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XPS and corrosion studies on zinc phosphate
coated 7075-T6 aluminium alloy
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X-ray photoelectron spectroscopy (XPS), combined with scanning electron microscopy
(SEM), weight loss tests and atomic absorption spectroscopy (AAS), has been applied to
investigate the corrosion protection properties of zinc phosphate when coated on 7075-T6
aluminium alloy. XPS is consistent with the coating process leading to both physically
adsorbed and chemically absorbed zinc. The former is washed away by ultrasonic washing,
but the chemically absorbed component, identified as ZnO,, is incorporated into the
aluminium oxide layer. This layer helps suppress the dissolution of aluminium during the

corrosion process.

1. Introduction

Aluminium alloys have long been used in the aircraft
and automobile industries because of their high
strength-to-weight ratio and high durability [1]. The
naturally formed oxide film on the aluminium surface
provides corrosion resistance, but its thickness may
vary due to variations in alloy composition, surface
cleanliness and atmospheric exposure; also this film
can provide an unreliable base for the application of
paints and adhesives. Various methods, including
chemical conversion coatings, anodizing and electrol-
ytic and chemical polishing are available to control
the thickness of the oxide film, increase the corrosion
resistance of the aluminium surface, and improve the
adhesion of coatings and adhesives. Zinc chromate
has been widely used in chemical conversion coatings
as well as a pigment in anti-corrosive primers; in both
cases the zinc chromate increases the corrosion resist-
ance of the aluminium surface. However, toxicity stud-
ies [2,3] have indicated that zinc chromate is a car-
cinogen, and its use in chemical conversion coatings
and as a pigment in anti-corrosive primers is con-
sequently being restricted. In turn, replacement pig-
ments and treatment processes are being developed
and evaluated.

To aid the search for materials which can act as
possible replacement pigments and conversion coa-
tings for zinc chromate, it would be useful to establish
the mechanism of interaction of the various pigments
with the aluminium surface and the mechanism of
corrosion protection. One material under considera-
tion as a replacement for zinc chromate is zinc phos-
phate (Zn;(PQ,),), which has become established in a
pretreatment process for steel [4, 5] and has also been
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applied as a pretreatment for aluminium. Indeed, zinc
phosphate, in combination witii other pigments, has
been used to develop new wash (etch) and marine
primers for both aluminium and steel [6].

In this work, X-ray photoelectron spectroscopy
(XPS) has been employed to study and characterize
the chemical compositions and structures of surface
oxide layers on a 7075-T6 aluminium alloy after treat-
ment with zinc phosphate. The effects of exposure to a
corrosive environment (3.5% sodium chloride) have
also been studied by XPS; additionally the corrosion
protection performance of this treatment has been
evaluated by making characterizations with scanning
electron microscopy (SEM), weight loss measurements
and atomic absorption spectroscopy (AAS).

2. Experimental procedure

Studies were done on square test panels of 7075-T6
aluminium alloy ([1] pp.86-7) of side 1 cm and thick-
ness 0.12 cm. The samples used for SEM and XPS
analyses were all polished to a mirror-like appearance
(0.03 um finish) to help identify any changes occurring
after later treatments. For weight loss measurements,
the whole of a test panel (two faces and four edges) was
polished to a 220 grit finish. After polishing, all panels
were degreased with acetone and methanol. The coa-
ting process was done by suspending these test panels
in 10% zinc phosphate (ZPO) solution for 1 h at room
temperature. After coating, the panels were normally
ultrasonically rinsed in distilled water for 1 min, fol-
lowed by rinsing with absolute ethanol and then air-
dried, but XPS analyses were done on panels with and
without the ultrasonic rinsing.
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Scanning electron micrographs at 4000 magnific-
ation were measured in a Hitachi S-2300 model micro-
scope operated at 5kV. Corrosion rates were deter-
mined from weight loss measurements according to
the method detailed in ASTM G1-81 [7]. These stud-
ies were done on both blank and coated panels when
separately immersed in a 3.5% sodium chloride
(NaCl) solution for 2 h. AAS was used for detecting
the presence of AI** dissolved in NaCl solutions after
the weight-loss test. The absorbance was measured at
309.21 nm wavelength in a Perkin—Elmer 305A spec-
trometer with the N,O/acetylene flame in operation.
Corrections were made for NaCl interference in the
background.

