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Morphological evolution in the electrodeposition of the Pb-Sn binary system
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Morphological evolution in the electrodeposition of Pb-Sn binary system is studied. As the second compo-
nent increases, the morphology of the codeposit changes from dendrite to ramification, to dense branch, and
finally to fractal structure, respectively. The evolution arises from the influence of crystallographic texture,
which leads to a splitting of dendritic tips and the formation of ramified morphology. This work provides direct
evidence to explore the crystallographic influence on the morphological evolution in electrodeposition.
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Quasi-two-dimensional electrochemical deposiiE@D)  mechanisms of this interesting morphology evolution and
is an ideal system to investigate the nonequilibrium growthfound that the morphological transition arose from the varia-
procesq1]. During the past two decades, electrodepositionsion of the crystallographic texture of the deposits with the
of unitary metals such as zinc, copper, and silver have beegomposition of the electrolyte solution. This result presents
studied extensively. Great efforts have been directed to exdirect experimental evidence of the crystallographic influ-
plore the underlying mechanisms for the different morpholo-ence on the morphologies of aggregates.
gies such as dendrite, fractal, ef@-4]. In general, it is According to thermodynamics, the condition for codepo-
accepted that the transport mechanism, interface kineticsjtion of two kinds of metallic iondV; and M, is that their
and crystallographic orientation are the three essential ingrestandard potentialszsé and ¢(2) should be closg12]. The
dients in determining the morphologies of aggreg@ies].  Pb-Sn system is one of the very rare systems that meets this
In earlier work by other researchers, a great number of excondition. Pb and Sn have a standard potential of —0.126 and
periments and models were focused on the investigation 0f0.136 V, respectively. Therefore we chose Pb and Sn as
these mechanisms. For instance, it was discovered that witkyo types of cations in our solution. In order to avoid a
the variance of some basic parametérs., the electrolyte reaction between Pb and Sn, the electrolyte with the same
concentration, applied voltage, or cell curngrthe transport  anion, PIBF,), and SiiBF,),, was selected.
process was changed and very different patterns were ob- The electrochemical deposition of the Pb-Sn codeposit
tained. Furthermore, it was found that the electrochemicalyas carried out in the electrolyte solution sandwiched by two
reaction at the growing interface also had an influence on thg|ass plates. The experimental device is illustrated in Fig. 1.
morphological selection and transiti¢6,7]. The size of the upper glass plate was 4 cm in length and

However, the influence of chemical compositions of thez ¢m in width. The thickness of the electrolyte solution was
electrolyte solution received less attention in previous ECDR:ontrolled by the mica spacét00 um in our experiment
experiments and was much less understood. In fact, the conthe cathode was made of platinum plate, whose width was
position of the electrolyte solution plays an important role inthe same as that of the glass plate. The anode was graphite
changing both the growth environment and interface kineticg|ate, being an inert material, thereby avoiding a chemical
in the electrodepositio8,9]. Kuhn and Argoul[10] have  reaction with the electrolyte solution. The experimental pa-
shown that the presence of oxygen and alkaline cations in theymeters were set as follows: The total cation concentration
zinc salt solution affects the morphology of the deposit.jn the electrolyte solution was 0.7 mol, the applied voltage
Trigueros, Sagues, and Clafdfl] have investigated the ef- \as 2 Vv, and the distance between two glass platesi¥d0
fect of the inert electrolyte sodium sulphate on copper elecThe electrodeposition was performed at room temperature
trodeposition and have obtained a novel morphology. Similagapproximately 20° ¢
phenomena have been observed in other complex solutions, The morphologies of the deposits were observed by an
such as a solution of copper sulphate with nondepositingptical microscope and recorded by a digital camera as
speciege.g., organic additivegs shown in Fig. 1. The analysis on the microstructure were

In previous studies of morphological transitions in elec-conducted on the JEOL JXA-880QRokyo, Japanscanning
trochemical deposition, the deposit was pure metal, such aslectron probe microanalyzéEPMA). Since the deposits
Zn and Cu. In this Brief Report, we designed the elec-yere very thin and brittle, the preparation of samples for
trodeposition experiments with a binary solution in which texture examination demanded great attention to detail. Sev-
two types of metal cations codeposit and form two-eral special methods were used. The deposit was firstly seg-
component deposits. As the proportion of one cation to thgegated from the glass plate by the water-floating method
other in solution changed, a series of distinct morphologie$13] and was then mounted in the aluminum tube with a
appeared successively. We investigated the underlyingesin-agent mixturgl4]. After solidification, the deposit was

