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ABSTRACT

A tin layer was immersion plated onto a zinc-silicon
containing aluminum alloy by using a potassium stannate
solution. Conventional aluminum pretreatment was used
before immersion plating.

Effects of immersion time with immersion tin thickness
and AI-Sn adhesion were studied. Conditions of subsequent
Sn-Pb electroplating on Sn plated aluminum samples were
investigated.

SEM (scanning electron microscope) and X-ray energy
dispersion studies were extensively used on samples of each

stage.
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I . INTRODUCTION

Aluminum is the most widely used, non-ferrous struc-
tural metal, because of its light weight, relatively high
strength, excellent heat and electrical conductivity, and
good corrosion resistance. Sometimes aluminum and its
alloys are plated so as to obtain other desirable surface
properties for a specific end use. The electroplated coat-
ings are usually Cu, Cr, NI, Sn, Pb, Zn, Au, Ag, oOr
combinations thereof. However, such plating of aluminum and
its alloys is often difficult [1,2,3] due to the presence of
a protective oxide film which is detrimental to the adher-
ence of the metal films. To solve the problem, the aluminum
is immersion plated, a process which simultaneously removes
the oxide Tilm and deposit a more noble metal by a simple
displacement reaction. The immersion layer can then be
plated using more conventional electrodeposition techniques,
but the adherence of the total deposit to the aluminum 1is
dependent upon the original bond between the immersion layer
and the aluminum. The zincate process [4,5,6,7] which puts
an immersion deposit of zinc on the aluminum by using a
caustic zinc solution is the most widely used pretreatment.
Ordinarily, a cyanide copper strike or a neutral nickel
strike is applied after the zinc immersion treatment, and

before further electroplating [8,9,10).



More recently, a process using a potassium or sodium
stannate solution as the immersion plating solution has been
used when the part to be plated is to be subjected to a
corrosive environment [11,12,13,14,15]. Lateral undercut-
ting corrosion does not occur. The stannate process,
although similar to the zincate process, differs iIn that the
aluminum surface is not rinsed following immersion in the
stannate bath and is placed directly into a bronze strike
bath where voltage is applied. According to a study [11], a
continuous layer of tin is not formed, the subsequent bronze
strike is directly on the aluminum surface. It seems that
the function of the stannate immersion is to first remove
the oxide layer covering the surface (to activate the
surface) and then to protect the exposed metal as the sample
is transferred into the bronze bath. However, reports
[11,15,16] indicate the stannate process 1Is sensitive to
alloy type, and experience with die-cast aluminum alloys is
very limited.

The fact that there are numerous aluminum alloys which
behave quite differently from each other makes it difficult
to find a plating process that is universally acceptable.
For example, when elements are added for alloying purposes,
solid solution alloying elements behave differently than
those forming intermetallic compounds. The surface of the
alloy becomes non-homogeneous during treatment since the
various regions show different reactivities in solutions.

As a consequence the deposit may have regions with varying



degrees of adherence which can result in a final coating
containing surface defects such as blisters. To alleviate
this problem, a double zincate process 1is used [16], 1in
which the first zinc layer is stripped and the zinc immer-
sion steps are repeated. During the fTirst zincate dip, the
most active areas are attacked and more metal 1is removed at
these sites. Thus the difference in the surface activities
decreases and the second zinc deposit forms more uniformly
over the resulting surface. The modified double process can
be used on most of the commercial alloys with one major
drawback: the zincate process is inherently sensitive to
lateral corrosion attack which results in a mass of blisters
and eventually a complete detachment of the electrodeposit.
It is this lateral corrosion encountered in the zincate
process which has restricted the wider use of plated alumi-
num.

For this study, a steel-backed, die-cast Zn-Si aluminum
alloy was used. This alloy is used for bearings and has a
Sn-Pb electrodeposit on the surface to improve the conforma-
bility, embeddability, and lubrication of the bearings.
Nickel 1is used as the intermediate layer bewteen the alumi-
num and the Sn-Pb overlayer, so as to improve the adhesion
of the Sn-Pb layer to the aluminum alloy. Another aluminum
alloy is also used commercially for steel-backed aluminum
bearings [17,18,19]. The alloying elements are mainly
copper, nickel and cadmium. The zincate process is used

followed by a nickel or copper strike. A sulfuric acid



mixture is used for the acid dip. A Pb-Sn-Cu overlay is
electroplated from a Ffluoroborate bath. However, when the
overlayer is worn off after the bearing has been used exten-
sively, the hard nickel interlayer is exposed which damages
the shaft.

The object of this study was to determine the feasibil-
ity of using a stannate bath for the i1nitial iImmersion coat-
ing, and directly electroplating a Sn-Pb overlayer in order
to eliminate the often undesirable nickel strike. It was
also desired to gain some additional insight into the nature
and properties of the initial Sn coating on the aluminum.

