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The orientation of molecules at the locus of
failure of polymer coatings on steel
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The technique of angular resolved electron spectroscopy has been applied to the analysis of
the failure surfaces generated by the cathodic disbondment of epoxy coatings on mild steel. It
is shown that failure occurs adjacent to the epoxy group of the bisphenol A epoxy chain.
These groups present at the locus of failure then segregate with the metal side of the failed
couple. Complementary results are seen on the polymer side of the failure, the outer nano-
metre apparently being depleted in epoxy groups.

1. Introduction

X-ray photoelectron spectroscopy (XPS) is now a well
established technique for the quantitative evaluation
of the surface and near surface composition of mater-
ials. The use of XPS in polymer-to-metal adhesion
studies and elucidation of the associated failure modes
has been explored in a series of communications from
this laboratory [1-4]. In this paper the use of angular
resolved photoelectron spectroscopy to determine
near surface concentration gradients is described.

A recent investigation [4] of the failure mode of two
epoxy copolymers applied to the mild steel panels,
following mechanical testing and cathodic disbond-
ment in saline solution, has shown that failure occurs
close to, but not at, the polymer—metal interface. The
quantitative surface analyses were very similar irres-
pective of the mode of inducing failure. By curve
fitting of the high resolution Cls spectra it became
clear that there were subtle differences between sur-
faces obtained by mechanical delamination and saline
exposure. Those panels which had been treated in
aqueous solution showed displacement of epoxy
species from the metal surface and a complementary
enhancement of epoxy residues was observed on the
interfacial polymer surface. Following mechanical
failure, spectra from the metal and polymer surfaces
showed no such segregation of organic residues. The
behaviour in aqueous solution is consistent with that
predicted by surface thermodynamics for an epoxy
polymer on an oxidized iron substrate [5], i.e. that
disbondment of hydrophilic surfaces will occur. The
polymeric overlayer remaining on the metal substrate
was thin (2 to 4nm) and contained epoxy groups. It
was unclear however where these were located with
respect to the free surface.

Clearly a knowledge of the concentration gradients
that exist within these thin overlayers would be invalu-
able in defining the locus of failure more accurately.
The usual way of obtaining a compositional depth
profile in electron spectroscopy is by in situ erosion of
the sample surface by a beam of inert gas ions, carried
out sequentially with the analysis technique until the
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required depth is reached [6]. This method is unsuit-
able for polymers owing to problems of sample degra-
dation and consequently a non-destructive method of
depth profiling must be sought. This can be achieved
in XPS by varying the electron emission angle (take-
off angle), the maximum depth of analysis being
achieved normal to the sample surface and the mini-
mum depth at grazing incidence [7-9]. There is a
minimum useful value of grazing incidence (6 = 15°)
below which instrumental constraints may distort the
angular profile.

In this paper we report the use of angular XPS to
resolve the uncertainties concerning the exact position
of the remaining epoxy groups and hence define the
locus of failure more accurately.

2. Experimental procedure

2.1. Specimen preparation and analysis

These details have been given elsewhere [4] and will
only be outlined in this section. Epoxy-acrylic or
epoxy-phenolic coatings were applied to diamond
polished mild steel panels approximately 1 mm thick.
The work described in [4] used much thinner test
panels which led to interfacial segregation of man-
ganese; this is avoided by the use of these thicker
panels. The panels were polished to a mirror finish
prior to coating to improve angular resolution. The
coated panels were cut into strips 1 cm wide, immersed
in 0.5M NacCl solution, and cathodically polarized at
— 1300 to —1500mV (against standard calomel elec-
trode, SCE) for several hours. After treatment the
coating was stripped off using adhesive tape and
mirror images of the failure interface were analysed by
XPS. Photoelectron spectroscopy was carried out
using a VG Scientific ESCA3 MKkII, employing AlKx
radiation. The one departure from previous practice
was to reduce the analyser slit width to 2 mm, giving
an analyser acceptance angle of approximately 6.5°.
Spectra were recorded at electron take-off angles of
15°, 25°, 35° 45° and 60° relative to the sample
surface. The Cls spectra were resolved into three
component peaks (C—H, C—0, and C=0) using an
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iterative least squares fitting routine. A quantitative
surface analysis could then be calculated for each
specimen, for each of the five take-off angles. The
computer routine described in the next section was
then used to calculate a matching angular profile from
a postulated depth profile.

