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ABSTRACT 
 
A sequential electrochemical reduction method has been developed for the quantitative analysis of surface oxides pertinent to 
Sn-Pb solderability. Analytical results from various aging treatments have been found to correlate with solderability as 
determined by the wetting balance method. Under some circumstances, electrochemical reduction also restored solderability 
degraded by steam aging. Preliminary results indicate that this extremely sensitive analytical method may also be used to detect 
the Cu-Sn intermetallic species that form at the Cu/Sn-Pb interface and affect solderability both directly and indirectly. 
 
Introduction 
  
The loss of solderability of printed wiring boards and component leads during storage is a major problem that costs the 
electronics industry millions of dollars each year.  It is clear from numerous studies1 that oxidation of the Sn-Pb surface and 
underlying Cu-Sn intermetallic layers is involved, but the nature of the various oxides and their roles in the degradation process 
are obscure.  However, since humid environments are known to greatly exacerbate the problem, it is clear that an 
electrochemical mechanism is operative.  Therefore, the vacuum techniques typically employed for surface analysis may not be 
strictly applicable.  Consequently, electrochemical methods permitting in situ quantitative analysis of oxides generated in the Cu-
Sn-Pb system are preferred, and could also be more easily applied in a production environment for process control. 
 
Electrochemical reduction in aqueous solutions has previously been applied to the analysis of oxides on tin2-5 and is a promising 
candidate for Sn-Pb surface analysis.  This article concerns a chronopotentiometric reduction method, which is shown to provide 
results that correlate with Sn-Pb solderability. 
 
Experimental details 
 
The standard test specimen was a 1.5-mm-diameter hard copper wire, 2.5 cm in length, which was masked with Teflon heat-
shrink tubing to expose a 1-cm long section with a rounded end.  This section was first plated with 10 μm of copper from a 
standard non-additive pyrophosphate bath at 55°C, then with 12 μm of eutectic Sn-Pb from a standard fluoborate bath at room 
temperature.  During plating, the wire cathode was rotated at 2000 rpm to control mass transport in the solution.  A 60/40 Sn-Pb 
ratio was verified by atomic absorption analysis of specimens dissolved in acid solution, and by XRF.  The Sn-Pb deposit was re-
flowed in water soluble oil at 235°C for minimal time prior to use. 
 
Electrochemical reduction was performed in a borate buffer (9.55 g/L sodium borate and 6.18 g/L boric acid) at a pH of 8.4 under 
an argon atmosphere in a 200 mL glass cell having separate compartments for the platinum counter electrode and reference 
saturated calomel electrode (SCE)(Fig. 1).  All electrochemical experiments were performed using a potentiostat/ galvanostat.*  
Solderability tests were performed using a modified Wilhelmy wetting balance in conjunction with a digital oscilloscope.** 
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Figure 1 - Apparatus for performing sequential reduction analysis on actual printed circuit boards. 

 
Results and discussion 
 
Figure 2 shows chronopotentiograms that illustrate the sequential electrochemical reduction method for analysis of oxides on Sn-
Pb surfaces.  A constant current was applied in a borate buffer solution (pH 8.4) and the electrode potential vs. a reference 
electrode (SCE) was followed as a function of time.  The electrodes were first mildly anodized (at 0.0 V) to oxidize the surface.  
Waves corresponding to reduction of a single oxide, (presumably PbO6), and two tin oxides, (presumably SnO and SnO26), were 
evident at -0.6., -0.9 and -1.1 V, respectively.  As determined from the charge passed, all of these oxides were thin (1-3 
monolayers).  For eutectic Sn-Pb, no SnO2 was formed under the conditions employed.  The small initial dip for tin suggests the 
presence of a duplex structure with a blocking layer of more stable oxide at the outer surface. 
 