Of particular importance were the structure and morphology
of the Sn deposit and the relationship between its adherence
to the aluminum and the processing parameters used 1iIn

producing the Sn layer.



11. EXPERIMENTAL

A. SAMPLE PREPARATION

The steel-backed, aluminum alloy samples, provided by
Caterpillar Tractor Co. were cut into 3/4 x 3/4 inch pieces
The sides and edges of the samples were polished with #120
grit paper and masked with tape to prevent exposure of the
steel to the chemical reagents. The aluminum surface was

polished using #600 grit paper.

B. IMMERSION TIN PLATING PROCEDURE

The samples were first etched iIn a 45 g/l KOH
solution for 30 seconds at temperatures of 20, 50, 70 or
90°C + 3°C to remove the oxide film. During etching, the
surfaces changed from a metallic luster to a gray matte-like
appearance at 50°C and room temperature, or to powdery black
at higher temperatures. After etching, the samples were
rinsed several times with distilled water, with a total
rinse time of about 20 seconds.

The reactions of aluminum with the KOH solution are as

follows:
A1203 + 2 KOH = 2 KA102 + H20 (@D
Al + KOH + H20 = KA102 + 3/2 H2 (@)

The etched samples were then dipped in an appropriate acid



of 3 parts concentrate HNON and 1 part 50% HF, or a mixture
of 300 g/Z HSO®, and 34 g/Z CrO”™, or 50% by volume HNOMN at
room temperature for 15 seconds to remove the layer formed
during etching, thought to be a mixture of hydrated aluminum
oxide and finely dispersed aluminum metal. The surfaces
were quite shiny following the acid dip, and were then
rinsed in distilled water.

The etched samples were iImmediately immersed into the
stannate plating solution for the desired time, usually
three minutes, washed in distilled water and air dried. The
composition of the plating solution is 70 g/Z KQSn(OH)g,

4 g/Z KOH and 0.02 mole/fc potassium gluconate. The plating

reaction is as follows:

3 K2Sn(OH)6 + 4 A1 = 3 Sn + 4 KA102 + 2 KOH + 8 H20 (3)

C. ELECTROPLATING PROCEDURES

After immersion plating, the samples were electroplated
in 200 ml of a Sn/Pb proprietary solution designed to give a
60/40 weight % Sn/Pb electroplate. The exact Sn/Pb ratio
obtained varied with current density. A 60/40 weight %
Sn/Pb anode was used in all experiments. A Hewlett-Packard
6020B DC power supply was used. When electroplating, a 20
or 60 mA/cm2 initial current density was maintained for
2 minutes, then a 20 mA/cm2 current density was maintained

for 8 minutes by controlling the applied voltage.



D. SCANNING ELECTRON MICROSCOPY

The morphologies of the sample surfaces were observed
under a JEOLCO JSM-35CF scanning electron microscope. The
compositions of the samples were determined by X-Ray energy
dispersion analysis using a Kevex EDS System 7077. Usually
a 25 KeV electron beam and a magnification of 10,000 were
used, but an electron beam of 10 KeV and other magnifica-
tions were also used. The first number at the bottom of the
SEM micrographs is the electron beam energy, the second
number is the magnification. The elements were identified

using their known spectral energies (wave lengths).

E. X-RAY DIFFRACTION

X-Ray diffraction spectra were obtained using a Siemens
Crystalloflex 1V diffractometer to determine the crystalline
structure of the samples. The diffractometer was operated
at 30 KeV and 10 mA using Cu Ka radiation. The detecting

range was set at 500 cps (counts per second) or 1,000 cps.-

F. MECHANICAL TESTING

In order to determine the tensile adhesion of the tin
deposits to the aluminum substrate, pull tests were made
using an Instron Test Unit [20].

Each sample was aligned in a jig plate between the

faces of two 3/8" diameter steel rods. A very thin and even



layer of a two phase epoxy (CHEMLOCK) was applied to both
sides of each sample and then contacted with rods on each
side with a slight pressure while in the jig plate. The
assembly was then baked in an oven at 50°C for 24 hours

to cure the epoxy. Following the cure, pull tests were made
on the Instron Unit, and the force required to detach the
tin from the surface of aluminum was recorded. The various

failure modes are illustrated in Fig. 1.

G. BURNISH AND OIL FLOW

Some samples were modified after the immersion tin
plating by "oil flow" and "burnish". "Oil flow" means the
sample was placed in a hot oil bath (well above the Sn melt-
ing point 232°C) for a short time, usually 10 seconds.
"Burnish”™ means the surface was repeatedly compressed using

an air driven tool(Condensaire of Densco).
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I11. RESULTS

A. SEM AND X-RAY ENERGY DISPERSION ANALYSIS

The original samples, when examined by scanning elec-
tron microscopy (SEM) and X-Ray energy dispersion analysis,
showed the presence of small amounts of Zn and Cu. Silicon
was not observed until after plating was attempted along
with small amounts of lead and iron, see Table 1.

