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Characterization of zinc phosphate coatings
obtained from modified baths

U. B. NAIR, M. SUBBAIYAN

Department of Analytical Chemistry, University of Madras, Guindy Campus,

Madras 600025, India

Zinc phosphate coatings obtained from phosphating baths modified with long-chain
flotation surfactants, were characterized by scanning electron microscopy, X-ray diffraction
and X-ray photoelectron spectroscopy techniques. The results of these characterization
studies were correlated to the mechanism proposed to explain the influence of these
additives on the nature and quality of the phosphate coatings obtained in their presence, as
well as to explain the behaviour of these coatings in aggressive environments. These studies
indicate that the surfactant additives not only control the initial nucleation process but also
participate during the subsequent stages of coating deposition, and regulate its growth.

1. Introduction

The modification of metal surfaces through the use of
phosphate pretreatments is a well-known method of
improving their corrosion resistance, workability and
paint-base properties. Although these conversion
coatings, in themselves, provide little or no structural
strength or corrosion protection, they play a signifi-
cant role in the elimination of costly service failures by
controlling under-film corrosion when used in con-
junction with other finishes [1, 2].

Conventional phosphating formulations often need
to be modified, in order to suit the end use to which
the coating is put. To suitably modify a phosphating
formulation, it is essential to have a good understand-
ing of the chemistry of the phosphating process and
the complex phenomena involved in the nucleation
and growth of phosphate crystals. This has led to the
widespread. use of electrochemical [3-5] and analyti-
cal techniques [6, 7] to characterize the features and
properties of phosphate coatings.

Virtually every spectroscopic technique has been
used to study the diverse characteristics of phosphate
coatings, including their crystal size, crystal type and
orientation, crystal density, microtopography, mor-
phology and composition, as well as the steps involved
in their nucleation and growth. Infrared spectroscopy
(IR) has been used to determine the steps involved in
phosphating and the phases formed in phosphate
coatings [8]. Electron spin resonance spectroscopy
(ESR) has been used to confirm the modified structure
of hopeite formed on the surface of coated steel sheets
[97. X-ray fluorescence (XRF) has been-used to inves-
tigate the chemical state of nickel in coatings obtained
from modified zinc phosphating baths [9]. Rudolf and
Hansen [10] have used electron probe microanalysis
(EPMA) to determine the composition and porosity
of phosphate coatings, while Nomura and Ujihara
[117 have used conversion electron Mdssbauer spec-
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trometry (CEMS) and transmission Mossbauer spec-
trometry (TMS) to study the formation and thermal
properties of manganese phosphate coatings. Laser
Raman spectroscopy [12] has been used to study the
structure of hopeite, while details on the changes in the
structure of hopeite following the modification of zinc
phosphating baths with manganese have been studied
by X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure
(EXAFS) [13] techniques.

X-ray diffraction (XRD) technique has been used to
determine the crystal type and crystal orientation of
the major phases present in phosphate coatings [14].
Further, the relative proportions of the various phases
can also be determined by this method, which can, in
turn, be related to the coating stability, corrosion
resistance, etc. [15]. The nature of the phosphated
surface and its microtopography have been deter-
mined using scanning electron microscopy (SEM).
Grain morphology, grain size, grain distribution, uni-
formity of the coating, etc., may also be determined
using this method [4, §, 10].

More recently, surface microanalytical techniques
such as X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES), have emerged as
powerful aids in assisting the study of the mechanisms
of aqueous corrosion processes [ 16] and in providing
valuable information on interfacial interactions that
govern failures of polymeric finishes on pretreated
metal surfaces [17]. In combination with depth pro-
filing, these techniques have also been used to evaluate
post-treatments on phosphated steels [18], interaction
of polymeric additives on zinc phosphate coatings
[19], changes in morphological and chemical proper-
ties of phosphate crystals obtained on different types
of steel substrates [20], etc.

Our earlier studies on the evaluation of some struc-
turally similar long-chain flotation surfactants as
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additives in a calcium-modified cold zinc phosphating
bath indicated that phosphate coatings of desirable
properties [21, 22] were obtained in the presence of
low concentrations of these additives. Significant dif-
ferences in bath chemistry were also observed which
were attributed to the differences in the functional
groups present in these additives [21]. In the present
study, phosphate coatings obtained from the formu-
lated calcium-zinc cold phosphating bath containing
1-octadecanethiol (1-ODT) and its non-thio analogue
(1-octadecanol (1-ODol)) were characterized with
a view to obtaining information on the nature of their
interactions with phosphate coatings. Besides the de-
termination of chemical composition at various strata
of the coatings through X-ray photoelectron spectro-
scopy, structural information was sought by perform-
ing X-ray diffraction and scanning electron micros-
copy, in order to correlate this information to the
proposed mode of action of these additives in the
formulated phosphating bath.