2.2. Computer modelling of the XPS angular
profile

Before describing the methodology of modelling the
XPS angular profile in detail, it is pertinent to review
the basis of angular XPS and its application to defin-
ing near surface concentration gradients. If we con-
sider an infinitely thick homogeneous material, the
flux of electrons, I,, derived from a depth d below the
surface, is related to the total yield of electrons from
that material, I, by the well known Beer—Lambert
expression:

I, =

—d
L, exp (i sin 0> o

where /A is the inelastic mean free path (attenuation
length) for the electron energy and material, and 0 is
the electron take-off angle relative to the sample
surface. (The electron take-off angle may be defined
relative to the sample surface, when sin § appears in
Equation 1, or the surface normal, when a cos 0 term
is included. In this work we follow the convention of
[7-9] and adopt the former definition.) It is a simple
matter to manipulate this equation to calculate the
thickness of thin uniform overlayers as demonstrated
by Castle [10] for oxide layers on metals. This
approach was adopted in our previous work to cal-
culate the thickness of the polymer overlayers remain-
ing on the steel substrate. When dealing with poly-
meric systems, however, the concentration gradients
present are not seen as conveniently uniform over-
layers, but as discrete changes in the atomic and
molecular species present (C—H, C—-0, C=0, O
etc.). The solution to this dilemma is to consider the
analysis volume as a series of steps or slices (i.e. very
thin discrete overlayers). The electron emission for
each slice can be calculated, as can the electron
attenuation as a result of the slices above it. This can
be repeated in turn for each element or molecular
species present in the analysis. Thus by postulating a
depth profile it is possible to set up the various equa-
tions and undertake the calculations to predict the
angular profile it will generate.

The computer routine we have employed to under-
take this task is closely based on the formalism of
Paynter [9], which can be stated in a generalized form
for a model profile with j steps, considering a single
element, as follows:

j _
kF. sin 6 {nl + Y Asin 6 (-"”“—”L>
N=1 Xon — Xon-1

— XoN—-1 — Xon
% [e"p <x sin 0 > — xp (,1 sin 0)]} @)

where kF is an instrumental constant and is eliminated
in the calculations, n, is the atomic concentration at
depth xy, 4 is the electron inelastic mean free path.

I =
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To define a system fully, the algorithm is expanded
for the j steps for the appropriate number of take-off
angles (in this case five) and molecular species (in this
analysis seven; C—H, C—0, C=0, O, Fe, Na, Cl).
Because of the large number of independent variables
in the algorithm it is not possible to start with an
angular XPS profile and work backwards to a unique
compositional depth profile. The angular profile must
be calculated from the postulated depth profile and
compared with the experimental data. This procedure
is then repeated on a trial and error basis until there
is good agreement between calculated and experi-
mental data.

In summary, the production of a composition depth
profile in the manner described above involves many
experimental and computational stages. These are
described in the flow diagram of Fig. 1.

3. Results

Although the primary aim of this investigation was to
establish the orientation of the residual polymer layers
on the steel substrates, the contributions of iron, sod-
ium and chlorine to the angular profile have also been
included for completeness. This also provides us with
a means of assessing the potential problems involved
in applying such a technique to complex spectroscopic
data from a materials science investigation.

