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Abstract

Polypropylene (PP) and polypropylene/(ethylene–propylene) copolymer (EP) blend (PP/EP) injection-moulded plates were painted with a
chlorinated polypropylene (CPO) based adhesion promoter. Three-point bending and crosscut adhesion tests performed on these plates show
that adherence is better on PP/EP than on PP. X-ray photoelectron spectroscopy (XPS) and force modulation microscopy (FMM) analyses
were performed on the failure surface obtained after the three-point bending test. XPS shows that the Cl atomic fraction is less than 0.5% on
the polymer side and close to 4% on the paint side indicating that the fracture is located at the CPO–polymer interface. The analysis of the
PPEP surface by FMM reveals that paint debonding occurs with plastic deformations located into the EP elastomer phase. The magnitude of
the plastic deformation is dependent on the depth location of the nodules. The adherence improvement induced by the presence of EP nodules
can thus be explained by energy dissipation occurring during EP deformation.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The amount of polypropylene/ethylene–propylene copolymer
blends (PP/EP) used in the automotive industry is increasing
spectacularly. It is used for bumpers, fascia, dashboard and
others parts of the car body. Exterior automotive com-
ponents are painted to increase the lifetime of the part and
to enhance the aesthetic appearance. However, PP/EP has a
low surface energy preventing paint adhesion on the surface
[1]. The introduction of EP in PP improves paint adhesion
but this is not sufficient [2–5] and an adhesion promoter is
required. A common method generally consists in applying a
thin chlorinated polypropylene layer (CPO) [3,6]. The adhesion
improvement due to the presence of EP in the substrate and the
use of CPO as adhesion promoter are not well understood. It is
generally inferred that CPO molecules could diffuse in EP and
improve adhesion by molecular entanglement [1,3–5,7,8].
Indeed, CPO diffusion was recently demonstrated [9] and
shown to be forced by the solvent, which swells the polymer
substrate. The low crystallinity of EP facilitates this process.

However, some authors [3,4] reported that EP addition into PP
improved adhesion even without adhesion promoter.
Viscoelastic and plastic deformations consuming energy
during failure could explain this improvement. As a
matter of fact, this phenomenon is expected to be predo-
minant in the elastomeric phase [10,11] and to depend on
the surface morphology.

In previous studies [12,13], it was shown that the
mapping by atomic force microscopy (AFM) and by force
modulation microscopy (FMM) of the elastic properties of
injection-moulded PP/EP plates reveals without any pre-
treatment the surface morphology (EP nodules dispersion).
A quantitative analysis of the elastic modulus revealed that
EP nodules appear stiffer at the surface than in the bulk. This
effect was attributed to the presence of a thin PP layer
covering the nodules.

The aim of this paper is to get a better understanding on
the role of EP in the deformation mechanism involved
during paint debonding. In order to achieve this goal,
adhesion tests were performed on PP and PP/EP painted
plates. Failure surfaces were then carefully characterised
by X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM) and FMM.
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2. Experimental

2.1. Materials

Polymers used were PP (Moplen z305) and PP/EP
reactor-blends (Hifax SP179, 23% EP) supplied by
Montell (Ferrara, Italy). The properties of these polymers
are given in Table 1. Both polymers are hydrophobic
and present similar contact angle to water. Plates
of 100× 150× 3 mm3 were injection-moulded with a
DK300T Codim injection press (screw diameter 42 mm)
by Renault (Rueil-Malmaison, France) under the following
conditions: material temperature 2608C, mould temperature
358C, screw displacement speed 42 mm/s.

Paints were supplied by PPG (Saultain, France). The

plates were painted by Renault according to the following
procedure: surface degreasing with iso-propanol; spray
application of the CPO 343-1 based adhesion promoter
(Y072I400); application of the base coat (R727A403,
“bleu Egée 454”, ù 12–18mm-thick) in two successive
spraying steps (2 min delay between steps); spray appli-
cation after 10 min of the two-components varnish (resin
R5500I401, hardener R599I401,ù 35,40mm-thick) in
two steps; after 10 min, baking at 808C during 30 min.