ground carefully with abrasive cloth until the longitudinal
section was revealed. It was then polished and etched. The
*Corresponding author. Electronic address: xwzou@whu.edu.cnPb-Sn alloy was very soft and risked being easily distorted
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pure Pb[Fig. 2a)], the deposits are dendrites, which consist
of straight backbones with a considerable number of regular
side branches. When 10 at.% Sn is addEd). 2(b)], the
deposit still retains the dendritic characteristics, but the
growing tip begins to split, which leads to variation in
growth directions. With the increase of the Sn concentration
[Figs. 4c) and 2d)], more and more tips are split. The de-
posit grows in a tip-splitting way and no longer maintains the
main stem. Furthermore, the growth of the side branches also
becomes unstable, and the angle between the backbone and
side branches is arbitrary in comparison with the angle for
FIG. 1. A schematic diagram of the experiment settip:the  the pure Pb dendrites. Figurée? shows the morphology of
glass plate made of a microscope slid®), spacers made of mica the deposit obtained from the electrolyte solution with
sheets(3) platinum cathode(4) graphite anode(5) electrolyte so- 60 at.% PKBF,),+40 at.% S(BF,),. It can be seen that the
lution, (6) microscope, (7) digital camera,(8) lights, and (9)  deposit loses the features of dendritic growth in macroscopic
deposit. scale. However, a close observation reveals that the deposit
still consists of many short dendrites, which are formed by
during the grinding process. A lubrication was added to refrequent tip splitting during dendritic growth. When the con-
duce the distortion during grinding. To remove the distortedtent of Sn reaches 50 at.phig. 2(f)], the deposit has a typi-
layer, a special etching reagent consisting of hydrogen pegal dense branch morpholog®BM). This kind of morphol-
oxide and glacial acetic acid in a ratio of 1:1 was ugEs|. ogy possesses the characteristics of both dendritic and fractal
This etching-polish process was repeated several times. Adnorphology. The backbones possess the dendritic feature,
ditionally, it was noted that the Pb-Sn alloy was unstable inand the lateral branches are typical open fractal structures. As
the microstructure and that recrystallization may take placghe Sr#* concentration reaches 70pkig. 2(g)], the deposit
at a higher temperature or in a longer perj@6,17. Solidi-  morphology becomes the standard fractal style. The evolu-
fication of resin took about 6 h. To monitor the recrystalliza-tion of the morphologies from Fig.(8) to 2(g) corresponds
tion process a set of reference samples was prepared ib§ the morphological transition from dendrites to fractals as
mounting samples with half-melting paraffin wax. The more and more S ions are added into the F®F,), solu-
mounting temperature was about 40°C and solidificatiortion. The morphology evolution from Fig(j2 to 2(g) shows
time about 15 min. We found that the variation of the texturea similar variation of growth morphologies with the increase
of the deposit could not be observed in the first 30 h for theof P?* ions in the SBF,), solution. Figure @) presents the
Pb-Sn deposits with the Sn content ranging from 10 tadrregular dendritic morphology of the pure Sn deposit. The
70 at.% at room temperature by using a metallographic mimain branch is somewhat tortuous and side branches are un-
croscope (Nikon, EPIHPOT309 with magnification of even. As the P& ion concentration increas¢Bigs. i) and
1000x. A slight change in texture occurred after about 50 h.2(h)], the tip of the main branch splits more frequently and
This result is consistent with the finding of Gupta, Vieregge,the morphology of the deposit changes into fractals.
and Gust[17], which shows that the microstructure of the  Therefore, the morphological evolution in the Pb-Sn ECD
Pb-Sn alloy displays a minor change after being annealed faystem can be described as follows: as the content of the
64 h at 40°C[17]. In our experiments, the preparation of second cation component increases from zero to eutectic
samples and microstructure analysis was completed withicomposition(74 at.% Si, the morphology of the codeposit
10 h, so the observed texture can be assumed as the origirelanges successively from standard dendrites to ramifica-
texture. tions, to dense branches, and finally to fractals. This transi-
Figure 2 shows the evolution of the deposit morphologiedion essentially arises from tip splitting during the course of
as the proportion of PB to Sr¢* varies. In the case of the deposit growth, and the tip splits more frequently as the con-
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FIG. 2. Morphology evolution
(50X magnificationin the elec-
trodeposition of PBF,),
+SnBF,), system as the Sn con-
tent varies. Cell thickness:
100 um. (a) Pure Pb(b) 10 at.%
Sn, (¢) 20 at.% Sn,(d) 30 at.%
Sn,(e) 40 at.% Sn(f) 50 at.% Sn,
(g) 70 at.% Sn(h) 80 at.% Sn(i)
90 at.% Sn, andj) pure Sn.
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the deposit changes into dense branches, as shown in Fig.
3(b). When the Sn content reaches 70 at.%, close to the eu-
tectic composition(74 at.% S, the texture of the cross sec-
tion of the branch is still pseudoeutectic, but the size of the
crystal grains is much smallgéabout 300 nm The disper-
sion of the crystal grains is also much larger than the disper-
sion for low Sn concentrations. In the case of the eutectic
composition, growth and ramification of the branches are
completely random, and the morphology is the typical fractal
structure[see Fig. &)].