When samples are etched in the KOH solution for 30
seconds, some AI™0”™ and Al is dissolved whereas other
constituents, Zn, Cu, Si, Fe, and Pb are only slightly or
not attacked. The x-ray dispersion analysis shows increas-
ing amounts of Zn, Si, Cu, Fe, and Pb with increasing
temperature from room temperature to 90°C, see Table |I.

At room temperature and 50°C, the SEM micrographs indicate
the surface to be only mildly etched whereas at 70 and
QOQC, several holes (pits) and residue particles which
appear as bright areas are evident, see Fig. 2.

For samples etched at 70°C and then dipped in a
50% by volume HNO” solution or the HASOM-CrO” solution for
15 seconds at room temperature, the SEM micrographs reveal
the presence of a substantial number of residue particles.
An analysis of these particles using the x-ray dispersive
unit indicates a high silicon content, Fig. 3.

IT the samples were immersed in the HNO”N-HF mixture

under the same conditions, the sample surface appeared



11

similar to the eye, but in contrast to Fig. 3, the SEM
micrographs reveal a pitted surface with very few bright
particles. This was expected as a consequence of the solu-
bility of Si in HF. When dipped in the HNON-HF mixture,
the roughness of the pitted surface increases with
increasing temperature up to 70°C. When etched at 90°C

the alkaline attack is much more uniform and sufficiently
extensive to remove the abrasion : used initially by the
grit paper and the pits are 1- rge.r md shallower, see Fig.
4.

In order to observe the growth of the tin deposit, the
samples were etched at 70°C, dipped into the HNOMN-HF
mixture, rinsed in distilled water and then immersed in the
stannate plating solution for varying times of 3C seconds,
1, 2, and 3 minutes. The SEM micrographs are shown in Fig.
5. For samples immersed for 30 seconds, no tin particles
are observed using a 25 KeV electron beam. At 10 KeV, a
large number of white spots is evident but the 10 KeV elec-
tron beam is too low to allow an accurate X-Ray energy
dispersion analysis. For samples immersed for 1 or more
minutes, a tin layer is observed to uniformly cover the
surface, and the particle size increases with immersion
time. The tin deposits are the same whether the samples are
etched at 70°C or room temperature, see Figs. 5 and 6.

The surface roughness is similar to those of samples follow-

ing the acid dip, compare Figs. 4, 5d and 5a. When samples



TABLE

X-RAY ENERGY DISPERSION DATA BEFORE AND

original

etch at Rm. temp.
etch at =0

etch at o

etch at ®°o

Al Si
93.6 -
86.7 3.92
82.8 6.48
78.6 4.88

67.2 6.28

Zn

5.29
6.31
7.42
11.2
21.7

Cu

1.07
3.11
3.29
3.49
1.62

AFTER ETCH.
Fe Pb
0.53 1.22
1.00 2.27



FIG.

2.

SURFACE OF SAMPLE AFTER ETCH.
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C.

a. 50% HNO3 b. H2S04-Cr03

element analysis d. 3, 000x

FI1G.

3. SURFACE OF SAMPLE AFTER ACID DIP.
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FIG.

4. SURFACE OF SAMPLE AFTER DIPPED

IN HNCMN-HF.
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FIG.

5. SURFACE OF SAMPLE AFTER

b. 1 minute

d. 3 minutes

IMMERSION.
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a.

3 minutes

FIG. 6. SURFACE OF SAMPLE AFTER

b.

10 minutes

IMMERSION.
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a.

FIG.

3 minutes

7. SURFACE OF HIGH Si

b. 13 minutes

CONTENT ALLOY AFTER

IMMERSION .
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were Immersed for more than 2 minutes, gas bubbles slowly

appeared and accumulated on the surfaces.

B. THICKNESS MEASUREMENT
The thickness of the tin deposit was determined by
dissolving tin in a 50% by volume HNO™ acid solution,
diluting to 25 ml, and measuring the concentration of tin on
a Perkin-Elmer Atomic Absorption Spectrometer. The thick-
nesses were determined as follows:
tin deposited (g) = tin concentration (g/c.c.) x 25 (c.c.)

tin deposited (Q) 1
thickness (cm) ---—————————————————————- X =————m e

tin density (g/c.c.) area (sz)
The theoretical tin density of 7.29 g/c.c. was used assuming
a pore-free deposit. The thickness of tin deposits on
samples immersed in potassium stannate solution for differ-
ent periods of time was measured. Results show that, except
for the first 2 to 3 minutes, the tin thickness is nearly
proportional to iImmersion time, 490 X/min, see Table 11

and Fig. 8.

C. HIGH SILICON CONTENT ALUMINUM ALLOY
An alloy with a higher silicon content was also studied

(see Table 111 for exact composition). The tin deposits
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appeared very similar, however the etched surface had more
and larger Si particles which resulted in large holes on the

surface after the HNOMN-HF mixture dip. The tin thickness

o
growth, 200 A/min, 1is smaller than that for the low silicon

alloy, see Table IV and Figs. 7,9.

