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Abstract 

Formation of tin oxides on surface Sn-1 wt% Bi alloy lapping plates causes interactions with 

protrusions of embedded diamond grits, and reduces the efficiency of the lapping process. The rate 

and type of oxide formation were investigated to understand the problem. Electrochemical analysis 

was performed to characterize the oxide film thickness, and x-ray photoelectron spectroscopy was 

performed to characterize the tin oxide species. Oxidation in air at room temperature reaches a 

thickness of 23 Å after 72 h. Oxidation in deionized water at room temperature has a faster growth 

rate, and reaches a thickness of 33 Å after 72 h. An oxides formation model is proposed for this tin 

alloy composition. The first layer is either a very thin layer or comprises clusters of SnO2. The second 

layer is a thick and continuous SnO layer. The third layer is a mixture of the two types of oxides. 

Oxidation either in air or in deionized water at room temperature starts with a linear growth law, and 

changes to a parabolic growth law after the SnO layer reaches a critical thickness. There is a possibility 

of SnO to SnO2 transformation that causes thickness reduction. 

1. Introduction  

 

 The surface of a hard disk read-write head requires an extremely 

low surface roughness in order to function properly. The lapping 

process, being one of the final surface preparation steps, is carried out 

using an Sn-1 wt% Bi alloy lapping plate charged with nanosized 

diamond grits. Variation of lapping rate are always observed in lapping 

operation, and impact on the efficiency of the lapping process. The 

relationship between the lapping rate and the aging time in-storage 

was observed. The oxide film thickness of Sn-1 wt% Bi alloy is suspected 

to be the cause, and needs to be understood. Oxidation of tin lapping 

plate occurs continuously in all stages of a service cycle: i) in-use, 

ii) in-reconditioning stages under wet conditions, and iii) in-storage 

stage under ambient air. Classically, the thickness of any oxide films 

increases with time in a parabolic character, reaching a constant 

thickness at a long exposure time.  In the case of oxide film on lapping 

plate, the film may continuously grow until it entirely covers the 

embedded diamond grits on the surface. For the oxide synthesized 

by thermal process [1,2], although an oxidation phenomenon has been 

examined, however, a film thickness measurement was not conducted. 

 The Sequential Electrochemical Reduction Analysis (SERA) 

technique is one of several methods that can be used to measure the 

thickness of tin oxide film. It has many advantages, such as being 

convenient to set up, giving a quick result, and being a non-destructive 

and inexpensive method. Many researchers have verified that this 

technique gives a measured value comparable to those of other 

techniques [3,4].  The SERA technique involves the application of 

a small constant cathodic current via an inert counter electrode to the 

test sample in a deaerated electrolyte. The optimal value of the applied 

current for the tin sample is between -30 µA and -100 µA [5-7]. A plot 

of cathode voltage versus time, called a chronopotentiogram, shows 

a series of plateaus corresponding to sequential reduction of the oxides 

present on the surface of the sample. A plateau voltage reflects the 

bonding strength of the oxide. The reduction time, which correlates 

to amount of reduction in the charge, is a measure of the amount of 

oxide being reduced [3-9]. There are two types of tin oxide film that 

are commonly found; they are SnO (Tin(II)oxide, stannous oxide) 

and SnO2 (Tin(IV)oxide, stannic oxide) [5-10]. X-ray photoelectron 

spectroscopy (XPS) with ion gun sputtering can be used to confirm 

the correct species of tin oxide in each film layer [6,11-13].   

 The purpose of this research work is to study the growth rate of 

tin oxide film, which occurs on the surface of tin lapping plate under 

room temperature in air and in deionized water.  The goal is to simulate 

the in-use, in-reconditioning, and in-storage stages in actual lapping 

operation. Both thickness and types of oxide layer will be measured 

and characterized. 

 

2. Experimental 
 

2.1  Material 
 

 Tin lapping plates were obtained from Western Digital (Thailand) 

Co., Ltd. The composition was 99.0 wt% Sn and 1.0 wt% Bi. The 

dimensions of tin test samples were 20 × 20 × 2 mm3. The surface of 
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each sample was polished with 400, 600, 800 and 1000 grit SiC paper 

respectively, before annealed at 200°C for 1 h.  After annealing, the 

sample was polished again with 1000 grit SiC paper, and washed 

with deionized water and acetone. 