2. Experimental procedure

A cold phosphating bath of the following composition
was used in the present study: zinc oxide 9gl™?,
o-phosphoric acid 20mll~!, calcium carbonate
1gl™!, and sodium nitrite 2 g1~ *. Immersion phos-
phating of hot-rolled mild steel panels (IS 1079) of
96 cm® surface area was carried out for 30 min at
room temperature (27°C) in a processing sequence
which included degreasing, pickling and rinsing prior
to phosphating. An optimum concentration of
50 mgl~* 1-ODol and 75 mgl~! 1-ODT, respectively
[21], were added to the formulated bath and the
coatings obtained from the modified baths and the
reference bath (containing no additive) were evalu-
ated for their physical properties and corrosion
performance.

The coatings obtained from the reference and the
additive-containing baths were characterized. The
surface microtopology of the phosphate coatings was
evaluated using a Cambridge Stereoscan 180 model
scanning electron microscope operating at 32 kV, un-
der a pressure of 1077 torr. The crystallinity and phase
constituents of these coatings were evaluated using
a Reich Seifert (XRD 3000 P model) X-ray diffrac-
tometer, operating at 35 kV using a copper target and

TABLE I Properties of the formulated baths

nickel filter. The X-ray diffractograms were recorded
in a 20 angle range of 5°-6°, at a scan rate of
1.8° min~!. The surface chemical composition of the
phosphated panels was determined using a VG Scien-
tific X-ray photoelectron spectrometer (model
ESCALAB MK II), with an MgK, X-ray source,
operating at a'vacuum of 107810 torr. Survey and
high-resolution spectra of the phosphate layers at the
surface and at different strata of the coatings were
obtained using the argon-ion sputtering technique.
Qualitative and quantitative information regarding
each layer of the phosphate coatings was obtained
from the precise determination of binding energies
and integrated peak areas on the intensity versus
binding energy plots obtained using a dedicated Apple
II computer, interfaced with the spectrometer.

Phosphated test specimens of 1cm? area where
anodically polarized using an Elico (CL-95 model
potentiostat, in a potential range of —0.8to +04V
at a scan rate of 1.2 Vh™!, following a 15 min pre-
polarization immersion. A solution of 0.6 M ammonium
nitrate was used as the electrolyte and potential
measurements were made against the saturated calo-
mel reference electrode and a platinum counter elec-
trode. A plot of potential versus current density was
recorded.

The phosphated samples from the reference bath
and the baths containing 1-ODol and 1-ODT were
subjected to the salt spray test (ASTM B-117-87) for
960 h after which they were assessed for the extent of
lateral rust-creep from the scribed region.

3. Results and discussion

The coatings obtained in the reference bath and bath
containing 1-ODol were greyish-white and adherent.
However, the coatings obtained in the presence of
1-ODT showed the presence of scattered reddish-
brown spots on them (Table I). As mentioned in our
earlier studies [21], these reddish-brown spots dis-
solved completely in carbon tetrachloride and were
identified (by chemical analysis and infrared spectro-
scopy) to be octadecylthionitrite, a reaction product of
the added thiol with nitrous acid generated in situ in
the phosphating bath during processing, Although the
panels phosphated in the presence of 1-ODol and
1-ODT had significantly lower coating weight as

Bath used Additive used Structure of Optimum conc. Appearance Average®
the additive (mgl™ 1) of the coating coating weight
(gm™?)
I
(Reference bath) - - - Greyish-white, 9.26
uniform, adherent

11 1-Octadecanol C,sH3,0H 50 Greyish-white, 6.74

(1-ODol) uniform, adherent
11 1-Octadecane C,sH34SH 75 Greyish-white, 6.72

thiol (1-ODT) Scattered

reddish-brown
spots, adherent

# Average of five determinations.
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Figure ] Scanning electron micrographs of coatings obtained from the reference bath after (a) 1 min (b) 30 min, and for coatings obtained
after phosphating for 30 min in the presence of (¢} 1-ODol and (d) 1-ODT.

compared to those coated in the reference bath (Table
I), they showed lower porosity [22]. The decrease in
coating weight in baths containing these additives was
envisaged to be the result of their incorporation into
the coatings through an adsorption mechanism. In
order to gain insight into the details of structure and
composition of these coatings, instrumental methods
of evaluation were used.