D. X-RAY DIFFRACTION SPECTROSCOPY

X-Ray diffraction spectra show that prior to plating,
only the aluminum structure is detected; after plating,
peaks of beta-tin are also present. As would be expected,
the relative intensities of the tin peaks increase as the
deposit thickens, see Table V and Appendix A. The thickness
and peak intensities can be related by the following
equation [21]:

G =1- exp(-2yx/sin0) (@)
where

G is the ratio of absorption compared to the absorption

of infinite thickness,

y = absorption coefficient
X = tin thickness
0 = diffraction angle

in which G is between 0 and 1, y is 1847 cm””™ for Cu Ka
radiation. A glass slide with a 1200 X plasma coated

3-tin layer whose thickness was measured by optical
diffractometry was used as the standard, see Appendix B for

detailed calculations. Samples of different iImmersion time



TABLE 11.

TIN THICKNESS CALCULATED FROM DISSOLVED TIN.

immersion
time (min)

© 00 N oo o b~ wWw DN

o 0 W K
o O O o

70

100*

120*

* Solution was diluted to 50 mf

area

cone .

cn?)  (ppm)

1.69
1.15
1.69
1.69
1.56
1.75
1.56
1.50
1.69
1.62
1.98
1.44
1.56
2.02
1.50
1.44

6.2
6.1
7.5
9.1
9.1
14 .4
13.2
16.0
24_.3
71.1
136.0
117.0
72.4
94.5
80.6
90.5

w

(x10_5g) I0 ~g/Zcm™)

15.50
15.25
18.75
22.75
22.75
36.00
33.70
40.00
60.75
177.75
340.00
293.67
362.00
472 .50
403.00
452 .50

9
13
11
13
14
20
21

26.

35.
109.
171.
203.
232.
233.
268.

314

w/A

17
.20
-10
-46
.58
.51
.54
67
95
39
03
94
05
33
67
.24

instead of 25 mH

thickness

®

1,300
1,800
1,500
1,800
2,000
2,800
3,000
3,700
4,900
15,000
23,500
28,000
31,800
32,000
36,900
43,100

21



FIG.

8. TIN THICKNESS VS.

MINUTE

IMMERSION TIME FROM TABLE
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element

percent

€

TABLE 11

COMPOSITION OF HIGH Si

CONTENT ALLOY.

Fe Pb Cu

P 1.0 _

Al

84.0
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TABLE IV.

WEIGHT CHANGES AND TIN THICKNESS OF HIGH Si

immersion W

time (min.) @

WO

10
20
30
40
50
60
70
80

7.70400
7.70425
7.70450
7.70460
7.70550
7.70520
7.70520

7.70520

7.70377 gram

90

-30

Ares

n o
W -w

@

3x10™"5
28
53
63
153
123
123
123

1.3 x 1.25

24

CONTENT ALLOY.

w/A thickness
@/cm2) ®»

1.9xI1C*5 300
17.2 2,400
32.6 4,500
38.8 5,300
94.2 12,100
75.7 10,400
75.7 10,400
75.7 10,400
= 1.625 cm2



FIG.

9. TIN THICKNESS VS.

MINUTE

IMMERSION TIME FROM

TABLE

V.

25
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TABLE V.

X-RAY DIFFRACTION DATA.

d I hkl d I hkl
2-34 S 1X1A1 2.92 W 500sn
2.03 MS  2°°a 2.79 W 1o1en
1.43 MS 55041 2-34 S y11A1
1.22 WS 34145 2.03 S 500a1

1.43 M 220ai

ample after polish

1.22 MS 31lai

sample plated at room temp.

d [ hkl
2.92 MS 200Sn S = strong
2.79 VS 101Sn M = medium
2.35 M 113A1 W = weak
2.07 W 220Sn V = very
2.02 S 2115n

200A1
1.48 M g128n
1.43 M 32'"sn

220A1
1-22 W 31180

1.21 w 312en

sample plated at 60°C
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were Xx-rayed and the thicknesses calculated. The results

are in reasonable agreement with those obtained in part B,
(o]

except the tin thickness growth is 1080 A/min, see Table VI

and Fig. 10.

E- PURE ALUMINUM AND AI-Mn ALLOY

Pure aluminum and a wrought Al-Mn alloy (Fisher A-552)
were also treated by the stannate process described in the
experimental section. The SEM micrographs were quite
different from the Zn-Si-Al die-cast alloy, see Fig. 11.

Only a few Sn particles scatter on the surface, most of the

aluminum surface is uncovered.

