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Abstract

The evolution of Cu—18at%Li crystals, g0, Li,CO;, and CuO phases, which nucleate and grow
during the electrodeposition process in a copper cathode, was examined. The electrodeposition proc
was mainly responsible for promoting the formation of copper oxides and lithium-carbonates in the
cathode. The evolution of both the quantity of Cu—Li crystals formed at the surface of the cathode an
the total lithium concentration of the sample as a function of the electrodeposition time was studiec
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Several copper alloys are widely employed as electrical materials in different applications
e.g., conductors and switches. One of them is the Cu—Be alloy. It has been widely studied dt
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to its excellent mechanical properties, high electrical conductivity, and high corrosion
resistance [1-7]. In addition, the mechanical behavior of Cu-Be alloys can be improved b
the addition of Zr [8]. Another recently studied copper alloy, which has a light atom and
exhibits good mechanical behavior, is the copper—lithium alloy produced by electrodeposi
tion. Results from previous work on the behavior of damping and elastic modulus [9] anc
precipitation processes related to age-hardening [10] have been reported. In that work, tl
main effort was directed towards examining the microstructural evolution of Cu—Li alloy in
relation to its mechanical behavior. A careful study of the phases that appear during th
electrodeposition process has not been reported. In the present work, the effects of tl
electrodeposition process on the copper cathode were studied by X-ray diffraction techniqu
The appearance of new phases of Cu-18at%LiCCui,CO;, and CuO and their increase

in concentration as a function of the electrodeposition time was determined. The control ¢
these phases is worthy of further study from the point of view of technological developmen
of parts from compacted Cu—18at%Li powders. The quantity of such powders during
electrodeposition was also studied.

2. Experimental

Copper-lithium alloys were obtained by electrodeposition technique, using a sheet (50
25 X 0.1 mn?T) of high-purity copper (99.99%) as the cathode and a similar size sheet of
graphite as the anode [11]. Electrodeposition was carried out in a bath of fused salts ¢
lithium (LiCl) and potassium (KCI), at constant temperature of about 753 K. Both electrodes
were vertically positioned inside the fused salts, parallel to each other, with a gap of 10 mr
between them. A constant current of 1.5 A was employed. When the electrodepositio
process was completed, after different periods of time, the samples were washed in water
room temperature to remove the excess of lithium. They were subsequently stored in air
room temperature for greater than 300 h. The cathode exhibited a yellow surface witl
powders of a dendritic distribution as shown in Fig. 1. The Cu—Li powders that formed on
the surface of the cathode had a composition of about 18 at% Li, a fcc structure, and
slightly larger lattice parameter (0.364 nm) than that of pure copper (0.361 nm) [9,10]. Fig. -
shows the geometrical characteristics of the Cu—Li crystals formed on the cathode. Thi
seems to indicate that the dendrites were composed of small single-crystals of cubic shay
as evident from their crystal faces. An atomic absorption analysis was carried out fc
determine whether impurities such as potassium and sodium were present in the Cu—18at%
powders. Since Li, Na, and K are in the same group of the periodic table, they could b
incorporated into the copper cathode during the electrodeposition process. The presence
sodium could be related to the previous handling processes for performing the electrodep
sition. From the atomic absorption analysis, it was determined that the powders were free ¢
sodium and potassium.

Samples annealed at 753 K in the same salts as used in the electrodeposition process,
without electric current circulation, were also studied, in order to differentiate between the
thermal and electrical influences on the process.

A summary of the samples studied and their lithium content is tabulated in Table 1. The
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Fig. 1. Scanning electron micrograph of Cu—Li crystals on the copper cathode after electrodeposition.

Fig. 2. Details of the geometrical characteristics of the Cu—Li crystals.
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Table 1
Lithium content of electrodeposited and annealed samples
Sample description Electrodeposition time Annealing Lithium Lattice
(min) time (min) content (at%) parameter (nm)
(a), pure copper — — — 0.361
(b), only annealed — 10 — 0.361
(c), only annealed — 20 — 0.361
(d), electrodeposited 1 — 1.14 0.361
(e), electrodeposited 5 — 1.55 0.361
(), electrodeposited 15 — 2.57 0.361
(9), electrodeposited 30 — 4.30 0.361
(h), Cu—Li powders Obtained from samples d—g — 18.00 0.364

total lithium content of the cathodes (substrate plus Cu—Li powders) for the as-deposite
samples, determined by atomic absorption analysis, is also presented in this table. “A:
deposited samples” means that the samples were tested with all the layers of crystals on t
surface, i.e., the external layers of crystals were not removed by mechanical polishing of th
cathodes, as done in earlier work [9,10]. Nevertheless, the samples had nonuniform lithiut
concentration, and there exists a significant difference between the cathode and the Cu-
crystals, as shown below.