2.2. Adhesion tests

Crosscut test was carried out according to test method
1254 of Renault. Four horizontal and four vertical cuts
were made in the coating with a knife respecting a distance
of 1 mm between parallel cuts. Approximately 20 crosscut-
test areas were made per plate. The crosscut areas were
covered with an adhesive tape (3M, ref. 250) that was
then manually removed. The crosscut area was then visually
inspected and evaluated. The adherence level was estimated
as follows: 4 when no coating square was removed
(excellent adhesion), 3 when less than 50% of squares
were removed, 2 when more than 50% of squares were
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Table 1
Characteristics of the polymers used in the present study: Young’s
modulus,E, and Melt Flow Index (MFI) measured at 2308C under 21.6 N

Polymer E (MPa) MFI (g min21)

PP 1500 25
PP/EP 950 8

Fig. 1. (a) Schematic diagram of the three-point bending test: sample A; stiffening block B and supports C,D,E. The external supports, C and D, are fixedand
the load is applied on the central support E. (b) Schematic representation of a typical force–displacement curve. (c) TypicalF–d curves, respectively, measured
on PP (solid curve) and on PP/EP (dotted curve).



removed, 1 when that almost all coating squares were
removed (poor adhesion). For both PP and PP/EP polymers,
three plates were tested.

For the three-point bending test (Fig. 1), a stiffening
rectangular block is glued in the middle of the coated side
of test plates�3 × 10× 50 mm3�: The sample is placed
between three supports and then loaded as shown in Fig.
1(a). During the test, the load and the support displacement
are recorded to give a force vs. displacement curve (F–d
curve) as shown in Fig. 1(b). The slope of the force–
displacement curve (F–d slope) is a function of the system
rigidity. The paint debonds when a critical force–displace-
ment couple (Fmax,dmax) is reached. Coating delamination
starts at one of the outer edges of the stiffening block and
the crack propagates. In this work, a bi-component epoxy
resin (3M, scotch weld 3525B/A) was used as stiffening
block. In order to ensure good adhesion between the coating
and the stiffening block, the painted side was slightly
roughened with an abrasive and then cleaned with iso-
propanol. The cleaned sample was placed in a holding
system containing a silicone mould with a cavity�25× 5
× 5 mm3� in which the epoxy resin was poured and cured
at 658C during 2 days. All samples were stored for 1 week in
ambient conditions before being tested. Tests were carried
out on a three-point bending apparatus (Flex 3) supplied by
Techlab (Lyon, France) with a displacement speed of
0.5 mm min21. For each material, six samples originating
from two plates were tested.

2.3. Analytical methods

XPS analyses were performed with a SSI X-Probe (SSX-
100/206) photoelectron spectrometer from Fisons. The
general principle of the XPS analysis used are described
in detail elsewhere [14,15]. Survey spectrum and C1s, O1s,
N1s, Si2p spectra were recorded in this order. The binding
energies were determined by reference to the C1scomponent
due to C–C and C–H bonds, set at 284.8 eV. The peak
intensity was determined by measuring the area after back-
ground subtraction using Shirley method [16]. The atomic
concentration ratio was calculated on the basis of the
acquisition parameters and the sensitivity factors given by
the manufacturer. All measurements were duplicated.

In AFM, the sample is mounted on a piezoelectric
translator and placed in contact with a sharp tip mounted
on a soft cantilever. The cantilever deflexion proportional to
the tip–sample interaction force is measured by detecting
the angular deflexion of a laser beam reflected from the back
of the cantilever extremity [17]. While the sample is
scanned horizontally below the tip, the tip–sample inter-
action force is kept constant by a feedback loop that
moves the sample up and down as the tip follows the surface
contours. A 3D topographic image of the sample surface is
thus obtained by plotting the sample vertical motion as a
function of its lateral position. In FMM, a modulation of the
sample vertical position is added to its contact equilibrium

position and the subsequent modulation movement of the
cantilever deflexion is measured by means of a lock-in ampli-
fier [18,19]. The amplitude of the cantilever response is
influenced by the elastic properties of the surface: the higher
the response amplitude, the higher the surface stiffness.