F. ADHESION OF AI-Sn

Results discussed in this section were all obtained
with samples of low silicon content. Table VII shows
results of samples etched at room temperature, or 70°C,
dipped in HNON-HF mixture, immersed for 3 minutes. Table
VIIl shows results of samples etched at room temperature,
dipped iIn HNON-HF, 1i1mmersed from 1 to 10 minutes. Table
IX shows results of samples etched at 70°C, dipped in
HNO3-HF, immersed for 3, 6, 7, and 8 minutes. The adhesion
between tin and aluminum is very good for samples iImmersed 2
or 3 minutes; results show cohesive failures occurred which

mean that the adhesive strength must be higher than the
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value measured, see Fig. 12 and Table VII. When samples
were immersed for longer time, and the tin deposits grew
thicker, the pull strength gradually decreased, and adhesive
failure occurred. For samples iImmersed for 10 minutes,
adhesive fTailure occurred at a considerably lower pull
strength of 2750 psi, see Table VIIlI and Fig. 13. When the
sample was immersed for 120 minutes, the thick tin layer was
easily peeled off by Scotch tape, see Fig. 13. In part B,
the SEM micrograph shows the surface to be rougher when the
samples are etched at 70°C instead of room temperature,

and the pull tests do reveal better adhesion. However, as
the deposits become thicker, the difference between samples
etched at 70°C or room temperature decreases, see Table

IX and Fig. 14.

G. ADHESION OF ELECTROPLATED SAMPLES

The results of the electroplating on the aluminum alloy
preceeded by the stannate process are limited and not
entirely satisfying, results are shown in Table X. Most of
the results are samples of high Si content. During elec-
troplating, gas bubbles are produced and the surface usually
has blisters. When electroplated samples were pulled to
test the adhesion, Tailure always occurred between the Al-Sn
interface or within the immersion tin layer; the Sn/Pb elec-

troplate adheres to the immersion tin layer Ffirmly.
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TABLE VI.

X-RAY DIFFRACTION PEAKS INTENSITIES AND THICKNESS.

immersion sample peak area thickness peak area thickness

time width(cm) at 30.6° ) at 31.8° ®
standard 1.75 464 1,200 335 1,200
30 sec. 1.35 32 100 34 100
45 sec. 1.30 112 400 78 400
1 min. 1.35 162 500 142 600
2 min. 1.30 177 600 161 800
4 min. 1.17 622 2,600 444 2,500
5 min. 1.20 721 3,100 657 4, 100
6 min. 1.25 971 4,300 951 6,700
(500 cps)

6 min. 1.25 476 4,300 465 6,700
(1,000 cps)

7 min. 1.40 499 3,900 452 5,400
8 min. 1.30 625 6,100 704 14,800
9 min. 1.30 713 7,600 702 14,600
10 min. 1.30 771 8,700 843 -

Standard sample is a glass slice with a 1200 A plasma coated
3-tin layer.

Samples less than 6 minutes were measured at 500 counts per

sec.(cps), while samples more than 10 minutes were measured
at 1000 cps.



FIG.

10. TIN THICKNESS VS.

IMMERSION TIME FROM TABLE VI.

30



FI1G.

a.

11.

pure Al

SURFACE OF PURE Al

AND Mn-Al
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b. Al-Mn alloy

ALLOY AFTER IMMERSION.



a. before b. after

FIG.

12.

SURFACE OF SAMPLE BEFORE AND AFTER PULL TEST.
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FIG.

13. SURFACE OF SAMPLE AFTER PULL TEST.
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TABLE VII.

ADHESIONS OF SAMPLES IMMERSED FOR 3 MINUTES.

sample 1 sample 2 average Std. % of
KOH temp. force psi force psi psi Dev. Dev.
0 5,7122 5,9042 5,808 + 136 2.3
room temp. 4,9202 4,7582 4,839 + 115 2.4

Superscript is failure mode; 1 is AI-Sn adhesive fTailure,
2 1s Sn cohesive TfTailure, 3 is Ep-rod failure, see Fig. 1.

1 psi = 7.03 x 10 g/cm2



ADHESION OF SAMPLES

deposition high range
time force psi
6,0723
5,5443
4,200%+2
4,0321-2
4,44a1
5,0731

4,72s1

© 0 N o o A~ w N

3,5521

[
(@

2,92s1

Superscript is failure m
2 1S Sn cohesive Tailure

Each condition has been done on four samples.

TABLE VIII.

IMMERSED FROM 1 TO 10 MINUTES.

low range

3,8403
3,7423
3,8004" <
3,648%/%
3,6721
3,0571
2,5441
2,8801
2,5541

average
force psi force psi

4,986
4,464
4,016
3,786
3,979
4,042
3,654
3,186

2,705

Std.
Dev.

+1,000

+

+

+

+

+

830
182
169
327
944

+1,227

+

+

290

184

35

% of
Dev.
20.1
18.6
4.5
4.5
8.2
23.3
33.6
9.1
6.8

ode; 1 1s AI-Sn adhesive failure,

, 3 is Ep-rod failure,

see Fig.

1.
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TABLE [IX.