3.1. Epoxy-acrylic resin applied to
cathodically polarized mild steel
If we first consider the change in structure of the Cls
spectrum with electron take-off angle, this becomes
apparent following curve fitting of the spectra. The
carbon spectra from the interfacial metal surface are
shown in Fig. 2 for # = 15°, 35°, 60°. The change in
/O\
the relative intensities of the epoxy (—C—C—) com-
ponent at approximately 286.6eV and the carbonyl
(C=0) component at 288.6eV is clearly seen, the
epoxy signal being somewhat greater at the more
surface sensitive value of 8 (15°). Following the con-
vention of our previous investigation [4], we define a
C—0O/C=0 value to enable comparison between
spectra; this value is given in the caption.

The next stage in the analysis is to calculate a quan-
titative surface analysis using the photoelectron peak
areas and the appropriate sensitivity factors. In the
case of carbon the curve-fitting data are used to make
a quantitative evaluation of the different organic
groups present. The angular profile produced for the
metal surface is presented in tabular form in Table I.

TABLE I Experimental angular profile for the interfacial metal
surface of epoxy-acrylic coated mild steel following failure

%} Atomic %
CcC-0 C=0

C-H O Fe Na Cl
23.80 520 380 3.1

15 4.5 2.67 56.67

25 435 3.19 59.75 23.80 430 260 201
35 3.36 2.55 47.80 33.80 650 330 2.69
45  2.27 2.09 38.70 46.40 600 260 194
60 2.65 247 48.17 3230 650 260 531
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Figure 1 Flow diagram showing the stages necessary to produce a
composition depth profile by the angular XPS method employed in
this paper.

Using the computer routine described in Section
2.2. a composition depth profile is deduced from
which a calculated angular profile showing close
agreement with Table I is obtained (Table II). As the
match of the experimental and calculated data for the
organic substituent groups is particularly important,
the values of C —O/C =0 are compared graphically in
Fig. 3. It can be seen that the agreement is good, both
sets of data following the same trend.

This procedure was repeated for the polymer side of
the failure and the three sets of data, experimental
angular profile, depth profile, and calculated angular
profile are presented in Table III.

The most significant difference between the data
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Figure 2 Cls spectra of the interfacial metal surface of the epoxy-
acrylic coating. (a) C—0/C=0 = 1.76, recorded at 6 = 15%
(b) C—0/C=0 = 138, recorded at 6 = 35° () C—O/
C=0 = 1.06, recorded at 8 = 60°.

sets of Tables II and IIT is the change in the concen-
tration of epoxy groups with depth. There is an
enhancement of epoxy groups in the outer 1 nm of the
overlayer present on the metal surface and a com-
plementary depletion in the outer 1 nm of the inter-
facial polymer surface. Clearly it is easier to appreciate

TABLE II Postulated depth profile and the angular profile
calculated from it

Parameter Atomic %

C-0 C=0 C-H O Fe Na
Calculated angular profile 6
15 4.68 3.02 56.16 2434 543 381 2.56
25 3.78 2.79 53.33 27.66 584 355 3.05
35 3.26 2.57 50.87 30.35 6.28 3.31 335
45 2.94 2.40 4896 3235 6.66 3.13 3.55
60 2.66 2.24 47.03 3432 7.08 293 374
Depth (nm)
0.0 8.00 1.00 60.00 20.00 5.00 4.00 2.00
0.7 4.50 5.00 57.00 23.00 520 4.00 1.30
1.5 2.75 3.00 5500 26.00 6.00 3.00 4.25
2.5 1.00 2.00 50.00 33.80 6.50 2.00 4.70
35 1.00 1.00 42.00 4500 6.00 150 3.50
5.0 1.00 1.00 30.00 50.00 12.00 1.00 5.00
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Figure 3 Values of C—O/C=0 for the interfacial metal surface of
the epoxy-acrylic coating from experimental data (a) and calcu-
lated by the computer routine (O).

a depth profile when it is presented in graphical form,
and Fig. 4 shows the data of Tables II and III in this
manner. The disadvantage of this form of presenta-
tion is that small ( < 5%) changes in concentration are
not immediately apparent, and for this reason the
depth profiles are reproduced in both tabular and
graphical form. The cumulative profile of Fig. 4
allows large changes to be easily seen, the area of each
section of the graph representing the concentration of
an atomic species as a function of depth.