XPS spectra were measured in a Leybold MAX200
spectrometer at an operating pressure of 6 x 107°
mbar. The unmonochromatized MgK, radiation
source (1253.6 V) was operated at 15 kV and 20 mA.
Survey spectra, for use in qualitative analysis, were
obtained with the pass energy of the hemispherical
analyser set at 192 eV; higher resolution narrow-scan
spectra were measured for the Zn 2p, O 1s, C 1s and Al
2p core levels at a 48 eV pass energy. For the latter,
integrated peak areas determined after background

latter measurements are helpful to offer surface mor-
phology and indicate composition—depth profiles by
non-destructive means [8,9].

3. Results

3.1 XPS studies

Five differently treated samples (designated A—E) were
examined with XPS, and the sample codes are identi-
fied in Table I. Briefly, sample A is the blank 7075-T6
aluminium panel, sample B is the same sample after
exposure to the corrosive environment, sample C is
ZPO-coated aluminium panel after ultrasonic rinsing
in water, sample D is the same sample after exposure
to the corrosive environment, and sample E is like C
except no ultrasonic rinsing is done. Fig. 1 compares
survey spectra for samples A and C; the latter shows
the presence of zinc in addition to oxygen, carbon and
aluminium. Fig. 2 shows the Zn 2p,, peak at high
resolution for samples C and E at take-off angies of

TABLE 1 Identification of samples studied with XPS

subtraction were taken to measure relative clemental ~ Code  Sample identification
a'm.ounts after cmjrectlon with the appropriate sensi- A Polished 7075-T6 aluminium panel
tl_VItY factors p_rov1ded by the manufacturer. Core level B Sample A after immersion in 3.5% NaCl solution for 2 h
binding energies were referenced to the gold 4f;, c Sample A after treating with 10% ZPO solution for 1 h
binding energy at 84.0 eV. Narrow scan spectra were followed by an ultrasonic rinse in distilled water
also measured for different values of the take-off angle, IE) gamp}e i ai‘cr mmersion ig;/" ;lfgl S‘;‘“?lonffor 12111
0, which is defined as the angle between the plane of ample A after freating with 107 solution for
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Figure 1 XPS survey scan spectra of the aluminium panel: (a) blank (sample A); (b) ZPO-coated (sample B).
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Figure 2 Zn 2p,,; spectra for (a) sample C, 8 = 90°, (b) sample C, 8 = 30°; (c) sample E, 8 = 90°; (d) sample E, 8 = 30°; (¢) sample E, 0 = 90°

after bias potential; (f) sample E, 8 = 30° after bias potential.