 

2.2  Oxidation test 

 

 The first oxidation test condition was in an air-conditioned room 

having a temperature range of between 24.7℃ and 27.6℃, with 30% 

to 32% relative humidity. The second oxidation test condition was 

in deionized water in the same air-conditioned room. All samples 

were oxidized for 1, 2, 4, 24, 48, and 72 h.  

 

2.3  Sequential Electrochemical Reduction Analysis (SERA) 

 

 A galvanostat (Autolab B.V., model PGSTAT204) was used to 

measure thickness of tin oxide film on the samples in each SERA 

experiment. The experiments were performed in a borate buffer 

solution (6.18 gL-1 boric acid and 9.55 gL-1 sodium tetraborate 

decahydrate) at a pH 8.4 [5-7], under argon atmosphere. An electro-

chemical flat cell has separate compartments for a platinum rod 

counter electrode, Ag/AgCl reference electrode, and a glass tube to 

purge argon gas, as shown in Figure 1. A reduction current of -40 µA 

was employed in all tests. 

 

2.4  X-ray photoelectron spectroscopy (XPS) 

 

 XPS was carried out using Kratos Axis Ultra DLD, by Al Kα 

radiation. Each specimen was examined (i) before argon ion etching, 

and after argon ion etching for (ii) 10 s with 500 eV for 10 cycles, 

(iii) 10 s with 1 keV for 10 cycles, and (iv) 10 s with 3 keV for 10 

cycles, respectively. 

 

3.  Results and discussion 

 

3.1  Thickness of oxide film 

 

  Figure 2 shows SERA curves obtained from oxidation of tin in 

air at room temperature for 72 h. It can serve as the representative 

of Sn-1 wt% Bi oxidation behavior. It reveals reduction of tin oxides, 

which can be separated into three zones of reduction. Firstly, in zone 1, 

the initial potential drop at the very beginning is believed by many 

researchers to be the reduction of clusters of oxides at the outer surface, 

and discontinuity or minuscule defects on surface [6,7,14,15]. Due to 

the non-uniform nature of this outermost oxide layer, there is no 

reduction plateau with constant potential in the graph at this point. 

After the clusters of oxide film are removed, the next layer of oxide 

film is revealed by the first plateau in zone 1. This layer is quite dense 

and continuous, which is reflected in the obtained smooth plateau 

having an almost constant reduction potential. Reduction in zone 2 

appears after the oxide layer in zone 1 is removed. The plateau in 

zone 2 is not as well-defined as that in zone 1.  

 The first plateau in zone 1 is SnO [5-9]. Some previous research [5-9] 

has identified the not well-defined plateau in zone 2 as comprising 

SnO2. Oxide film in this layer is not dense, likely discontinuous, and 

very thin. After completing the reduction process of oxide layers, 

the final plateau in zone 3 has undergone hydrogen evolution due to 

the reduction of the electrolyte. Figure 3(a) shows SERA curves 

obtained from oxidation of tin alloy in air at room temperature at 

various times. The widths of the initial potential drop, and the first 

and the second plateaus tend to increase as time passes. As illustrated 

in Figure 3(b), the potential drop in 72 h oxidation is the deepest of 

all tests, which means that clusters of oxide are growing, expanding, 

and converging to form a new continuous and uniform layer as time 

increases. The thickness of oxide films calculated from reduction 

current density [6] is shown in Table 1. It should be noted that the 

width of the first plateau decreases at the 24 h oxidation test, implying 

that the SnO film thickness shrinks. Other research [3,6,7] has stated 

that SnO can be transformed into the more stable SnO2 over a longer 

time frame. The XPS data in the next section confirms this SnO to 

SnO2 transformation phenomenon.  

 Figure 4 shows SERA curves obtained from oxidation of Sn-1 

wt% Bi in deionized water at room temperature for various times. 

The results are similar to those of oxidation in air. There are three 

reduction zones. The thickness of oxide films tends to increase as 

the time passes. The oxide film thicknesses are greater than those 

observed in tests in air for all test times. Furthermore, it can clearly be 

seen that SnO layer thickness is reduced after 24 h, which is the same 

finding as in the 24 h oxidation test in air. The thickness of oxide films 

calculated from reduction current density is also shown in Table 2. 

 

 

Figure 1. Schematic of electrochemical cell and separate compartments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SERA curves obtained from oxidation of Sn-1 wt% Bi in air at 

room temperature for 72 h. 
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Figure 3. (a) SERA curves obtained for oxidation of Sn-1 wt% Bi in air at room temperature at various times and (b) the initial potential drop  (color online). 

