium
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Fig. 7. Aluminum sputtering yield for Al and Al-3.46 at.%
Li at 200, 350 and 400°C subject to bombardment by
1.7 keV D* as a function of dose. Measurements performed
by RBS of Si catcher foil.

segregates rapidly enough to maintain an overlayer. However,
rapid segregation to the surface also produces greater subsur-
face lithium depletion as a result of preferential sputtering.

The shape of the lithium profiles in Fig. 8 may be ana-
lyzed for information concerning the diffusion process. Fig.
9a shows the experimental profile corresponding to Fig. 8c,
the calculation for vacancy-driven RIS, and the calculation for
thermal diffusion loss from Fig. 4a. The experimental curve
lies between the two calculated curves and is characterized by a
near-surface "toe" not predicted theoretically. As a means of
phenomenologically incorporating radiation-enhanced diffu-
sion in the thermal diffusion model, it may be assumed that the
diffusion coefficient varies with depth. It is generally known
that vacancy migration results in enhanced diffusion at depths
much greater than the ion damage range and may extend to
several microns [18]. Empirically a much better fit to experi-
ment is found by using a thermal evaporation model, assuming
a surface lithium concentration of 0.001, and a reduced activa-
tion energy of 1.3 eV near the surface, extrapolating linearly to
a 1.4 eV bulk value at a depth of 4 microns (Fig. 9b).

Summary

Thermal segregation, radiation-enhanced diffusion,
preferential sputtering, and radiation-induced segregation can
significantly alter the surface composition, sputtering proper-
ties, and concentration profile of alloys undergoing high tem-
perature sputtering. The steady state surface composition is
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Fig. 8: Lithium concentration profile for Al-3.5 at.% Li sub-
jected to a flux of 8.8x1015 D* cm2 sec-! at 1.7 keV for vari-
ous doses and sample temperatures.

determined by preferential sputtering, but for some systems in
which radiation-induced precipitation occurs (Cu-Li), or in
which the depletion depth exceeds the component thickness (8
Al-Li), steady state conditions are not expected to be reached
in practice and the solvent sputtering rate may be kept below
the value corresponding to the bulk stoichiometry. For other
systems (o Al-Li), there is subsurface depletion and conse-
quent inability to maintain a Li-rich surface layer. However,
even in this case, both the Li surface layer and the Li depth
profile can be restored to nearly the original state by continued
heating. This finding is significant for applications where sur-
face removal is pulsed but the sample is maintained at elevated
temperature between pulses (A. B. DeWald, A. R. Krauss and
N. Q. Lam, in preparation)28,

For the copper-lithium system, substantial radiation-
induced segregation occurs as a result of the vacancy mecha-
nism. Consequently, there is a subsurface region of enhanced
lithium concentration. The lithium concentration may exceed
the solubility limit, causing radiation-induced precipitation of a
lithium-rich compound, Cu4Li, and consequently there is
some broadening of the solute concentration profile. For the
aluminum-lithium system, the solute concentration profile cor-
responds to extensive sub-surface lithium depletion. The ex-
perimental width of the depletion region is in accord with cal-
culations based on literature values for migration and activation
energies. The calculated shape of the profile however, is domi-
nated by vacancy mechanisms and is nearly independent of as-
sumed interstitial migration energies. Because of the high con-
centration of thermal equilibrium vacancies, vacancy-induced
diffusion depends on the activation energy rather than the va-
cancy migration energy. The shape of the experimental lithium
depth profile is somewhat different from that calculated on the
basis of parameter values which are depth-independent. A
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Fig. 9: (a) Experimental lithium concentration profile for Al-
3.5 at.% Li bombarded by 8.8x1015 D+ cm2 sec-! for
2.7x10% sec at 350°C (M), combined radiation effects model
calculation assuming RIS proceeds via vacancy migration, us-
ing E;, = 1.4 eV (#), thermal loss model using E, = 1.4 eV,
independent of depth (@). (b) Thermal loss model assuming
Ea=1.3 eV at the surface and increases linearly with depth to
the 1.4 eV bulk value at a depth of 4 pm.

much better fit to the experimental Li concentration profile can
be calculated if it is assumed that the activation energy for radi-
ation-enhanced diffusion of lithium in aluminum is depth-
dependent.
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is no Discussion with Reviewers.

1373




	Surface and Sub-Surface Composition and Properties of Ion-Bombarded Lithium Alloys
	Recommended Citation

	Surface and Sub-Surface Composition and Properties of Ion-Bombarded Lithium Alloys
	Authors

	tmp.1610567044.pdf.2fxJ5