90° and 30°. It is clear that two forms of zinc are
_ present in sample E, with binding energies of 1026.7
and 1023.3 eV, but only the second is well-established
in sample C, which has been ultrasonically washed
after the ZPO-treatment. The variations with 6 show
that the 1026.7 eV peak is in the very topmost region;
also even for sample E this peak is effectively removed
when the bias potential technique [10] is applied. This
involved making measurements with a negative bias
potential ( — 94.3 ¢V) applied to the sample, and then
shifting the measured spectrum back by 94.3 eV. Nev-
ertheless, the negative bias potential technique has no
effect on the lower binding energy component, which
still lies at 1023.3 eV after the measured spectrum is
shifted back (Fig. 2e—f). For the latter component, the
sum of the Auger parameter, a (o = kinetic energy of
Zn LM, sM 5 Auger electron-kinetic energy of Zn
"2p3), electron), and the excitation source energy
(1253.6 eV) equals 2010.0 eV, which is consistent with
that component arising from an oxide ZnO, [11].
Survey spectra of samples B and D, after immersing
in NaCl solution, show the presence of aluminium,
zinc, oxygen and carbon, but interestingly, sodium
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and chloride are not detected. Both samples A and C
show the presence of AlO, at a binding energy of
74.1 ¢V and metallic aluminium at 71.5 ¢V. The com-
position ratio of the oxide peak to the metallic peak
for 8 = 90° is about 15:1, and this ratio increases with
decreasing take-off angle; this matches the conven-
tional expectation that the oxide layer is on top of the
bulk metal [12]. Also, using the approach of Massies
and Contour [13], the thicknesses of the oxide layers
are estimated at around 3.6 and 4.6 nm for samples A
and C, respectively, using mean free path values estim-
ated from Seah and Dench [14]. For samples B, and
D, the Al 2p spectra show only the oxide peak, an
observation which is consistent with these samples
having a further oxidation of aluminium metal to
AlQ, in the salt solution. For sample B, the Zn 2p;,,
spectrum shows a small peak corresponding to the
binding energy of 1023.3 eV. This component is not
seen in the corresponding spectrum for sample A, and
these two observations suggest that an effect of the
immersion in NaCl solution is to expose some oxi-
dized zinc from the bulk alloy (zinc is nominally
present at around the 5% level in the 7075-T6 sample



TABLE 11 Zn/AlO, composition ratios from samples A-D es-
timated at different take-off angles, 6

Zn/AlO, composition ratio

6(deg) A B C D

30 0.000 0.008 0.050 0.092
45 0.000 0.016 0.065 0.067
60 0.000 0.015 0.073 0.063
90 0.000 0.017 0.076 0.064

([1] pp. 86-7). Table II summarizes the zinc to AlO,
composition ratio estimated for different take-off an-
gles for samples A to D.

3.2. Corrosion studies

Fig. 3a—d show scanning electron micrographs for
samples A-D, respectively. Prior to the immersion in
the NaCl solution, both sample A (the blank) and
sample C (the ZPO-treated surface) had a similar flat
appearance under the SEM (Fig. 3a and c, respect-
ively). After exposure to the salt solution, the un-
treated aluminium sample (B) showed a large
corroded area (Fig. 3b), but the corroded areas on the
ZPO-treated sample D were much less (Fig. 3d).
Corrosion rates for samples A and C were estimated
by weight-loss measurements. After the 2 h immersion
in the salt solution, the corrosion rate for the un-

treated sample was found to be 118 uygm~2s"1, al-
though no weight loss was detected for sample C.
Correspondingly, AAS measurements, to detect the
presence of aluminium ions in the solution after the
weight-loss measurements, showed about 0.2 p.p.m. in
solution from the blank sample A, but from the ZPO-
treated sample C, the aluminium content in solution
was below the detection limit of 0.01 p.p.m.

4. Discussion
The XPS observations for samples C—E make it clear
that zinc adsorbs on the 7075-T6 aluminium alloy
surface during the ZPO-coating process, although no
phosphorous is detected by this technique for the
sample treatments used. The contrast between Zn
2p,,, spectra of samples C and E emphasizes the two
distinct forms of zinc bonding. The effect of the bias
potential applied to sample E suggests that the com-
ponent associated with the 1026.7 eV binding energy
is not in electrical contact with the metal [10], al-
though this conclusion contrasts with the situation for
the zinc associated with the 1023.3 ¢V binding energy.
It is concluded that the 1026.7 eV component corres-
ponds to zinc that is weakly bonded (physically trap-
ped) at the surface (hence it can be lost by ultrasonic
washing), whereas the ZnO, component at 1023.3 eV
binds strongly at the surface.