AFM and FMM images were recorded in air with an
Autoprobe CP from Park Scientific Instruments (Sunnyvale,
CA) using a 100-mm scanner. The cantilevers were
2 mm-thick silicon Ultraleversw (Park Scientific Instru-
ments) with stiffness,kc, typically equal to 20 N m21. Topo-
graphic AFM and elastic FMM images were simultaneously
recorded with a scanning frequency equal to 0.4 lines s21 and
using a contact force ranging between 10 and 200 nN. For
force modulation, the sample vertical position was modulated
by adding a sinusoidal signal to thez-voltage applied to the
piezoelectric scanner. The modulation amplitude,z1, was
equal to 7 Åand the frequency was equal to 2 kHz. The
deflexion signal of the cantilever,d1, was measured with a
dual phase lock-in amplifier (EG&G Princeton Applied
Research, Model 5210). The local surface elastic modulus
was also evaluated by measuring at certain points, the system
elastic response, i.e. the ratio between the sample modulation
amplitude and the amplitude of the cantilever response,d1/z1,
which is proportional to the local stiffness [12].

TEM pictures were obtained with a TEM EM301 Philips
microscope (80 kV). Sections of 80 nm thickness were
obtained by cutting samples at21008C with a glass knife
at 2408C using a Reichert Ultracuts FCS microtome.

3. Results

3.1. Adhesion tests

Typical three-point bending curves, respectively, measured
on PP and on PP/EP are given in Fig. 1(c). The results of the
three-point bending and crosscut tests performed on PP and
PP/EP painted plates are given in Table 2. In three-point
bending,F–d slope andFmax is higher for PP than for PP/EP
while dmax is lower. According to the crosscut test, PP/EP
has a better adherence than PP.

3.2. XPS analysis

The failure surfaces resulting from the three-point
bending tests were analysed by XPS. Table 3 gives the
surface composition obtained for unpainted surfaces and
for failure surfaces of PP/EP and PP plates. For both PP
and PP/EP failure surfaces, the Cl atomic fraction is lower
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Table 2
Results of the adherence tests (three-point bending and crosscut)

Three-point bending Cross-cut

F–d slope (N/mm) Fmax (N) dmax (mm)

PP 288̂ 9 110^ 8 0.40^ 0.04 1
PP/EP 175̂ 5 90^ 5 0.52^ 0.05 2–3



than 0.5% on the substrate side and close to 4% on the paint
side. It must be pointed out that high concentrations of Si
and O are found on failure surfaces. It is due to the use of
silicone mould for the sample preparation for the three-point
bending test. In fact, the silicone mould has probably
contaminated the surfaces of the stiffening block and of
the sample. Consequently, during the sample storage after
the adhesion test and before surface analysis, silicone may
have migrated to the failure surface.

3.3. AFM and FMM analyses

The AFM and FMM characterisation of unpainted
surfaces have been carried out for both PP and PP/EP.
Fig. 2(a) presents the topographic image obtained on a PP
plate and Fig. 3(a) and (d) the topographic and the elastic
images recorded on a PP/EP plate. The PP surface presents
grooves, a few large holes (widthù10mm) and several
small holes (width#1 mm). The topography of the PP/EP
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Fig. 2. AFM topographic images recorded on PP surfaces: (a) unpainted plate; (b) substrate side and (c) paint side of a painted plate. x: groove, y: small hole,
z: large hole, u: protruding line, v: small bump, w: large bump.

