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Characterization of Phosphate Films on
Aluminum Surfaces

B. Cheng, S. Ramamurthy, and N.S. Mcintyre

A thin layer of phosphate conversion coating was formed on pure aluminum in a commercial zinc-man-
ganese phosphating bath. A number of surface analytical techniques were used to characterize the phos-
phate thin films formed after immersion times ranging from 30 s to 10 min. The coating contained mainly
a crystalline structure with dispersed micrometer-scale cavities. The major constituents of the phosphate
film were zinc, phosphorus, and oxygen; a small amount of manganese was also detected. Based on these
results, a three-stage mechanism was proposed for the formation and the growth of phosphate conver-
sion coatings on aluminum. Electrochemical impedance spectroscopy was used to evaluate the corrosion
performance of phosphated and uncoated aluminum samples in 0.50 A Na;SO,4 and 0.10 M H,SO4 solu-
tions. Both types of samples exhibited a passive state in the neutral solution and general corrosion behav-

ior in the acid solution.
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1. Introduction

Interest in using aluminum alloys in place of low-carbon
steels for car body parts has grown in the automotive industry
(Ref 1). The major reasons underlying this switch involve im-
provement of the overall energy efficiency of vehicles and of
the corrosion resistance of the vehicle bodies (Ref 2). Such use
of aluminum alloys often involves the application of paints for
decoration and corrosion prevention. However, without proper
surface modification, paints adhere poorly to these alloys.

Chemical conversion treatment in chromate (Ref 3-7) or
chromate-phosphate (Ref 8-11) solutions has frequently been
used to modify aluminum alloy surfaces in the past. However,
chromate solutions have been widely associated with carcino-
genesis (Ref 12, 13), and its removal as a waste is a problem.
Current environmental legislation is moving toward a total ban
on chromate-based treatments. Additionally, such treatments
are not adaptable to the mixed steel-aluminum components fre-
quently encountered in car body parts (Ref 14). Thus, thereis a
strong incentive to explore and evaluate alternative treatments
for aluminum surface modification.

Recent studies (Ref 4, 15-18) have shown that chemical
conversion treatment in chromate-free phosphate baths is a
promising alternative for the surface modification of iron-alu-
minum components. It has long been recognized that phos-
phated metals exhibit substantially greater corrosion resistance
and paint adhesion (Ref 19-21). More importantly, this tech-
nique has advantages over chromate-phosphate treatment in
terms of environmental effects. Although a number of patents
(Ref 22-29) pertaining to the phosphating of aluminum alloys
are available and such processes are being used in the automo-
tive industry, only a few mechanistic investigations (Ref 4, 15-
18) have been reported to date.
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In general, the phosphating of metals can be described by
the following processes:

M > M* 4+ ne (Eq D)

H,PO, — H* + H,PO; — 2H* + HPO}~ — 3H* + PO}~

(Eq2)
H++e’—>%H2T (Eq3)
3M"™ + nPO3~ — My(PO,), { (Eq4)

For zinc and a number of steels, a metal is shown to dissolve in
an acid solution to release metal ions; meanwhile, hydrogen
evolves at the surface, which leads to an increase in pH and in
the concentration of PO3~. Metal ions combine with phosphate
ions to form an insoluble phosphate film on the metal surface.
It has been proven that the phosphating of zinc and steels fol-
lows this mechanism (Ref 19-21). If this mechanism were ap-
plied to the phosphating of aluminum alloys, aluminum
phosphate conversion coatings might be expected to form on
the aluminum surface. However, using x-ray diffraction
(XRD), Ishii et al. (Ref 17) instead determined that the conver-
sion coatings on aluminum are principally composed of tetra-
hydrated zinc phosphate (hopeite). The mechanistic conditions
leading to this particular product on pure aluminum are of
interest in the present work, which uses a number of surface
analytical techniques, such as scanning electron micros-
copy/energy-dispersive x-ray analysis (SEM/EDX), x-ray
photoelectron spectroscopy (XPS), and Auger electron spec-
troscopy (AES). In addition, electrochemical impedance spec-
troscopy (EIS) was used to characterize the corrosion behavior
of phosphated aluminum in simulated environments.
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2. Experimental

2.1 Phosphating Procedure

Specimens were prepared from pure aluminum foil of
99.997% purity (Johnson Matthey) with approximate dimen-
sions of 10 by 5 by 0.1 mm. They were polished to a 600-grit
finish, ultrasonically degreased in an acetone bath for 10 min,
and dried in air. The samples were then cleaned in an alkaline
cleaner (Parco cleaner 1520, Parker-Amchem Inc., Madison
Heights, MI) for 4 min at 46 °C and rinsed with deionized
water.