3.2. Epoxy-phenolic resin applied to
cathodically polarized mild steel

The experimental angular profiles, together with

depth profiles and calculated angular profiles, for the

locus
of

TABLE III Epoxy-acrylic coating interfacial polymer surface.

Parameter Atomic %

C-0 C=0 C-H O Fe Na Cl
Experimental angular profile 6
15 8.16 1.75 6438 21.10 070 280 1.11
25 901 195 6443 1940 090 340 091
35 986 166 64.17 1940 080 280 131
45 963 179 6558 18.10 090 280 1.20
60 877 193 67.09 17.70 0.60 2.50 141
Calculated angular profile 6
15 8.18 1.82 6433 21.04 080 266 1.17
25 897 182 6489 1985 0.77 256 1.13
35 937 182 6560 1896 0.76 240 1.09
45 9.59 1.83 66.22 1830 075 225 1.06
60 9.75 184 6690 1765 074 2.09 1.03
Depth profile (nm)
0.0 450 190 6500 25.00 090 200 0.70
0.7 900 1.75 64.00 2000 085 280 1.60
1.5 10.00 1.95 64.00 1900 070 340 095
2.5 1000 166 64.00 1900 070 280 184
35 1400 1.79 6558 1500 070 280 0.13
5.0 10.00 193 74.00 12.00 070 0.50 0.87

interfacial metal and polymer surfaces are given in
Tables IV and V, respectively. Once again it is infor-
mative to compare the experimental values of C—O/
C=0 graphically with those calculated from the
depth profile. This is shown in Fig. 5 for both the
metal and polymer surfaces. The enhancement of
epoxy groups at the very near surface of the metal side
and depletion on the polymer side is clearly seen as a
change from positive to negative slope.

Cumulative compositional profiles to a depth of
S5nm either side of the locus of failure (Fig. 6) show
the same trends as those for the epoxy-acrylic. The
reduction of epoxy groups with depth is somewhat
smaller on the metal surface (~3at%) and is not
readily apparent from this graph, but is clearly seen in
Table IV.

4. Discussion
Both sets of data, for the epoxy-acrylic and epoxy-
phenolic resins, show that there is an enhancement of

metal side failure polymer side
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Figure 4 Compositional depth profile away from the locus of failure for the epoxy-acrylic resin.
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TABLE 1V Epoxy-phenolic coating interfacial metal surface.

TABLE V Epoxy-phenolic coating, interfacial polymer surface.

Parameter Atomic %

C-0 C=0 C-H O Fe Na

Atomic %

C-0 C=0 C-H O Fe Na (

Parameter

Experimental angular profile

15 4.46 2.44 56.38 25.60 4.80 3.60 2.72
25 4.51 2.70 5038 29.50 5.00 4.50 3.41
35 4.20 2.60 52.61 29.00 570 320 2.69
45 3.90 2.45 51.38  30.00 7.20 450 0.57
60 3.67 2.53 53.68 2890 7.10 250 1.62
Calculated angular profile 6

15 4.43 2.73 56.22 2574 471 355 261
25. 4.15 2.65 5476 27.21 594 3.01 229
35 3.96 2.59 54.02 28.14 6.60 267 201
45 3.82 2.56 53.60 28.76 7.00 245 1.82
60 3.70 2.52 5325 2933 733 225 1.64
Depth (nm)

0.0 5.10 3.00 63.00 2250 150 4.00 090
0.7 4.50 2.70 56.00 2500 250 500 430
1.5 4.10 2.60 50.00 29.00 9.00 2.00 3.00
2.5 3.50 245 51.00 3100 9.00 200 1.05
3.5 3.00 2.30 51.00 33.00 950 1.00 020
5.5 2.80 2.30 51.50 33.00 9.00 1.00 040