X-ray diffraction (XRD) measurements were carried out at room temperature, on a Seifer
XRD-3000 powder diffractometer, using a constant illuminated area of 10 mm thick. The
measurement conditions were 50 kV and 40 mA. All measurements were carried out in th
26 range of 10°-50°, using Mo radiation. X-ray studies were carried out on both electrode
posited and annealed samples 2020 mnt in area and 0.1 mm thick. The Cu—18at%Li
powders were obtained by mechanical polishing the external crystal layers of the electrod
posited cathodes. Electrodeposited cathodes corresponding to different periods of time we
used to obtain the powders.

3. Results and discussion

Fig. 3 shows the diffraction patterns of the electrodeposited samples for 1 min (sample d
5 min (sample e), 15 min (sample f), and 30 min (sample g) of Table 1. To enhance
differences, the spectra were plotted in two split ranges. The first ranges 20°< 25°, is
plotted in Fig. 3a, and the second one, 25626 < 40°, is plotted in Fig. 3b. In Fig. 3a, for
the sample electrodeposited for 1 min (sample d), reflections (111) and (200) related to tt
copper structure at approximatelg 2 19.5° and 2 = 22.5° were found. Small subsidiary
peaks to the left of the main copper peaks related to the Cu—18at%Li crystals were als
observed. Fig. 3b shows a similar situation of copper peaks and subsidiaries Cu—18at%
peaks at smaller angles. Reflections (220) and (311) of pure copper at 8e825° and
20 = 38°, respectively, together with the small peaks of Cu-18at%Li located at smaller
angles, were observed.

After 1 min of electrodeposition, only reflections (111), (200), (220), and (311) associatec
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Fig. 3. (a) XRD patterns in reflection betweed 2 10° and 25°, for samples d to g. The peaks related to the
phases of Cu-18%Li, GO, Li,CO;, and CuO are labeled. (b) XRD patterns in reflection betwder 25° and
40°, for samples d to g. The peaks related to Cu—18%Li phasg®,Qu,CO;, and CuO are labeled.

with pure Cu and Cu-Li crystals were observed. It is interesting to note that both peaks ar
split after 1 min of electrodeposition and, therefore, it can be visualized that the change i
the lithium concentration was very fast. It could be inferred that the crystals so formed grow
with a high lithium concentration. No other phases were detected until 1 min of electrodepo
sition. For electrodeposition times up to 4 min, reflection peaks related to th@ Gxide
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Fig. 4. XRD pattern for samples a, b, c, and f. Patterns related to samples b and c are practically overlapped
the whole 2 range.

were detected. A small quantity of JGO, phase was also observed. Furthermore, the peaks
height related to Cu—Li crystals increased. In samples electrodeposited for 15 (sample f) ar
30 (sample g) min, the volume fractions of Cu—18at%L.i crystalsGCand LL,CO; increased

and small quantities of CuO phase also appeared.

The nonvariation in the peak position of the Cu cathode (cell parameter 0.361 nm) witt
the electrodeposition time can be explained by the following analysis. The crystals with ¢
high lithium content grow fast, while the lithium diffusion far from the inclusions is slow.
On the other hand, for Cu—Li crystals, a shift in the peak position (cell parameter 0.364 nm
occurs, showing a diffusion of Li into the Cu matrix.

It may be that both the degree of oxidation and the lithium-carbonate formation increas
with the electrodeposition process and thus the increase is a consequence of a thern
process occurring in the fused salts bath during annealing at 753 K and the electrodepositi
process. To confirm this, X-ray studies were performed on samples b and c. Fig. 4 shows tt
diffraction pattern for pure Cu (sample a), Cu annealed in salts for 10 min (sample b) and fo
20 min (sample c), and the sample electrodeposited for 15 min (sample f). Samples a anc
were plotted to show the striking differences between the two treatments. It can be seen fro
Fig. 4 that samples b and c¢ only exhibited a small foreign peak at alfost 26.5°, which
is related to CyO. However, in the case of sample f, £y CuO, and LJCO; peaks are
observed. The quantity of copper oxides for a sample annealed 20 min was smaller than th
for a sample electrodeposited for 15 min. Therefore, the appearance of copper oxides a
lithium carbonates in the cathode is largely related to the electrodeposition process. Thus,
quantity of copper oxides and lithium carbonates could be controlled by electrodepositiol
time. The evolution of the spectra indicates that the CuO phase is mainly linked to the
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Fig. 5. Evolution of the (220) reflection for the Cu—18at%L.i crystals and copper cathode for samples electrode
posited during different periods of time.

electrodeposition process. In contrast, thg@phase is mainly related to a thermal process,
since it appears without electrical current.