In accordance with aluminum phosphating procedure, the
treated samples were predipped in a titanium colloidal solution
(Parker-Amchem Inc.) at room temperature for 4 min. Then the
predipped samples were immediately immersed in a proprie-
tary phosphate bath (Parker-Amchem Inc.) at 46 °C, which was
constantly stirred. This phosphate bath contains, among other
counstituents, a fluoride-based activation agent and a nitrite ac-
celerator. Coatings were applied over a period of time ranging
from 30 s to 10 min. The coated samples were then rinsed with
deionized water, dried in air at room temperature, and stored in
a desiccator.

2.2 Surface Analyses

The surface morphology and the coverage of the phos-
phate thin films on aluminum were observed using an ISI
Cambridge Model DS-130 SEM (Cambridge Instruments)
equipped with a Noran EDX. The acceleration voltage was
15kV.

Surface analysis of the samples was performed using a Sur-
face Science Laboratories model SSX-100 XPS. Survey spec-
tra were obtained using an x-ray focused to a spot size of 600
pm. The spectrometer was initially calibrated using a pure gold
sample, and the peak positions were similar to those published
in the literature (Ref 30).

A Perkin-Elmer model PHI 600 AES was employed to char-
acterize the compositions of various phases of phosphate film
formed on aluminum. The Auger electron spectra was obtained
using a 5 keV, 20 to 30 nA electron beam incident at 30° to the
normal on the sample surface. The spectra were recorded in the
EN(E) mode with a 1.2% resolution and were numerically dif-
ferentiated for identification of peaks. The operating back-
ground pressures for both XPS and AES analyses were better
than 1 x 10-6Pa.

2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectra were measured for
both phosphated and uncoated aluminum in a borate-buff-
ered 0.50 M Na,SO, solution (pH 7.8) and 0.10 M H,SO, so-
lution (pH =1) in order to evaluate the corrosion behavior of
phosphated aluminum. The first solution represents a be-
nign environment; the second solution simulates an acid-
rain condition. The lowest pH value of acid rain recorded
was 2.0 in the United States (Ref 31). The solutions were
prepared in calibrated volumetric flasks using analytical-
grade chemicals (Caledon Chemical Company) and deion-
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ized water (~18 M Q cm). Prior to the immersion of a sample,
the solutions were deaerated for at least 1 h.

The EIS measurements were carried out in a conventional
three-electrode cell at room temperature (23 + 1 °C) using a
home-built potentiostat and a frequency response analyzer
(Solartron model 1255), which were interfaced to a personal
computer. A saturated calomel electrode (SCE) was utilized as
the reference electrode, and a platinum sheet with an approxi-
mate surface area of 10 cm? was used as the counterelectrode.
The samples acted as working electrodes, with exposed areas
of about 1 cm2.

The uncoated samples were polished to a 600-grit finish
prior to impedance measurements, and the coated samples
were analyzed in the as-coated condition. The samples were
rinsed with deionized water prior to immersion in the cell con-
taining deaerated solutions. The open circuit potential (E_,.)
was allowed to stabilize for about 1 h before an EIS measure-
ment. A small sinusoidal alternating voltage of 10 mVp_p with
a frequency ranging from 50 kHz to 1 mHz was applied to the
working electrode, and the resultant current response was re-
corded. To ensure reproducibility, the measurements were re-
peated at least twice.

3. Results and Discussion

3.1 Surface Analysis

Scanning electron micrographs of the films formed on pure
aluminum in the phosphating bath after various immersion
times are shown in Fig. 1(b) to (f). For comparison, the surface
morphology of a sample after polishing and predipping but
prior to immersion in the bath is shown in Fig. 1(a); the surface
is rough, with the polishing scratches clearly detectable. Figure
1(b) indicates that only small, spongelike particles were pre-
sent on the aluminum surface after about 30 s of immersion. At
longer immersion times, the spongelike particles transformed
into distinct crystals and grew rapidly (Fig. 1c and d), whichin-
dicates that the sponges are the precursors of phosphate crys-
tals. It is clear that only a short incubation time is required for
phosphate film to form on aluminum. This process is different
from that observed in the phosphating of zinc and steels.
Gaarenstroom and Ottaviani (Ref 32) showed that there are no
apparently distinct stages in the phosphating of these metals.