From cyclic voltammetric measurements involving pure lead and tin electrodes, there was a one-to-one correspondence between 
the anodic charge passed during formation of the oxides and the cathodic charge required for their reduction.  This indicates that 
the electrochemical reduction method provides a quantitative measure of the amount of each surface oxide present.  It should be 
mentioned, however, that similar chronopotentiometric experiments show that some tin dissolution occurs during prolonged 
anodization. 
 
Illustrative sequential reduction curves for eutectic Sn-Pb specimens subjected to more stringent oxidation treatments are 
reproduced in Fig. 3.  A curve for a mildly anodized sample is included for comparison.  Steam aging for 16 hr is seen to produce 
a much thicker oxide (on the order of 50 atom layers) comprised almost entirely of the higher oxide (SnO2).  Strong anodization 
(passing 220 mC/cm2 of charge at 0.4 V) also produced a thick oxide that was not as well-defined and contained some SnO.  
The fact that such thick oxides can be sequentially reduced indicates appreciable oxide porosity.  Strongly oxidized samples are 
consistently found to exhibit very poor solder wetting characteristics, thereby establishing a link between the higher tin oxides 
and solderability degradation. 
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Figure 2 - Sequential electrochemical reduction analysis of the oxides formed on tin, lead and eutectic Sn-Pb under mildly 

oxidizing conditions. 
 

 
Figure 3 - Sequential electrochemical reduction of oxides formed on eutectic Sn-Pb under strongly oxidizing conditions. 
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Electrolytic reduction has also been found to restore solderability lost as a result of the formation of Sn-Pb surface oxides.  
Figure 4 illustrates the dramatic improvement in wetting time and force attained (using a non-activated resin flux) for steam-aged 
eutectic Sn-Pb coatings by electrochemical reduction and by chemical reduction in 1.0M hydrazine solution. 
 
As a means of investigating the nature of the principal intermetallic oxide, some of the standard copper-plated wire specimens 
were plated with 3 μm of tin, then heated under vacuum at 200°C for three days to convert all of the tin to Cu3Sn.  Complete 
conversion was verified by SEM cross-sectional analysis.  These specimens were found to be almost completely unwettable by 
solder.  Figure 5 summarizes sequential stripping results for the Cu3Sn-coated specimens obtained in an argon-saturated borate 
buffer.  The native oxide, which to some extent was formed at elevated temperature by reaction with residual oxygen, was ill-
defined and about five atom layers thick.  Apparently it can be completely reduced in this electrolyte.  The reduced surface was 
stable in the deaerated solution, as evident from the curve obtained after 30 sec on open circuit.  Exposure of the reduced 
surface to air for only 5 sec, however, resulted in regrowth of fiveatom layers of oxide that exhibited a well-defined plateau of 
about the same voltage as observed for SnO reduction (-0.9 V).  Overnight, this oxide thickened to >10 atom layers, and the 
reduction curve obtained exhibited a long tail, indicating the presence of a more stable oxide.  These results indicate that the 
major problem with the Cu3Sn intermetallic is the fast rate at which relatively thick oxide layers form on its surface.  This may be 
a consequence of local cell action in which copper acts as the cathode. 
 
More work in progress 
 
This method represents a powerful tool for assessing and understanding solderability degradation and may lead to a rapid test 
for determining the solderability state of production circuit boards.  Note that the benign electrolyte used is compatible with PWB 
materials, and a small clip-on cell has been designed to assess solder ability anywhere along the board surface within through-
holes.  Work is still in progress on this method, so additional results can be expected. 
 

 
Figure 4 - Effect of electrochemical reduction in pH 8.4 borate buffer and chemical reduction in 1.0M hydrazine solution on the 

wetting balance behavior of steam-aged Sn-Pb specimens. 
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Figure 5 - Sequential reduction analysis of the Cu-Sn native oxide and oxides formed after exposure to air. 
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Footnotes 
 
*PAR model 173, EG&G Princeton Applied Research Corp., Princeton, NJ. 
**Nicolet model 2090. Nicolet Instrument Corp., Madison, WI. 
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