The evolution of the volume fraction of Cu—Li crystals for different electrodeposition
times was followed by means of XRD studies. Fig. 5 shows the (220) reflections of copper
approximately at @ = 32.25°, and the (220) reflections of Cu—Li crystals, approximately at
26 = 32.05°, in samples d—g. The X-ray spectra were normalized with respect to the coppe
(220) peak. The height of the diffraction peak corresponding to the Cu-18at%Li phast
increased with electrodeposition time. The integrated intensity of the Cu—Li (220) reflection:
allows one to determine the evolution of the quantity of deposited crystals. Fig. 6 shows bot
the quantity of Cu—Li crystals, in arbitrary units, and the total lithium concentration, vs.
electrodeposition time.

In order to analyze the diffusion of lithium into the copper cathode, the external layers of
Cu—Li crystals were removed by mechanical polishing. Fig. 7 shows the surface of the C
cathode with inclusions of Cu—Li crystals on the sample surface. These inclusions had
lithium concentration similar to that in the crystals in the external layers, as determined b
backscattered electron analysis [9,10].

Fig. 8 shows the (311) reflections corresponding to three different kind of samples: (1
pure copper (sample a); (2) sample g, after removal of both the external layers and inclusiol
of Cu-Li crystals in the cathode, i.e., the sample g was polished until all the inclusions in the
substrate (shown in Fig. 7) were removed; and (3) Cu—Li powder crystals (sample h). Th
lithium diffusion into the whole cathode, free of the inclusions, would be rather small. In fact,
the cell parameter of the pure copper and the electrodeposited cathode after being polish
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Fig. 6. Cu—18at%Li quantity and total at% Li concentration (from Table 1) vs. electrodeposition time.

are similar, about 0.361 nm. In contrast, the Cu—Li crystals show a larger cell parametel
about 0.364 nm, according to the presence of lithium in solid solution in the copper.

Cu-Li crystals were formed even during 1 min of electrodeposition, as shown in Fig. 3,
where the peaks associated with pure Cu and Cu—Li are split. In addition, the Cu—Li crystal
had the same lithium content (about 18 at%) [9,10], independent of the electrodepositio
time employed in this work. The X-ray diffraction study showed that Cu—Li crystals exhibit
a diffraction pattern corresponding to a disordered solid solution of substitutional Li atoms
in the Cu matrix (space groupm3m). The size of the cell is about 0.364 nm, which is in

10 pm

Fig. 7. Scanning electron micrograph of the copper substrate after that the Cu—Li crystals were removed from tt
surface.
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Fig. 8. The (311) reflections corresponding to three different samples: (a) pure Cu, (b) the sample electrodeposit
for 30 min (sample g) after removal of the external layers of Cu—Li crystal, and (c) the Cu—Li powder crystals.

agreement with the results reported [12] for this lithium concentration. These results sugge
that lithium diffuses quickly into Cu, attaining a maximum lithium concentration. In contrast,

the results of Fig. 8 indicate that Li diffusion into Cu bulk, free of the inclusions, is very

small.

An approximate calculus of the diffusion coefficient, D, from the activation parameters
obtained in the Zener relaxation [13,14] led to a value for D of aboutI®d *° cn?/s at 973
K. It is close to the value of the diffusion coefficient of beryllium in copper [15].The
activation energy was estimated to be about 144 KJ/mol and the preexponential factor we
about 0.01 crffs. The value of D at the electrodeposition temperature, 753 K, was about 1
102 cm?/s. Nevertheless, this calculus does not allow in an easy mode to evaluate th
degree of migration of the lithium in the copper matrix. A careful study of lithium diffusion
in copper will be reported in a future work.

In order to explain the fast formation of Cu—18at%L.i crystals, it is necessary to study the
Cu—-Li phase diagram showed in Fig. 9 [12]. Lithium addition decreases strongly the
solidus—liquidus transformation temperature, changing from 1356 K for pure Cu to abou
450 K for Cu-23at%Li. At the electrodeposition temperature (753 K), the maximum lithium
content allowed in solid phase is about 18 at%. Thus, diffusion of lithium into the copper
cathode promotes a progressive increase of lithium content during the electrodepositic
process, but in a narrow layer parallel to the cathode surface. In this layer, the maximur
lithium content is quickly achieved and the solid locally transforms to the liquid phase. The
liquid phase is metastable and decomposes into solid and liquid phases. The liquid phase
rich in lithium and the solid phase has a limit in the lithium concentration, given by the
concentration of it corresponding to the solidus—liquidus curve at this temperature. The resu
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Fig. 9. Cu—Li binary phase diagram.

of this process is the formation of Cu-Li crystals over the copper substrate. Therefore, th
increase in the lithium content of the samples with electrodeposition time could be related t
an increase in the concentration of Cu-Li crystals, both as inclusions on the cathode surfa
and as dendrites growing out of the substrate. The proposed mechanism is in agreement w
the similar evolution of the lithium content and the quantity of Cu—Li crystals shown in
Fig. 6.
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