Figure 1(d) shows that more than 90% surface area was cov-
ered by the formed crystals after an immersion of 2 min. On fur-
ther immersion, film growth slowed somewhat, but the
coverage of crystals on the aluminum surface continued to in-
crease until a thin layer of uniform, complete conversion coat-
ing with a flaky crystalline structure was formed after 5 min of
immersion (Fig. 1d and e). The coating morphology shown in
Fig. 1(e) indicates that the phosphate film contained randomly
dispersed micrometer-scale cavities (indicated by arrows).
These cavities could potentially improve the adhesion of sub-
sequent paint layers by providing locations for mechanical
“keying” of molecules; however, they could also reduce the
corrosion resistivity of phosphated aluminum.

Figures 1(e) and (f) show that further increases in immer-
sion time did not significantly improve the coverage of phos-
phate film on aluminum. In fact, these microcavities cannot be
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eliminated completely. From a practical viewpoint, a 5 min im- The EDX analyses (Table 1) indicated that the composition
mersion is sufficient to produce a thin layer of phosphate con- of the crystals was quite different from that of the spongelike
version coating on aluminum. particles. The crystals appeared to be enriched in zinc, phos-

Fig.1 SEM images of aluminum samples immersed in the phosphating bath for various periods. (a) Before immersion. (b) 30s. (¢) 1 min.
(d) 2 min. (e) 5 min. (f) 10 min
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phorus, and oxygen; a small amount of manganese was also de-
tected. In contrast, zinc and aluminum were the dominant con-
stituents of the spongelike particles. These results also support
the notion that distinguished stages do exist in the phosphating
process of aluminum.

To clarify the distinct stages, AES was used to analyze the
surface compositions of the sponges, crystals, and substrate.
This technique can provide information on the composition of
layers only a few atoms thick within a very small spot size
(<0.05 pm). The EDX method, by contrast, gives the average
composition of the outer 1 to 2 um thickness of the sample sur-
face.

Typical AES spectra for the sponges, crystals, and substrate
are shown in Fig. 2. The exposed substrate exhibited strong
AES peaks for aluminum, oxygen, and carbon and weak peaks
for zinc and phosphorus (Fig. 2a). The spongelike particles
contained zinc, oxygen, carbon, and a small amount of phos-
phorus (Fig. 2b). The crystals exhibited a much greater amount
of phosphorus (Fig. 2c). The carbon peaks present in three
spectra could result from contamination when samples were
exposed to air and hence were not included in the quantifica-
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Fig.2 AES spectra of sponges and crystals formed on an
aluminum surface in the phosphating bath. (a) Aluminum
substrate. (b) Sponges. (¢) Crystals
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tion procedure. Table 2 summarizes the compositions of the
sponges, crystals, and substrate from AES analyses.

The results of the AES analyses were generally consistent
with those of the EDX analyses, except for the nonappearance
of aluminum in the sponges. Presumably, aluminum detected
by EDX analysis of the sponges arose from the substrate. Small
amounts of phosphorus were detected by both AES and EDX.
The phosphorus may result from the precipitation of zinc phos-
phate from the bulk solution or the partial phosphatization of
deposited zinc. Zinc was found to be a major component of the
sponges. This can be explained only if the sponges were
formed by the substitution reaction of zinc for aluminum on
fresh aluminum surface in the phosphating bath. In order for
such a substitution reaction to take place, the aluminum surface
must first be cleaned of its native oxide film. This could occur
through its chemical dissolution in the presence of fluoride
ions. Typically, passive aluminum in a pH 3.1 phosphate solu-
tion containing 0.02 M free F~ can be cleaned of oxide (“acti-
vated”) within an immersion period of approximately 15 s (Ref
33). The resultant substituted zinc sponges rapidly oxidize in
air. This accounts for the substantial amount of oxygen on the
sponges detected by AES and EDX.

The composition of the crystals as determined by AES and
EDX agrees with the results of Ishii et al. (Ref 17). Using XRD,
these authors suggested that the composition of the phosphate
coating on an aluminum-magnesium alloy was Zn;(PO,),, not
AIPQ,. This is in contrast to the phosphate films on zinc and
iron, which are mainly composed of Zn3(POy,), and FePQ,, re-
spectively.