Experimental angular profile

15 520 290 67.50 2150 040 170 0.80
25 650 270 6670 21.10 080 170 0.50
35 10.80 1.73 60.70 2290 070 190 1.27
45 10.80 1.27 5990 2210 090 2.00 3.03
60 10.70 131 60.70 2240 090 270 1.29
Calculated angular profile

15 519 290  66.64 21.55 058 161 1.54
25 7.43 218 64.14 2181 0.66 200 1.78
35 8.83 L.79 6247 2202 070 228 192
45 974 1.54 6134 2218 0.73 248 199
60 10.56 1.33 60.30 2235 0.76 266 2.04
Depth (nm)

0.0 1.00 600 7000 20.50 040 1.10 1.00
0.7 2.00 250 70.00 22.00 0.50 1.20 1.80
1.5 11.00  1.00 63.00 22.00 0.70 1.90 0.40
2.5 1400 050  57.00 22,00 090 250 3.10
3.5 14.00 0.10 55.00 2240 090 350 4.10
5.5 16.00 0.10 53.00 2400 090 4.00 2.00

epoxy groups in the outer surface layers (1 nm) of the
polymer overlayer on the metal surface and a com-
plementary depletion on the polymer side of the fail-
ure. At first sight this would seem to be in direct
contradiction to the results of our previous investiga-
tion [4], where depletion at the metal surface and
enhancement on the polymer were reported, however
this is not the case. Our previous work was carried out
at constant take-off angle (45°) and as a result the
analysis was averaged over a depth of about 3 to 4nm.
The assumption implicit in our treatment of the data
was that the specimen was homogeneous within the
depth probed by XPS. This is clearly not the case, but

=0

Peak ratio, C-0/C
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itis an assumption regularly made in quantitative XPS
to allow direct comparison between data from similar
specimens. The phenomenon previously observed (i.e.
enhancement of epoxy groups on the polymer surface
and depletion on the metal surface) is still clearly
apparent from the data of Tables I, III, IV and V
recorded at the higher take-off angles (45° and 60°).
The analytical data presented in this paper presents a
more complete view of the locus of failure in that it
reveals the orientation of the epoxy groups in that
region.

Both coatings are based on bisphenol A epoxy
resins with various copolymer substituents [4], links
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Figure 5 Experimental (a) and calculated (O) values of C—O/C=0 for the (a) epoxy-phenolic interfacial metal, and (b) polymer surfaces.
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Figure 6 Compositional depth profile away from the locus of failure for the epoxy-phenolic resin.

between them are provided by various pendant groups
along the bisphenol A epoxy repeat unit:

CH, OH

l l
@cl: @OCHZCHCHZ

CH,

/\
H,C—CHCH,

The experimental data indicates that the locus of fail-
ure follows a well defined route, chain scission occur-
ring adjacent to the epoxy groups which remain at the
interfacial surface of the thin polymer overlayer
remaining on the metal substrate.

There are two possible scenarios that would bring
about results of this type; the first is a major reorienta-
tion of the molecules at the polymer—metal interface.
Failure can then occur at equivalent points on the
polymer chain leaving a uniform overlayer of polymer
on the metal surface terminating in epoxy groups
(Fig. 7a). Alternatively the random orientation of the
molecules may bring about a non-uniform overlayer
as illustrated in the simplified schematic of Fig. 7b. In
this case failure still occurs at epoxy groups on the
polymer chain, a feature common to both models. It
is probable that pendant groups along the molecules
which provide the links with other chains define the
locus of failure resulting from the action of the cath-

O

odically generated alkali (NaQH). If we consider the
epoxy-acrylic resin in the presence of the alkali, failure

CH, 0
l /\
('J@OCHZHC—CH;
CH,

will occur as follows:

!
R C
/(li\ O// \O —Na
& o o R OH Q R
NSNS +NaoH- NN c/
R/ \R R/ \R

the dotted line indicating the locus of failure.