FIG. 3. Morphologieg200x magnification of the typical den- Pb-Sn alloy is a typical binary alloy with limited mutual
drites, dense branches, and fractal structures. Cell thicknessolubility. According to the Pb-Sn phase diagram, when the
50 um. (a) 10 at.% Sn,(b) 50 at.% Sn, andc) 70 at.% Sn. The alloy composition is eutectic, normal texture is a random
insets are the corresponding scanning electron micros¢®B®)  mixture of the crystals of Pb and Sn, as shown in the inset of
back scattering electron images of the texture of the branch. In eadhig. 3c). When the composition is between eutectic and
inset, the white and gray areas represent lead and tin, respectivelyplid solubility, the texture is that of larger Rbr Sn) crys-

The Compositions of the depOSitS measured by EPMA(@rQ‘]vG, tals and smaller S(Dr P@ CrystajS, as shown in the inset of
(b) 53.27, and(c) 72.51 at.% Sn. Fig. 3(b). Petersson and Ahlberg have investigated the mor-
) i phology and texture of Pb-Sn alloy obtained from elec-
tent of the second component increases. In the previous Stugygeposition and shown that the texture of the alloy approxi-
ies of thin layer electrodeposition, the formation of tip split- mately meets the above ruf@l]. In the present case, the
ting is mainly attributed to the instability of the growing randomness is due to the crystallographic microstructure.
interface. The origin of thg instabjlity var.ies fqr differen@ The deposit of pure Pb appears to be regular dendrites with
systems. It may be associated with the impurity effect ingyrong anisotropy. When low concentration Sn is added, Sn
interfacial kinetics, chemical transport, or other special NnoN4toms are embedded in the crystal lattice of Pb and form a
linear boundary condition§,18—-2Q. Recently, it was dis-  pp-pased solid solution. Once the content of Sn exceeds the
covered by others that the convection phenomenon, causeg|ybility of Sn in Pb, the superfluous Sn atoms precipitate
by concentration gradient and local charges, plays a morgyt and form small Sn crystal grains in the deposit. Mixed
important role in determining the growth morpholo@20.  growth of the Pb and Sn crystal grains weakens the preferred
However, in the present experimental system, the instabilityientational growth and leads to tip spliting of the
was not caused by any of these reasons since all of the egranches. With the increase of the Sn content the texture of
perimental parameters were constant except for the propofne deposit changes into pseudoeutectic phase where the Pb
tion of the two types of metal ions. It is reasonable to con-¢rystal grains are mixed with more and more Sn grains and
clude that this transition in morphology comes from theihe sizes of the grains become smaller and smaller. Thus the
variation of the composition of the deposit rather than frompixture with large dispersity breaks the intrinsic anisotropy

other mechanisms. N _of crystal growth and allows the randomness to become the
How does the variation in the composition of the deposityominant factor in the growth of the deposits.

lead to the morphological evolution for the Pb-Sn deposit? |, summary, our study of the electrochemical deposition
We investigated the relationship between the morphology a ph-sn binary solution has provided direct evidence
and texture of the deposit and attempted to understand the,out crystallographic influence on morphological evolution
formation mechanism of the morphologies. Figure 3 shows g|ectrodeposition. As the proportion of the two kinds of
three typical morphologies of Pb-Sn deposits: dendff€g.  metallic ions varies, the morphology of the deposit evolves
3(a)], dense brancheig. 3b)], and fractal structurefig.  from dendrites to fractal structures. These morphological
3(0)]. Corresponding to Figs.(8-3(c), the proportion of  yariations result from the influence of the composition of the
Sr#* in solution was 10, 50, and 70 at.%, respectively. Thesg_sn solution on the crystallographic texture. The single
deposits were prepared by using an electrolyte cell with &nasepure metal or solid solutiorin the texture of leador
thickness of 5Qum. The microstructures of the deposits tin) dendrites induces the preferred orientational growth. The
were observed using metallographic methods and the corrgsseydoeutectic texture consists of a random mixture of the
sponding textures are displayed in the insets of Fig. 3. In Figerystal grains of Pb and Sn. It destroys the preferred orien-
3(a), when the 10 at.% Sn is added, the texture of the crosgytignal growth and causes the tips to split, leading to the

section of the branch shows the aggregation of crystal graingrmation of a series of ramified morphologies.
of Pb-based solid solution with the size of the order of

10 um and the morphology of the deposit retaining the main  This work was supported by the National Nature Science
feature of the dendrites. As the Sn content increases tboundation of China, Grants No. 10374072.W.Z.) and

50 at.% the texture of the cross section of the branch beNo. 10274056(Z.Z.J), and by the Specialized Research
comes pseudoeutectic and the mean size of the Pb crystaund for the Doctoral Program of Higher Education, Grant
grains is about 2um. Correspondingly, the morphology of No. 20020486009.
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