ADHESION OF SAMPLES IMMERSED FOR 3, 6, 7,AND 8 MINUTES.

deposition high range low range average Std. % of
time force psi force psi force psi Dev. Dev.
3 min. 5,7203 4,4403 5,093 + 533 10.5
6 min 4,7521 3,7443 4,320 + 431 10.0
7 min. 3,5371 33,0721 3,227 + 269 8.3
8 min. 3,75cl 2,97s1 3,282 + 412 12.6

Superscript is failure mode; 1 is Al-Sn adhesive fTailure,
2 is Sn cohesive failure, 3 is Ep-rod failure, see Fig. 1.

Of 3 and 6 minutes, four samples have been done respectively.
Of 7 and 8 minutes, three samples have been done respectively.



FIG.

14. ADHESION

VS.

IMMERSION TIME FROM TABLE VII-IX.

37



38

When electroplating, samples prepared by using the
previously mentioned optimized tin immersion conditions,
mainly immersion in a solution of 70 g/1 potassium stannate
for 3 minutes after being dipped In a HNOM-HF mixture
for 15 seconds, exhibit many blisters on the surface, and
the deposit is loosely attached to the substrate. In order
to prevent this blistering and improve the adhesion, some
changes were made both with the stannate process and with
the electroplating conditions. The stannate concentration
was increased to 140 g/1, and the immersion time was
increased to 5 minutes. As for the electroplating condi-
tions, the initial current density was increased to 60
mA/cm2 for 2 minutes. The electroplated sample prepared
by using these conditions still shows a few blisters, and
the result of the pull test (219 psi) indicates adhesive
failure at the Al-Sn interface. Reducing the acid dip time
to 5 seconds was tried, and the electroplated sample shows
only a few blisters, but the pull strength decreases to 139
psi. IT the sample was dipped in 50% by volume HNO™ for
15 seconds, the electroplated sample shows no signs of blis-
tering, but the pull strength decreases to 61 psi with
failure again occurring at the AI-Sn interface.

For samples of low silicon content, the surface uaually
has fewer blisters, but the pull strength is essentially the
same as that of the high silicon content sample within the
limits of error for samples dipped in HNON-HF, e.g., 194

psi compared to 219 psi. However when for a sample dipped
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in 50% by volume HNO”, the pull strength improves from
51 to 155 psi, see Table X.

When the sample is iImmersed at room temperature for 120
minutes, or at 70° for 3 minutes, and modified by ™"oil
flow" and "burnish™, the surface is free of blisters and an
adhesion of 600 psi is obtained. It should be noted that
when samples immersed for 120 minutes or at 70°C were
pulled, only the area attached to the pulling rod was pulled
away, and failure occurred within the tin layer, as shown in
Fig. 16 and Table XI. But when samples with an immersion
time of 5 minutes at room temperature were pulled, the
entire deposit was pulled away from the surface, and the
failure occurred between the Al-Sn interface see Fig. 15.
When calculating the adhesion, the detaching force was
divided by the total electroplated area instead of the
contacting rod area when failure occurred on the entire
electroplated area.

When an initial current density of 60 mA/cm2 was
employed during the electroplating, the adhesion is superior
to that obtained at an initial current density of 20
mA/cm2, see Tables X. The ratio of tin increases from 52 %
to 74 % when the initial current density is increased from
20 to 60 mA/cmz, but the appearance and SEM micrographs

are very similar, see Table XII.



stannate
cone.

(g/n

70
140
140
140
140C
140C

70

70

A: HNON-HF (3 to 1 by volume) mixture was used as acid.

Sample
B: 50% by
C: Low Si
D: Sample

*. Sample

**:  Sample

TABLE X.

ADHESION OF ELECTROPLATED SAMPLES.

time acid modify initial appearance adhesi<

min. C. D. blistering psi
(mAZcm”™ )

3 A 20 heavy 0
5 A 60 few 219
5 D 60 few 139
5 B 60 no 61
5 A 60 few 194
5 B 60 no 155

120 A * 35 no 600
3 A * 20 no 552

s were always dipped in acid for 15 seconds.
volume HNO”™ was used.
content alloy was used.
was dipped in HNON-HF for 5 seconds.

was modified by "oil flow" and "burnish".

was immersed at 70°C, all the others are at

temperature.
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a. before pull test b. after pull test

FIG. 15. SURFACE OF ELECTROPLATED SAMPLE.
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a. after modify b. after electroplate
and pull test

FIG. 16. SURFACE OF SAMPLE IMMEDRSED FOR 120 MINUTES.



TABLE XI.

SURFACE COMPOSITION OF SAMPLE AFTER EACH TREATMENT.

Al wt.% Sn wt.% Pb wt.%
after 1immersion 120 min. 2.25 97.29 0.46
after electroplate 3.02 52.18 44 .80

after pull test 64.33 34.53 1.14
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TABLE XI1I.