3.1. Surface morphology
The surface microtopography of panels coated in
the reference bath for a period of 30 min is shown in
Fig. 1b. It is clear from the photomicrographs that
coatings obtained from this bath were thick, dense and
uniform. In order to investigate the nature and distri-
bution of nuclei of crystals in the earlier stages of the
phosphating process, the scanning electron micro-
graphs of panels phosphated for a period of 1 min
were obtained (Fig. 1a). It is observed that a uniform
thin layer of coating deposition had already occurred;
however, the coating showed considerable porosity.
The photomicrographs obtained after phosphating
the panels for 30 min in baths containing 1-ODol and
1-ODT are shown in Fig. 1c and d, respectively. While
panels coated in the presence of 1-ODT were charac-
terized by dense, fine-grained coatings of low porosity,
nodular congregations of fine crystallites were present
on panels coated in the presence of 1-ODol. The latter
coatings also showed higher porosity. The red spotted
regions on panels coated in the presence of 1-ODT (as
indicated by the dark central portions in Fig. 1d)
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Figure 2 X-ray diffractogram of steel panel coated in the reference
bath.

showed no distinct morphological features. However,
coating thickness was lower in these regions as com-
pared to the surrounding fine-crystalline regions.

3.2. X-ray diffraction

Fig. 2 shows the X-ray diffractogram obtained for the
steel panel coated in the reference bath. Except for the
major peak at a 28 angle of 44.6° which corresponds to
that of a-iron of the substrate metal [15], no signifi-
cant peaks characteristic of hopeite, phosphophyllite
or scholzite were present. The absence of peaks corre-
sponding to these typical phosphate phases in the
coating may be attributed to the very fine-grained
nature of the coating which lends it a near-amorphous
nature [23, 24]. It is further interpreted to be the result
of addition of a grain-refining agent, namely, calcium,
in the phosphating composition [25]. Another asso-
ciated cause for the microcrystallinity reflected in the



X-ray diffraction pattern obtained in this case is that
the coatings were produced at room temperature, un-
like traditional crystalline phosphate coatings which
are produced from high-temperature baths. Diffrac-
tion patterns identical to that of coatings from the
reference bath were also obtained in the cases of
panels phosphated in the additive-containing baths.
The absence of typical grain-like nuclei in the early
stages of phosphating [1, 2, 26] in the scanning elec-
tron micrographs of panels coated for 1 min in the
reference bath (Fig. 1a) support the above structural
information obtained from the X-ray diffraction
study.

3.3. X-ray photoelectron spectroscopy

Fig. 3 represents the survey spectra obtained at the
unetched surfaces of phosphate coatings formed using
the reference bath and the additive-containing baths.
The survey spectrum of the uncoated steel surface is
included for effective comparison. Carbon, oxygen,
phosphorus, iron and zinc were detected on the sur-
face of samples coated in the reference and 1-ODol-
containing baths. Additional peaks corresponding to
sulphur were observed in the spectra of coatings ob-
tained in the presence of 1-ODT.

The significant increase in the intensity of the car-
bon peak in the panels coated in each of the addi-
tive-containing baths, and the detection of sulphur on
the unetched surfaces of samples coated in the pres-
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Figure 3 Survey spectra of (a) uncoated steel, and phosphate coat-

ings obtained in (b) the reference bath, (¢} 1-ODol-containing bath,
and (d) 1-ODT-containing bath.

ence of 1-ODT indicated the incorporation of these
additives into the phosphate coatings obtained from
these baths. Further, it evinced the ability of these
surfactants to form films on the coated surface. The
effectiveness of these additive films in sealing the pores
of the phosphate coatings is evident from the observa-
tion that the XPS signature peaks of iron (at binding
encrgy values of 708 and 721 eV) were diminished or
had disappeared in panels coated using the additive-
containing baths, despite the fact that coating weight
obtained in the presence of these additives was signifi-
cantly (27%) less than that of the reference bath.

In order to ascertain whether the influence of these
additives was restricted to the formation of surface
films, or whether these surfactants participated at
every stage of coating formation, depth-profiling stud-
ies were carried out. Fig. 4a—d show the concentration
profiles of the constituent elements of the coatings
obtained in the reference and additive-containing
baths, as a function of sputter time. The following
trends were observed in the elemental concentrations
in the formulated baths.