 

     

Figure 4. (a) SERA curves obtained for oxidation of Sn-1wt.%Bi in deionized water at room temperature at various times and (b) the initial potential drop 
(color online). 

 

Table 1. Calculated thickness of oxide films for oxidation of Sn-1 wt % Bi in air at room temperature. 

 

Time  

(h) 

First plateau  

(Å) 

Second plateau  

(Å) 

Total thickness  

(Å) 

1 14 1.5 15.5 

2 14 1.5 15.5 

4 15 1.3 16.3 

24 14 1.7 15.7 

48 18 2.4 20.4 

72 21 2.5 24.0 

 

Table 2. The thickness of oxide film for oxidation of tin alloy in deionized water at room temperature. 

 

Time  

(h) 

First plateau  

(Å) 

Second plateau  

(Å) 

Total thickness  

(Å) 

1 18 2.4 20 

2 19 2.8 21 

4 22 2.9 25 

24 30 4.4 34 

48 24 5.6 30 

72 24 8.6 33 
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 Figures 5 and Figures 6 show plots of growth law of the oxide 

films.  The relationship between film thickness and oxidation time, 

for both oxidation in air and deionized water at room temperature, 

can be described by a linear law for times shorter than 4 h which 

might be due to a discontinuous oxide layer [14,15].  It is followed 

by a parabolic growth law when the oxidation time is greater than 

4 h. Thickness of oxide layer obtained from an oxidation in deionized 

water is noticeably greater than those obtained from an air-oxidation. 

It is suggested to be due to additional formation of tin hydroxide, 

which thereafter decomposes into more stable tin oxide [6,7]. The 

oxide growth laws found in this experiment are in good agreement 

with T. Tamai and Y. Nabeta tests in air for tin plated copper alloy 

[14,15]. Comparing the two plots in Figures 5 and Figures 6, it can be 

clearly seen that oxidation in deionized water occurs at a faster 

rate than oxidation in air. The results show that oxidation under 

deionized water is more severe than that in ambient atmosphere. 

After 72 h of oxidation (three days exposure), oxidation in air forms 

a 23 Å oxide layers, whereas oxidation in deionized water forms 

a 33 Å oxide layer. 

 

3.2  Types of oxide film 

 

 X-ray photoelectron spectroscopy (XPS) was performed to 

determine the film composition on a sample surface.  Figure 7 shows 

the effect of argon ion-beam etching a tin sample which was oxidized 

in air at room temperature. It reveals increasing intensity of Sn 3d5/2 

peak when the etching time is increased. Deconvolution of these 

peaks, shown in Figure 8, specifies the type of Sn species, which 

implies the type of oxide formation. That is, Sn corresponds to metallic 

tin, Sn2+ corresponds to SnO, and Sn4+ corresponds to SnO2. The peak 

positions of 3d5/2 for Sn, Sn2+, and Sn4+ are 485.25 eV, 486.24 eV 

to 486.30 eV, and 487.00 eV to 487.05 eV, respectively [6,10-13]. 