COMPOSITION OF ELECTROPLATE VS.

current density Sn wt.%

20 mA/Z/cm2 10 min. 52.1

60 mA/Zcm2 2 min.

20 mA/Z/cm2 8 min. 74.0

ELECTROPLATING CURRENT.

Pb wt.%

47 .8

26.0
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IV. DISCUSSION AND CONCLUSIONS

In the KOH etchant, the original AI™N0™ layer dissolved
to expose a fresh Al surface. Because of the high oxidation
potential of Al (ESHg = +1.66 V), water 1is reduced to
hydrogen and the aluminate ion is formed, see equation (2).
The black appearance of the surface is typical of metals
like Zn, Mg, and Al where attack by either strongly alkaline
or halogen-containing solutions, produces a large number of
very fine metallic particles together with hydrated oxides
of the metal [22]. The black appearance is a consequence of
the destructive interference of multitudes of reflections
from the tiny metal crystallites which are oriented in all
possible ways.

The black surface is readily removed by immersion ir.co
the HNOg-HF mixture which dissolves the metallic particles
and the ZnO to reconstitute a new thin aluminum oxide layer.
When this new surface is Immersed in the plating solution,
the oxide layer is removed exposing a fresh aluminum surface
to the plating solution. The Sn4+ ions are reduced to
Sn which deposits onto the aluminum surface, see equation
(OF

Initially, no tin can deposit as It is necessary to
expose a fresh surface through dissolution of the oxide.

In this regard, after the sample is removed from the HNOMN-HF
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mixture, it should be placed in the plating solution with as
little delay as possible so as to prevent a build-up of the
oxide layer which would then slow up the plating process.

If HF is not used to remove the bulk of the Si on the
surface, the plating deposition rate is slow as expected
because of the poor conducting properties of Si.

As the surface is gradually covered by a tin deposit,
the deposition rate decreases and should eventually cease
when the surface is totally covered by tin. The results
show that after an initial 15 to 30 seconds needed to
dissolve the oxide film and initiate nucleation, the surface
is quickly covered by a tin deposit in one to two minutes.
However, probably another redox reaction takes place, some
aluminum areas continue to be exposed to the solution and
tin continues to deposit on the surface, see Tables 11, 111
and V and Figs. 8, 9 and 10.

After samples had been immersed for about 2 minutes,
hydrogen gas bubbles gradually appeared on the surface and
grew larger, see equation (2). The continuous gas evolution
also indicates that there is some aluminum surface which has
not been covered by Sn. As the deposit grows thicker,
hydrogen gas may be trapped between the tin layer and alumi-
num, diffuses to neighbouring areas, and lifts off the
deposited tin layer. This may explain why adhesion is
decreased and why the fraction of failure that occurrs
between aluminum and tin increases when immersion time is

increased, see Tables VIIlI and IX and Figs. 13, 14.
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When the tin thickness was measured by dissolving the
deposited tin (part B results), the thickness was calculated
by dividing the total amount of deposited tin with the
deposited area. Since the true area cannot be measured, the
geometric area was used; thus the thickness value may be
larger than the true thickness. More precisely, it should
be the deposited amount on the surface instead of the thick-
ness because the thickness also depends on the density of
the deposit. The assumption of a pore-free deposit is not
supported by the SEM micrographs which indicate the oppo-
site, see Figs. 6, 7. The thickness measured by Xx-ray
diffraction ( Table VI, part D), is almost twice that
obtained in part B except for the first three minutes, see
Fig. 8 and 10. Because the x-ray results are directly
related to the thickness, equation (4), this shows that the
density of the tin layer is only about half of the theore-
tical density (7.29 g/cm3), and the structure on the thick
tin layer is likely to be porous. This is In accordance
with the SEM micrographs. The lower growth of tin on the
alloy of high Si content, 200 X/min, as compared to that
on the alloy of low silicon content can be explained. When
aluminum is dissolved to reduce the Sn ions, Si particles
that have been buried are exposed, hence the contact area of
aluminum exposed to the stannate solution is decreased. The
more Si particles on the surface, the less aluminum area
that can react. However, it should be noted that though all

samples were polished with #600 grit paper and underwent the
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same process, the increase iIn hardness and nu:.ber of micro-
particles resulting from the increased silicon amount make
the true surface area quite different from that of the low
silicon alloy, and comparisons should be made with caution.

The stannate solution did not have to be changed after
each use, the tin deposits were consistently good even
though the solution had been used many times. It . _.ould be
noted that the arbitrarily chosen amount of potassium gluco-
nate additive was only half of the amount normally used ir.
studies by other researchers (0.01-0.25 mole/liter). When
the stannate concentration is increased to 140 g/Z, the
useful life time of the bath is greatly shortened which
indicates that the amount of potassium gluconate added may
be too small. The amount of the potassium additive should
be increased, especially when the stannate concentration is
high. However, the relation between the amount of potassium
gluconate needed and the potassium stannate concentration
needs TFfurther investigation.