Fig. 3. (a),(b),(c) AFM topographic and (d),(e),(f) FMM elastic images of PP/EP surfaces. (a) and (d) unpainted plate, (b) and (e) substrate side and (c) and (f)
paint side of failure surfaces. x: bump, y: tears and z: large hole.



plate (Fig. 3(a)) shows black and white zones. The white
zones are composed of few bumps (widthù 3–8mm). On
FMM images, bright regions correspond to stiffer material
and dark ones to softer material. In Fig. 3(d), soft regions
(EP nodules) embedded in the rigid PP could be observed on
the surface of the unpainted PP/EP plates.

The topographic images recorded on the substrate side
and on the paint side of failure surfaces of PP plates are
presented in Fig. 2(b) and (c). The same morphology is
found on the substrate side of the failure surface than on
the PP unpainted surface (Fig. 2(a)). Conversely, the paint
side of the failure surface (Fig. 2(c)) is composed of
protruding lines, large and small bumps; it thus appears to
be a negative replica of the substrate morphology.

In Fig. 3, topographic and corresponding elastic images
taken on a substrate side (b) and (e) and paint side (c) and (f)
of failure surfaces from painted PP/EP are presented. The
morphology observed on the unpainted plate (Fig. 3(a)) is
also observable on the substrate side. Conversely, holes
with similar dimensions are observed on the paint side.
Moreover, on the substrate side, local deformations like
tears consecutive to paint debonding can be observed. On
the FMM image of the substrate side (Fig. 3(e)), darker EP
nodules are observed as on the unpainted surface. Con-
versely, no elastic contrast is observed on the paint side of
the failure surface. In fact, in this image, only narrow black
lines corresponding to noise induced by coarse topographic
variations are observed. Thus, the elastic response on this
surface is homogeneous and globally corresponds to stiff
material. A comparison between topographic and corre-
sponding elastic images taken on the substrate side of the
failure surface (Fig. 3(b) and (e)) reveals that topographic
deformations (tears) always correspond to darker zones, i.e.
EP nodules. More detailed images were obtained by

reducing the scanning size. Fig. 4(a) and (b) shows topo-
graphic and elastic images recorded in the square delimited
in Fig. 3(e). In Fig. 4(b), four EP nodules are noted A, B, C
and D. The corresponding topographic image shows that
only nodules A and B have undergone plastic deformations
during paint debonding as revealed by tears. Local force
modulation measurements were carried out on the four
nodules. The measuredd1=z1 ratios proportional to the
local stiffness are given in Table 4. The A and B nodules
present lower ratios than the C and D nodules. This means
that they are apparently softer or, more precisely that they
are located closer to the surface. Indeed, previous studies
[12] have shown that the elastic response,d1=z1; is related to
the depth location of EP nodules in PP/EP blends.

Fig. 5 presents a TEM picture performed on cross-section
perpendicular to the surface of a PP/EP painted plate. From
the top to the bottom of the picture, three successive layers
are observed: the base coat, the CPO layer and the PP/EP
substrate, with darker EP nodules in the light-grey PP matrix.
Paint debonding occurred during sample sectioning at the
CPO–substrate interface. Plastic deformation of an EP nodule
located very close to the surface could be clearly observed.

4. Discussion

The study using the three-point bending test of several
systems with varying rigidity shows thatFmax is correlated
with theF–d slope and thus with the system rigidity which
is not the case fordmax. The dependence ofFmax on the
rigidity was already mentioned in the literature [20]. Thus
the higher rigidity of PP compared to PP/EP can explain the
higher Fmax obtained on PP. Conversely, the performed
measurements show thatdmax is less dependent on the
system rigidity. So when samples differ by their rigidity,
like PP and PP/EP, the best criterion to characterise their
adherence levels becomesdmax rather thanFmax. Higherdmax

for PP/EP indicates that the adherence is better on PP/EP
than on PP. This is confirmed by the better behaviour of
PP/EP in the crosscut test (Table 2) compared to PP.