Full width at half max (FWHM) of Sn, Sn2+, Sn4+ peaks are 0.66, 

1.8 and 1.3 eV, respectively. In Figure 8(b), the high intensity of 

the Sn4+ 3d5/2 peak indicates a dominance of SnO2 at the outermost 

surface, which is in good agreement with the initial potential drop 

in zone 1 of the electrochemical analysis.  Thus, the results suggest 

that a formation of thin and less-dense SnO2 clusters is possible. As 

shown in Figure 8(c), after 150 s etching, the higher intensity of Sn2+ 

3d5/2 and Sn0 3d5/2 with a significant reduction of the intensity of 

Sn4+ 3d5/2 indicates removal of SnO2 clusters by etching, revealing 

the underlying SnO and metallic tin. This is consistent with the SnO 

reduction plateau in zone 1 of the electrochemical analysis. In Figure 8(d), 

after 200 s etching, the intensity of Sn4+ 3d5/2 and Sn2+ 3d5/2 peaks 

are comparable, indicating a mixture of both SnO and SnO2 at this depth, 

which is likely due to a transformation of SnO to SnO2 underneath 

the SnO layer [3,6,7], exhibited as an obscure SnO2 reduction plateau 

in zone 2 of the electrochemical analysis. The increased intensity of Sn 

3d5/2, metallic tin, peaks in Figures 8(b-e) may be due to the preferential 

etching at asperities on the sample surface roughness.  This preferential 

etching attack at asperity peaks exposes the Sn-1 wt% Bi substrate, 

and is detected by XPS at all etching times. Figure 9 summarizes the 

concentration of atomic species at each sputtering depth.  After 300 s 

etching, oxygen concentration converges to zero, which indicates 

the end of the oxide film. According to the results, oxidation behavior 

of Sn-1 wt% Bi alloys at room temperature is found to be independent 

of the environment, being in air or deionized water, which is illustrated 

in Figure 10. The first layer consists of SnO2 clusters.  The second layer 

is a thick and continuous SnO layer. And the last, the third layer, is 

a mixture of SnO2 and SnO compounds on top of the tin alloy substrate.  

 

 

Figure 5. Thickness of oxide film versus oxidation time of tin alloy in air at 

room temperature [14,15] (color online). 

 

 

Figure 6. Thickness of oxide film versus time for oxidation of tin alloy in deionized 

water at room temperature. 

 

 

 

Figure 7. Effect of argon ion-beam etching on Sn 3d5/2 peak: 500 eV for 

100 s (10 s per cycle), 1 keV for 100 s (10 s per cycle), and 3keV for 100 s 

(10 s per cycle), respectively (color online). 

Data form experiments 

Fitting curve of experiments 

T. Tamai and Y. Nabeta experiment 

Time (h) 

10 30 50 70 0 20 40 60 80 

T
h

ic
k
n
es

s 
(Å

) 

26 

25 

24 

23 

22 

21 

20 

19 

18 

17 

16 

15 

0 
14 

T
h

ic
k
n
es

s 
(Å

) 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

Time (h) 

10 30 50 70 0 20 40 60 80 

T
h

ic
k
n
es

s 
(Å

) 

36 

34 

32 

30 

28 

26 

24 

22 

20 

18 

16 

14 

0 

Data form experiments 

Fitting curve of experiments 

Binding energy (eV) 

489 488 487 486 485 484 

In
te

n
si

ty
 (

cp
s)

 

250000 

200000 

150000 

100000 

0 

50000 

 0 s 

 10 s 

 100 s 

 150 s 

 200 s 

 250 s 

 300 s  



Oxidation behavior of Sn-1 wt% Bi alloy in air and deionized water at room temperature 

J. Met. Mater. Miner. 31(4). 2021   

49 

 

 

 

 

 

 

Figure 8. (a) Stack plots of XPS spectra for various etching times. Deconvoluted spectra of Sn 3d5/2 after (b) ion etching for 10 s, (c) ion etching for 150 s,      

(d) ion etching for 200 s, and (e) ion etching for 300 s (color online).  
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Figure 9. Concentration profiles of Sn, O and C with 500 eV for 100 sec (10 sec 

per cycle), 1 keV for 100 sec (10 sec per cycle), and 3keV for 100 sec (10 sec 

per cycle), respectively (color online). 

 

 

 

Figure 10. Schematic of oxides formation of Sn-1 wt% Bi in air and deionized 

water at room temperature (color online). 

 

4. Conclusions 

 

 An investigation was conducted to evaluate and characterize 

oxidation of Sn-1 wt% Bi alloy in terms of oxide thickness and tin 

oxide species for two different conditions at room temperature. Tin 

alloy test samples were oxidized in air under a relative humidity of 

30% to 32%, and in deionized water. Oxidation characteristics of 

both test conditions were the same. Two species of tin oxide were 

identified using the XPS technique, namely SnO (Tin(II)oxide; stannous 

oxide) and SnO2 (Tin(IV)oxide; stannic oxide). Deconvolution of XPS 

spectra gave results corresponding well with those from electrochemical 

analysis. The results indicate SnO2 is at the outermost surface, and 

may be in the form of clusters or a discontinuous thin layer, followed by 

a relatively thick and continuous SnO layer; the latter is the predominant 

species of the oxide film. The innermost layer is a mixture of the two 

oxides and cannot be well-defined. At room temperature, the growth 

of oxide film obeys early linear law behavior, and is then followed 

by a slower rate, which suggested parabolic law. After 72 h oxidation, 

the thickness of oxide films reaches 23 Å and 33 Å for tests in air 

and in deionized water, respectively. 
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