Since a tin layer forms on the die-cast alloy surface,
aluminum is prevented from forming an oxide; The bronze
strike can be eliminated, and direct Sn-Pb electroplating is
possible. The blisters on the electroplated surface are
caused by trapped hydrogen gas. When samples are put in the
acidic Sn-Pb electroplating solution, the uncovered aluminum
areas reduce the hydrogen ions to hydrogen gas which in part
may be trapped within the porous tin layer and beneath the

subsequent Sn-Pb electroplate. Thus the hydrogen trapped
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beneath the electroplated layer can exert sufficient pres-
sure to detach the electroplate layer, form blisters and/or
rupture sites. For samples iImmersed in a stannate solution
at an elevated temperature of 70°C/ or for long periods

of time, so as to produce a thick layer, the final electrop-
lated samples are free of blisters provided that the porous
tin coating is melted or "flowed” in an oil bath and "bur-
nished”. This ensures that there is no aluminum surface
exposed to the acid attack of the electroplating bath. When
samples are dipped in HNON-HF mixture, the silicon particles
dissolve and leave deep pits on the surface, see Figs. 3 and
4. The results that high Si content alloys tend to have
more blisters and that samples dipped in 50% by volume HNON
instead of the HF mixture have no blisters, suggest that the
pits are most likely formed on the uncovered aluminum areas.
These uncovered areas serve as cathodic sites on which the
hydrogen ions are reduced so that the increase of silicon
content increases the possibility of Al-hydrogen corrosion
and results in more blisters.

In part F of results, the adhesion of Sn decreases as
samples were immersed longer and the tin deposit grew thick-
er. When a sample was immersed for 120 minutes, the
thickness of the tin layer is likely to be around 15,000 2,
and the porous structure breaks easily. The ™"oil flow" and
“"burnish”™ only smear the outer part of the tin layer, the

porous structure does not change significantly, see Fig. 16.
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Thus, the cohesive fTailure within the tin layer occurred at
low pull strength, as is shown in Tables X and XI.

The adhesion between the Sn/Pb electroplate and the
immersion tin layer seems quite strong. The present diffi-
culty is to iImprove the properties of the immersion tin
layer. The surface activity needs to be equalized to mini-
mize the uncovered areas. A double stannate process may be
useful in equalizing the different activities on areas of
the surface. It is also important to avoid the porous
structure of the tin layer. “Burnishing” which compresses
the surface seems to be a suitable technique for this
purpose. However some improvement in the technique is need-
ed because burnishing can scratch the surface and leave some
bare areas. Posibly samples immersed for less than 10
minutes at room temperature can be burnished after having
been electroplated for 1 or 2 minutes, and then electroplat-
ed again.

This study shows that the stannate plating process,
followed by Sn/Pb electroplating, is a promising technique.
The stannate solutions have a long useful life time, and
need little care. Furthermore, the resulting electroplated
Sn-Pb layer is fine grained. From other experience, the
common Sn-Pb fluoroborate bath [23] should give results
similar to the proprietary Sn-Pb plating solution. An opti-
mization study should be carried out to determine the best

electroplating parameters and the stannate bath
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compositions. Thus far an adhesion strength of about 1,000
psi has been achieved for a 60/40 weight % Sn-Pb electrop-
late onto an immersion tin surface. With some modifica-
tions, the adhesion should be improved, and the blisters
eliminated. Based on this study, a stannate pretreatment
followed by a direct electroplating from a Sn/Pb fluorobo-

rate solution on a Zn-Si die-cast aluminum alloy 1is

feasible.
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X-RAY DIFFRACTION DATA FOR ALUMINUM AND BETA-TIN.

2.34
2.02
1.43

1.22

2.92
2.79
2.06
2.02
1.48
1.44

1.21

APPENDIX A

100
47
22
24

Aluminum

100
90
34
74
23
20
20

Beta-tin

hkl

111
200
220
311

hkl

200
101
220
211
112
321
312
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APPENDIX B

CALCULATION OF TIN THICKNESS VS. X-RAY ABSORPTION.

G = 1 - exp(-2yx/sin0)

Absorption coefficient = y/p X p

For Sn of Cu Ka radiation:

y/p = 253.3 cm2/g for p = 7.29 g/cm3
y = 1,847 cm™»

For 20

30.6°, sin0 = 0.2639

0
1,200 A = 0.12 ym

When Xx

G =1 - exp(-1847x1200x10*'8/0 .2639) = 0.155

Gsampre = %td’ X (Peak area of sample/Width of sample) x
(Peak area of std/Width of std)

xSampre = InSI{I—GsampIE.) x {sin0/2y)

x(ym) 0,1 0,2 0.,3 0.4 0.5 o .6 o.,7 0,8

G 0,13 0,24 0.34 0.43 o0.50 0,57 0,62 o0 .67

x(ym) 0.9 1.,0 1.2 1.5 1,75 2..0 2.25 2.5
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