XPS analyses systematically show a higher concentration
of chlorine, coming from CPO, on the paint side of failure
surfaces than on the substrate side (Table 3). On the other

E. Tomasetti et al. / Polymer 41 (2000) 6597–6602 6601

Fig. 4. Detailed topographic (a) and elastic (b) images of the substrate side
of PP/EP failure surface corresponding to the square in Fig. 3(e).

Table 4
Local force modulation elastic responses measured on nodules of the four
nodules of Fig. 4(b)

Nodule d1=z1
a

A 0.40^ 0.02
B 0.41^ 0.03
C 0.52^ 0.02
D 0.47^ 0.01

a Mean values and standard deviations on five measurements.

Table 3
Atomic concentration of elements measured by XPS on unpainted surfaces
and on failure surfaces (substrate and paint sides)

Element PP/EP PP Unpainted
surfaces

Substrate
side

Paint
side

Substrate
side

Paint
side

C 73.0 72.2 88.0 73.4 99.0
Cl 0.2 4.3 0.4 4.0 0.0
O 16.4 14.0 7.4 15.3 1.0
Si 10.4 9.5 4.2 7.3 0.0



hand, nitrogen, present in paint, is absent on both sides. This
indicates that the failure is located at the substrate–CPO
interface and that this interface is rather sharp. This sharp
interface is also observed on TEM images. The low Cl
concentration detected on the substrate side could be
explained either by CPO diffusion into the substrate or by
CPO trapping on surface depressions.

The topographic AFM images obtained on PP plates (Fig. 2)
show that the morphology of the substrate side of failure
surfaces is very similar to that of unpainted surfaces, while
the morphology of the paint side is a negative replica of the
substrate morphology. The AFM results thus confirm that the
failure is located at the CPO–PP interface. Moreover, it appears
that, on PP, paint debonding occurs without noticeable plastic
deformation corresponding to a rather brittle failure.

For PP/EP plates, the general morphological aspect of the
unpainted surface is globally preserved on the substrate side
of the failure surfaces. EP nodules are observed at the
surface of both types of surfaces but not on the paint side
of failure surfaces. The failure thus also appears to be
located at the CPO–PP/EP interface. However, plastic
deformations are observed on the substrate side after paint
debonding specifically in EP nodules. These deformations
require energy and leads to rather ductile failures. This
result could explain the adherence improvement due the
introduction of EP into PP through the introduction of
plastic deformations consuming energy during adhesion
failure. The comparison between topographic and elastic
images of the substrate side in Fig. 4 reveals that all the
EP nodules are not deformed to the same extent. Local
force modulation measurements (Table 4) indicate that the
EP nodules that have undergone the largest deformation are
the softest ones. In a previous study [13], it was shown that
surface EP nodules are covered by a thin PP surface layer.
The apparent surface stiffness measured on EP nodules was
related to their depth location below the surface: nodules
closer to the surface appear softer. Consequently, the
intensity of the plastic deformation of the EP nodules

appears to be related to their depth location; nodules closer
to the surface are more deformed. The TEM picture in Fig. 5
also shows interfacial failure with plastic deformation
located in EP nodules located closer to the surface. This
picture illustrates and confirms the interpretation of the
AFM and FMM images of the failure surfaces.

5. Conclusions

Adhesion tests performed in this study confirm that paint
adherence is better on PP/EP than on PP. Paint debonding is
located between the CPO layer and the substrate for both PP
and PP/EP plates. AFM and FMM analyses of the substrate
side of failure surfaces reveal that paint debonding occurs
with plastic deformation only in the EP rubber. Con-
sequently, the increase of adherence with EP introduction
in PP could be explained by increased energy dissipation in
the elastomer. Moreover, the magnitude of the EP plastic
deformation is found to decrease when the depth location of
the nodule below the surface increases. This emphasises the
important role played by the surface morphology on
adhesion properties.
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Fig. 5. TEM picture of a cross-section perpendicular to the surface of a
painted PP/EP plate. From top to bottom, the successive layers are the base
coat, the CPO layer and the PP/EP substrate with darker EP.