On the basis of the preceding discussion, it is suggested that
the phosphating of aluminum takes place in at least three

Table1 EDX analysis of compositions of substrate,
sponges, and crystals on aluminum surfaces

Element, at. % Substrate Sponges Crystals
Oxygen 34 5.6 43.1
Aluminum 83.7 241 0.6
Phosphorus 09 0.7 243
Silicon 12 26 02
Titanium - 02 .
Manganese . . 4.0
Nickel 1.0 08 09
Zinc 9.8 66.1 270

Note: Carbon was rejected in quantitatively calculating the compositions
because carbon was thought to be contamination resulting from the atmos-
phere during sample transfer.

Table2 AES analysis of compositions of substrate,
sponges, and crystals on aluminum surfaces

Element, at. % Substrate Sponges Crystals
Oxygen 40.6 349 314
Aluminum 465 e e
Phosphorus 44 6.1 22,6
Zinc 85 59.0 46.0

Note: Carbon was rejected in quantitatively calculating the compositions
because carbon was thought to be contamination resulting from the atmos-
phere during sample transfer.
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stages: (1) a short incubation period with activation of passive
aluminum and substitution of zinc for aluminum, leading to the
deposition of zinc sponges onto fresh aluminum surface; (2) a
fast growth stage where the deposited zinc sponges grow into
zinc phosphate crystals, along with the rapid growth of individ-
uval crystals; and (3) a final stage in which the surface coverage
increases, leading to the eventual formation of a thin layer of
uniform phosphate coating.

X-ray photoelectron spectroscopy can provide information
on surface composition for the coating as a whole due to a rela-
tively large incident x-ray beam size. To identify the changes
on the aluminum surface during the phosphating process, XPS
was used to characterize the surface composition of the sam-
ples after three different treatment steps: (1) after polishing to
a 600-grit finish and alkaline cleaning, (2) after predipping in a
titanium colloidal solution, and (3) after phosphating immer-
sion for 5 min. Survey spectra collected from these samples are
presented in Fig. 3.

Aside from some surface carbon contamination, only alu-
minum oxide was detected after alkaline cleaning (Fig. 3a).
Small potassium and silicon peaks were also observed, which
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Fig.3 XPS survey scan spectra for aluminum samples after
different treatments. (a) Before predipping. (b) After predip-
ping. (c) After 5 min immersion in phosphating bath
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could result from the residue of the alkaline cleaner. After the
predipping (Fig. 3b), in addition to aluminum and oxygen, the
surface film contained sodium and phosphorus; the latter may
result from colloidal particles of Na,TiO(PO,), adsorbed onto
the aluminum surface during predipping. Tegehall (Ref 34)
suggested that the sodium ions present on the surface of the ti-
tanium phosphate particles exchange with zinc ions in the sub-
sequent phosphating process and thereafter act as nucleation
sites. As in previous investigations (Ref 32, 34), titanium was
not observed in our study. As shown in Fig. 3(c), after phos-
phating, the composition of the phosphate film is similar to
those obtained from EDX and AES analyses. Aluminum was
not observed in the phosphate thin film, suggesting a reason-
ably complete coverage of zinc phosphate film on the alumi-
num surface.

3.2 Corrosion Behavior of Phosphated Aluminum

In the borate-buffered 0.5 M Na,SO, aqueous solution, the
impedance spectra for both coated and uncoated aluminum ex-
hibited a typical capacitive feature, as shown in Fig. 4
(where both Bode and Nyquist formats are presented). The
polarization resistance (Rp) values were estimated to be
about 105 Q cm? for both phosphated and uncoated samples.
The high polarization resistance corresponds to a high corro-
sion resistivity, indicating that both phosphated and uncoated
aluminum are in a passive state in a neutral environment.