3.3.1. Bath containing 1-ODol

The surface of specimens coated in the presence of
1-ODol were rich in carbon and oxygen (Fig. 4b). The
carbon content decreased significantly with sputter-
ing, being the lowest at a sputter time of 10 min.
However, on increasing the sputter time to 40 min, the
carbon content increased. This evinced the fact that
layers close to the metal substrate were richer in car-
bon than the intermediate layers. This may be corre-
lated to the adsorption of the aliphatic long-chain
additives at the surface of the metal during the initial
stages of coating deposition. High-resolution spectra
obtained at each stage of sputtering indicated that the
carbon peak appeared at 286.25 eV, which correlated
well with the binding energy of the C—O bond [27].
This suggested that the alcohol was present at every
stage of coating formation. This conclusion is further
supported by the observation that at all strata of the
coating, the carbon content in panels coated in the
presence of 1-ODol was considerably higher than that
of the reference bath (Fig. 4a).

The variations in the relative percentage of iron
with sputter time showed that the iron content was
lower in baths containing 1-ODol than the reference.
It can also be seen that the intermediate layers of the
coating were rich in phosphorous and zinc and that
the concentrations of these elements diminished as the
substrate was approached (sputter time of 40 min).

3.3.2. Bath containing 1-ODT

The surface layers of the unsputtered sample coated in
the presence of 1-ODT was rich in carbon, oxygen and
sulphur, while it contained relatively low concentra-
tions of zinc and iron (Fig. 4c). After sputtering for
5 min, there was a significant decrease in the carbon
content in the coating. Also, it was observed that there
was a remarkable increase in the concentration of
phosphorus, after the carbon-rich surface layer was
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removed by sputtering for 1 min. However, the phos-
phorus content decreased sharply as the substrate was
approached (sputter time of 40 min). It is also evident
that the layers closest to the metal substrate were rich
in carbon, sulphur and iron though they were depleted
of zinc.

The trends observed in the changes in the concen-
trations of the constituent elements of the coating at
different depths support the mechanism suggested
earlier [21] to explain the action of 1-ODT in the
formulated bath. The high concentrations of alkyl
carbons (binding energy of 284.8 eV) close to the sub-
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Figure 4 Elemental concentration profiles of phosphate coatings
obtained using the (a) reference bath, (b) bath containing 1-ODol,
(c) bath  containing 1-ODT. (@) Oxygen, (A) phosphorus,
(O) iron, (x) carbon, (B) zinc, (1) sulphur.

strate, as compared to the intermediate layers, evinced
the adsorption of 1-ODT on the panel being phos-
phated. It may be considered that the adsorbed addi-
tive existed mainly as the thiol (in the underivatized
form) when adsorption occurred, as the high-resolu-
tion spectrum of sulphur, at the layer close to the
substrate showed a peak at 162.25 eV, which corre-
lated well with that of 1-ODT [28]. The in situ deri-
vatization of C,3H3-SH into the thionitrite, though
visually observed and analytically confirmed, could
not be evinced from the XPS studies, probably due
to the low concentration of the derivative formed.
However, the evident incorporation of sulphur into
the growing layers of the phosphate coating indicate
that coating deposition was regulated at every stage
by thiol adsorption.

The XPS studies provide conclusive evidence of the
integration of additives not only at the metal surface
but also at all stages of coating deposition. The in-
creased concentration of carbon at the surface layers
of coatings obtained in the presence of these additives
indicate their ability to form surface films which would
not only help in effectively sealing the pores of the
coating but also prevent moisture ingress due to their
hydrophobic nature. The incorporation of the addi-
tives into the growing layers of the phosphate coating
substantiates the observations made in the SEM study
that fine-grained coatings are obtained. The additives,
through their adsorption at various stages of coating
deposition, favour the controlled growth of crystals
which result in well-packed and compact coatings.



The combined effects of fine-grained, compact coat-
ings of low porosity and their considerable hydropho-
bicity, lead to the expectation that coatings obtained
in the formulated baths would show satisfactory per-
formance in corrosive environments. The relative ef-
ficiencies of the additives as well as their performance
in comparison with samples coated in the reference
bath, were evaluated using the electrochemical anodic
polarization method and the salt spray test.

Fig. 5 represents the anodic polarization curves
obtained for the panels coated in the reference and
additive-containing baths. The polarization curve ob-
tained for uncoated steel has been included for effec-
tive comparison.