Of the two failure schemes of Fig. 7 the latter is
more likely. The only opportunity for the polymer
chains to reorientate themselves is during stoving
at elevated temperature; however the mechanism
of curing relies on the crosslinking of the bisphenol
A epoxy chains with the other copolymer constitu-
ents thus reducing their mobility, consequently the
gross reorientation described by Fig. 7a is extremely

polymer
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polymer

'

locus of
failure

Uy <
f/// ///@5/{;{///// //// 7 5 Z

Figure 7 Schematic representation of possible failure modes showing (a) the effect of re-orientation and (b) random orientation, of the
molecules close to the polymer—metal oxide interface. ®, epoxy group; ~~, hydrocarbon chain.
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unlikely, However, it is conceivable that a weak bound-
ary layer is formed during stoving by the segregation
of molecules low in epoxide to the interface zone.
Failure occurs a similar distance from the metal
oxide—polymer interface during both dry and aqueous
tests [4]. In the case of failure following aqueous
exposure, a hydrophilic route is taken. Molecules on
the metal side are pinned, by their interaction with the
metal substrate, sufficiently to prevent in vacuo
reorientation. On the polymer side of the failure
molecular reorientation [11] leads to the surface
adopting a hydrophobic configuration, observed in
our analyses as a depletion of surface epoxy groups.
This is particularly clear from the epoxy profile on the
polymer side of the failure of the epoxy-phenolic resin
(Fig. 6). It is now informative to consider the depth
profiles (Figs 4 and 6) for information at an elemental
level which supports the hypothesis of Fig. 7b.

The iron signal of Table I shows little variation with
take-off angle, and our routine (which necessarily
assumes lateral homogeneity) reconstructs a depth
profile (Fig. 4) with a small amount of iron present
which remains constant until a depth of about 4 nm.
An alternative interpretation is that of a non-uniform
overlayer; in places the polymer overlayer is very thin,
but elsewhere it is thicker, (Fig. 7b) thus lending
further support to this model of failure.

The concentration of sodium on the metal side of
the failure decreases with depth, which is to be expec-
ted from our previous work. Water is cathodically
reduced to hydroxyl ions at the metal surface [2], the
sodium acting as a counter-ion, and the concentration
distribution represents the diffusion of Na* towards
the interface. This trend is continued on the polymer
side, although here the sodium is also attached to the
polymer surface following failure as described in our
proposed failure mechanism. The chlorine concen-
tration present in the epoxy-acrylic resin is much
lower than the sodium, (representing excess sodium
chloride, the sodium assay being the sum of the
chloride and hydroxide), but the depth distribution
curve is of a similar type. The oxygen portion of the
compositional depth profile is obviously a con-
volution of both inorganic oxygen (as the substrate
iron oxide) and the organic oxygen of the polymeric
coatings. Some oxygen will be present as the hydrox-
ide following the electrochemical reduction of water
and oxygen.

5. Conclusions

When the failure of epoxy-acrylic and epoxy-phenolic
resins is brought about by cathodic polarization, dela-
mination occurs adjacent to the epoxy groups in the
polymer chain and possibly within a weak boundary
layer. These epoxy groups remain outermost on the
very thin polymeric overlayer remaining on the steel
substrate but on the polymer side may become reori-
ented in the vacuum of the spectrometer. There is no
evidence for gross orientation of the molecules in the
interphase region during stoving. The thickness of the
overlayer following failure varies in a random manner
as described by Fig. 7b.

This work has also presented an opportunity to
assess the utility of angular resolved electron spectro-
scopy in a materials science context. Although these
results do not present the unambiguous surface
crystallographic information available from simple
systems, they do yield unique information concerning
the orientation of molecules at the locus of failure. We
are convinced that modelling angular XPS depth
profiles in this manner provides a valuable extension
of the XPS technique in materials science.
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