No zinc was detected initially by XPS on the blank
aluminium alloy surface (sample A), although after

Figure 3 Scanning electron micrographs of (a) sample A, (b) sample B, (c) sample C, (d) sample D.
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exposure to the NaCl solution, a compound interpret-
ed as ZnO, was found; this appears to originate from
the zinc in the alloy. On this interpretation there has
clearly been some AlO, dissolution, which is con-
sistent with the results obtained from weight loss and
AAS measurements. The Zn/AlO, ratio for sample B
(Table II, column 2) shows an essentially angle-inde-
pendent behaviour for 6 in the range 45°—90°, and this
suggests that the ZnO, is distributed reasonably
homogeneously with the AlO, [9]. The slightly lower
value for 6 =30° (but the difference is barely
significant) may suggest that relatively there is slightly
less zinc in the very topmost region. There is a signific-
ant increase in the Zn/AlQO, ratio from sample A to
sample C, and this confirms the absorption of zinc
from the coating process. Again, from the ratio for
0 = 30°, there appears to be slightly less zinc at the
topmost surface compared with the region just below.
Also, the ZnOQ, still appears to be distributed reason-
ably homogeneously within the AlO,, [9], and Fig. 4
schematically indicates the morphology suggested for
the ZPO-treated alloy surface. The Zn/AlO,, ratios are
similar for samples C and D over the range of 6 from
45°-90°, but for 6 = 30° relatively more zinc is seen in
sample D. This suggests that the effect of the NaCl
solution treatment is to effectively build up ZnO, on
the surface by the preferential removal of A1O,. How-
ever, overall, the ZPO coating process acts to reduce
the alloy corrosion rate.

The common point observed in previous studies of
chloride attack on naturally formed and anodized
aluminium oxide-covered aluminium is the dissolu-
tion of the metal [ 15—187, which is also observed in the
present research. Nguyen and Foley [15, 17,18] pro-
posed the following mechanism:

Step 1 Adsorption on the oxide film

Cl~(in bulik solution)
- Cl™ (adsorbed on Al,O4-H,O0 sites) (1)
Step 2 Chemical reaction
AI** (in Al,O, H,0 lattice)
+ 2C1™ + 20H™ - Al(OH),Cl; 2

Physically trapped
zinc compound

Zn0O, and AlO

Metallic aluminium

Figure 4 A schematic indication in cross-section for the ZPO-
treated aluminium panel surface region.
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The product A1(OH),Cl; is a soluble complex which
is proposed to diffuse from reaction sites into solution.
In the meantime, oxidation of the metallic aluminium
occurs [17, 18]

Al + 3H,0 — Al(OH), + 3H" + 3e 3)

The results in the present work are consistent with this
mechanism. Breakdown of the oxide film by CI~
causes a rough and corroded surface appearance ac-
cording to SEM investigation. The aluminium com-
plex dissolving from the solid (Reaction 2) contributes
to the aluminium detected by AAS. Reaction 2 is also
consistent with the XPS observation that no Cl™ is
detected on the 7075-T6 aluminium alloy surface after
the corrosion test, which was first reported by Arnott
et al. [19]. Consistently with our observations, these
authors also failed to detect zinc on the blank surface,
but confirmed its presence after the corrosion test. The
dissolution of aluminium from the ZPO-treated sur-
face is greatly suppressed. Possibly the zinc streng-
thens the surface lattice structure and thereby slows
down the aluminium dissolution.

5. Conclusions

1. XPS indicates that treatment of 7075-T6 alumi-
nium alloy by zinc phosphate (ZPO) solution results
in the first instance in two forms of zinc bonded to the
surface. One is weakly bound, and can be removed by
ultrasonic washing, but the other is strongly bound
and is interpreted to correspond to an oxide ZnQ.,.

2. The ZnO, formed by the ZPO treatment is
distributed reasonably homogencously within the alu-
minium oxide film above the metal.

3. The ZPO treatment increases alloy stability in a
corrosive Cl~ solution environment as shown by
SEM, weight loss and AAS measurements, as well as
XPS.

4. XPS observations of corroded samples are con-
sistent with C1~ attack according to the mechanism
proposed by Nguyen and Foley.
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