As reported earlier [29], the appearance of two
current density maxima is unique to phosphated sam-
ples'and the second current density maximum (around
0.00 mV) has been ascribed to be due to the dissolu-
tion of the phosphate coating followed by competitive
and potential-dependent adsorption of anions at the
steel surface during anodic polarization.

The magnitude of current density at the first current
maximum (around — 0.40 mV), can be related to the
ohmic resistance of the phosphate coating which, in
turn, is related to coating quality [30]. It can thus be
inferred that the coatings obtained in the presence of
these long-chain additives were of good quality, as
they showed high ohmic resistance (lesser current
flow). The proximity of values of current density ob-
tained for these additives having similar long alkyl
carbon chains, but different functional groups, sugges-
ted that chain length governed this parameter rather
than additive functionality.

Beyond the first current maximum, the anodic dis-
solution process is hindered by the adsorption of hy-
droxy ions which passivate the substrate. This results
in a decrease in current density. Further polarization
up to the second current maximum causes an increase
in current flow due to acceleration of steel corrosion in
this range by the dissolved phosphate ions which
displace the passivating hydroxyl ions [29]. Table IT
shows the values of current density obtained at the
second current maximum in the case of the additive-
containing as well as the reference baths. Because the
availability of phosphate ions (through their dissolu-
tion from the coating during anodic polarization) is
decisive in determining the magnitude of the second
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Figure 5 Anodic polarization curves of the phosphate coatings ob-
tained in the reference and additive-containing baths: (——) un-
coated, (——-) reference, (——-——) ODol,(~ ~ ~) ODT.

TABLE II Corrosion performance

Sample used Current density at Observation after
2nd current maximum  salt spray test
(mAcm™?)

Uncoated 42.10 Considerable lateral

rust-creep from scribe
Minimal rust-creep
from scribe

Phosphated in ~ 9.22
the reference

bath

Phosphated in  15.33
presence of
1-ODol
Phosphated in
presence of
1-ODT

Minimal rust-creep
from scribe
13.34 Minimal rust-creep
from scribe

current maximum, the decreased current density
values obtained for coatings formed in the presence of
the long-chain thiol indicates their better quality as
compared to those coated in the presence of the long-
chain alcohol. The comparably low current densities
of the second current maximum obtained from the
additive-containing baths as compared to the refer-
ence bath may be correlated to the decreased porosity
and compact nature of the coatings obtained from
these baths.

The results obtained from the anodic polarization
studies were supported by the results of the salt spray
test. Despite the substantial decrease in the coating
weight of samples phosphated in the additive-contain-
ing baths as compared to the reference bath, the extent
of rust-creep after 960 h salt spray was similar in both
the cases (Table II). This can be related to the low
moisture uptake and permeability of these coatings,
resulting from the integration of the hydrophobic
hydrocarbon chains of these long-chain compounds,
thus retarding the onset of corrosion that may arise
out of any moisture ingress through the organic top-
coat. Further, the fine-grained nature of the coatings
affords excellent interaction between the topcoat and
the phosphate pretreatment, thereby minimizing the
effects of corrosion-induced de-adhesion when sub-
jected to aggressive environments.

4. Conclusion

Phosphate coatings obtained from cold zinc phos-
phating baths containing 18-carbon alcohol and thiol
additives were characterized. It was observed that the
coatings obtained from the reference and additive-
containing baths were uniform and adherent. The
surface microtopography of these coatings studies us-
ing SEM indicated that the coatings obtained both in
the presence and absence of these additives were fine-
grained, resulting in the formation of dense, compact
and uniform coatings. Further investigation into the
nature of these coatings by X-ray diffraction technique
indicated they were microcrystalline. XPS studies in-
dicated that the additives not only controlled the
extent of coating formation {through their adsorption)
during the initial stages of coating deposition {(nuclea-
tion) but also participated at every stage of coating
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deposition (coating growth). These studies also pro-
vide conclusive evidence to substantiate the ability of
these surface-active agents to form surface films on the
phosphate coating, which would supplement the pro-
tection provided by the phosphate layer. Although the
gross effect observed in the additive-containing baths
was a decrease in coating weight, there was no com-
promise in their performance in corrosive environ-
ments. The major factors which contributed to their
excellent corrosion performance are the ability of
these additives to form protective, hydrophobic films
which significantly reduce moisture ingress and stifie
the initiation and propagation of corrosion.
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