In contrast, the impedance spectra for both coated and un-
coated aluminum were relatively intricate in the acid solution
(0.1 M H,SO,). As shown in Fig. 5(b), the spectra consisted of
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Fig.4 EIS spectra of coated and uncoated aluminum in borate-
buffered 0.50 M Na3SO,4 aqueous solution at room temperature
(~23 °C). (a) Bode plot. (b) Nyquist plot
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Fig.5 EIS spectra of coated and uncoated aluminum in 0.10 M
H;S804 aqueous solution at room temperature (~23 °C). (a) Bode
plot. (b) Nyquist plot

two parts: a capacitive loop occurring in relatively high-fre-
quency region and an inductive loop present in a low-fre-
quency region. The spectra from this study are in good
agreement with those obtained in previous studies (Ref 35-39).
Cao (Ref 40) suggested that these types of spectra could be
described by the equivalent circuit in Fig. 6 under the fol-
lowing conditions: A <0, B> 0, and D-R,|Al > 0. The parame-
ters A, B, and D are related to the properties of a corrosion system
inEqS5to7:

_RR +R) - R?

1A (Eq 5)
R?R-CL
R*CL
_ RR_ + R R:+RR EaT)

RR:CL

where C and L are the apparent capacitance and inductance of
the corresponding electrode, respectively; R, represents the
charge transfer resistance; and Rqand R;_stand for the current-
leaking resistances of the capacitance and inductance, respec-
tively. Accordingly, the polarization resistance can be
expressed by:
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R, L R,

Fig. 6 Equivalent circuit corresponding to EIS spectra of phos-
phated and uncoated aluminum in the acid solution

RD

R, =—m— Eq8
P D-RIAI Ea®

It was estimated that the polarization resistances for coated and
uncoated aluminum in 0.1 M H,SO, solution were approxi-
mately 2.2 x 103 Q- cm? and 1.5 x 103 Q - cm?, respectively.
These values are two orders of magnitude lower than those ob-
served in the neutral medium, which indicates that both the
coated and uncoated aluminum samples in 0.10 M H,SO, solu-
tion undergo general corrosion. This is understandable because
the phosphate conversion coating and the native oxide film on
uncoated aluminum are soluble in the acid solution:

Zn;(POy), - 4H,0 + H* - Zn?* + HPO} +H,0  (Eq9)

AlLO; +H* - A*+ H,0 (Eq 10)

However, the coated aluminum exhibited slightly better corro-
sion resistance than uncoated aluminum.

Despite the differences in spectroscopic parameters between
phosphated and uncoated samples, the characteristics of their im-
pedance spectra were identical. The time constant at high frequen-
cies can be attributed to the interfacial reactions — for example,
aluminum being oxidized to aluminum ions. The existence of an
inductance in the corrosion system, however, is difficult to ex-
plain. Generally, the inductive feature in electrochemical imped-
ance spectra accounts for a rearrangement of surface charge at the
metal/film interface or ionic diffusion through the barrier film on
the metal surface (Ref 35, 36).

Low polarization resistance for phosphated aluminum in
0.10 M H,50, suggests that the phosphate coating alone is un-
likely to provide sufficient corrosion protection for aluminum
in acid media. Posttreatments, such as subsequent painting op-
erations, filler materials, passivation, and anodization, are re-
quired to provide additional protection against corrosion. An
alternative method is to modify the formulation of current
phosphate baths so that more corrosion-resistant phosphate
thin films can be obtained.

4. Summary

The phosphating process of aluminum includes at least
three sequential stages: (1) an incubation period of about 30 s
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after immersion, in which the native oxide film on aluminum
surface dissolves and zinc substitutes for aluminum to form
zinc sponges depositing on the fresh aluminum surface; (2) a
growth stage within 2 min of immersion, where the zinc
sponges transform into zinc phosphate crystals and grow rap-
idly, coupled with evolution of hydrogen and reduction of the
accelerators in the phosphating bath; and (3) a final stage that
occurs within 5 min of immersion, in which the individual
crystals continue to grow, but relatively slowly, to form a uni-
form and complete film covering the aluminum substrate.

The phosphate conversion coatings on aluminum are princi-
pally composed of zinc, phosphorus, oxygen, and a small
amount of manganese in the form of a crystalline structure with
dispersed micrometer-scale cavities. This is in good agreement
with results from previous studies (Ref 15-17) in which the
phosphate conversion coatings on aluminum were found to be,
in fact, tetrahydrated zinc phosphate (hopeite).

Like passive aluminum, the phosphated aluminum has a
high corrosion resistance in a neutral aqueous solution. Al-
though both uncoated and coated aluminum exhibited a gen-
eral corrosion behavior in the acid solution, the coated
aluminum exhibited a slightly better corrosion resistance than
the uncoated aluminum due to the buffering role of phosphates.
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