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Abstract

High-resolution scanning transmission electron microscope (HR STEM) measurements were performed on a thermoplastic polyolefin (TPO)
substrate coated with chlorinated polyolefin (CPO). This CPO was a maleated chlorinated polypropylene containing 21.8 wt% Cl. The TPO
investigated was a blend of high-modulus isotactic polypropylene (iPP) with a crystalline ethyleneebutene copolymer (EB9) containing 9 wt%
butene. For these injection-molded samples, examined ca. 10 mm from the mold gate, a stratified morphology found at TPO surface consisting of
thin fibers of EB9 trapped in a transcrystalline iPP matrix, with crystalline lamellae propagating from the matrix across the EB9 domains. This
structure was unperturbed when the plaques were coated (from tetrahydrofuran solution) with a 5 mm layer of CPO, but underwent changes of
increasing severity when subjected either to a dry bake at 120 �C or annealing at 120 �C in the presence of xylene vapor. The interfacial structure
between the CPO and the TPO was probed by TEM with energy dispersive X-ray imaging (EDX). The elemental chlorine across the interface gave
good fits to a tan h function, and the interface thickness increased from 23� 2 nm to 28� 1 nm upon annealing at 120 �C for 30 min. After an-
nealing in the presence of xylene vapor, this value increased to 50� 4 nm. As reference points, we determined an interface thickness of 29� 3 nm
for the CPOeEB interface and 15� 2 nm for the interface between CPO and iPP.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoplastics olefins (TPOs) are an important class of
polymer blend materials for the automotive industry. TPOs
are used to fabricate bumpers, fascia, and other exterior and
interior trim components. The term TPO refers to a family of
polyolefin blends consisting of isotactic polypropylene (iPP)
containing various other polyolefins as impact modifiers. Com-
mon examples for the impact modifier are ethyleneepropylene
rubber (EPR) and ethyleneepropeneediene monomer (EPDM)
polymers of various compositions. Plastic automotive parts,
particularly the exterior parts, are painted to increase the
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longevity of the part and to enhance the cosmetic appearance.
Owing to the low surface energy of the TPO substrates, paint
does not normally adhere very well to these substrates, and sur-
face modification is needed to improve adhesion. One approach
to addressing this problem is to coat the TPO with a polymeric
adhesion promoter that serves as an adhesion layer between the
substrate and the coating. For example, injection-molded TPO
parts are commonly coated with an adhesion promoter consist-
ing of a maleated, chlorinated polypropylene referred to gener-
ally as CPO. Although CPO has been used by the automotive
industry for many years as the major component of adhesion
promoter formulations, we have relatively little fundamental
knowledge about the mechanism of adhesion or the nature of
the interface between CPO and TPO.

A number of investigations have been reported describing
experiments designed to help develop a better understanding
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the nature of the interfacial adhesion of CPO onto TPO [1e9].
It is generally proposed that during the coating of the adhesion
promoter and the subsequent baking step, CPO chains diffuse
into the TPO substrate and entangle with components of the
TPO [1e5]. Most authors believe that the CPO interacts pref-
erentially with the rubber layer of the impact modifier that
lies beneath an iPP-rich surface layer. PP has a lower surface
energy than the ethylene copolymers used as impact modifiers,
so there is good reason to expect that the surface of injection-
molded TPO parts will have an iPP-rich surface. There are
also strong indications that CPO has a stronger interaction
with the rubber phase than with iPP itself. The entanglements
between the rubber phase and the CPO are thought to create
the physical links that provide adhesion between the CPO
and TPO.

It is important to keep in mind that there are many different
TPO compositions as well as a variety of different CPOs. The
CPOs based on PP differ in chain length, chlorine content, and
the amount of succinic anhydride groups introduced through
maleation. Within the industry, there is a sense that particular
CPOs work best on individual TPO compositions, although we
are unaware of any literature documenting these differences.
Many of the ideas described above were developed for TPO
compositions involving amorphous polymers as the impact
modifier. In many of these publications, which one can now
think of as exploratory in nature, the details of the TPO and
CPO compositions were not reported, and probably were not
revealed to the experimenters by the resin suppliers. To inves-
tigate whether these compositional variables are important,
more experiments need to be carried out on better-defined
systems.

The call for lighter weight, more fuel-efficient vehicles is
leading to changes in TPO composition. The weight of plastic
parts can be reduced if one uses a higher modulus TPO, fab-
ricated from a higher modulus iPP and with a semicrystalline
impact modifier such as linear low-density polyethylene. This
goal poses new problems. From a mechanical performance
perspective, one has to be able to find compositions that
provide sufficient protection against low-temperature brittle
fracture. From an adhesion perspective, obtaining strong adhe-
sion is more challenging for these high-modulus blends. In
addition, one has to find adhesion promoters that provide suf-
ficiently strong paint adhesion to meet the ever-increasing
warranty requirements of the automotive industry.

To help meet this need, we have been interested in one such
type of TPO composition, consisting of a relatively high molec-
ular weight ZieglereNatta iPP with a very low amorphous con-
tent, impact modified with a semicrystalline metallocene
ethyleneebutene (EB) copolymer containing 9 wt% B (EB9).
We have chosen for our investigations a candidate CPO con-
taining 20 wt% Cl. In previous publications, we examined
the ability of this CPO to promote adhesion between slabs of
TPO or its constituents, as measured through lap shear tests
[10]. Through a combination of covalent dye labeling and laser
confocal fluorescence microscopy (LCFM), we investigated
aspects of the morphology of CPO-coated injection-molded
plaques [11], as well as simple blends of CPO with the TPO
components [12]. These studies support the idea that CPO
interacts more strongly with the impact modifier (here semi-
crystalline EB9) than with iPP. There was a suggestion from
the LCFM studies (with micrometer resolution) that the inter-
face between CPO and EB9 was broader than that between
CPO and iPP. These experiments, unfortunately, were at the
resolution limit of LCFM, making it difficult to draw firm
conclusions from the images.

The most important knowledge needed to design appropri-
ately compliant systems is an understanding of the nature of
the interface between CPO and injection-molded TPO. Based
upon results reported in the literature, we expect that flow
fields associated with the injection molding as well as the
rapid crystallization at the mold wall will have an important
effect on the surface structure of the TPO part. This surface
structure, coupled with the processing and bake conditions
used in the CPO coating process, are important factors that
need to be taken into account when examining the interaction
between CPO and the TPO substrate. We will return to this
issue in Section 3.

High-resolution transmission electron microscopy of ultra-
thin sections of a polymer blend can in principle allow one to
visualize directly the interfacial region between the two com-
ponents. One needs a source of contrast. This can in principle
be accomplished by careful selective staining of one of the
components in such a way that the density observed in
a TEM image is proportional to the local concentration of
one of the polymer pairs. The first report describing this
type of experiment with quantitative interpretation of the inter-
face profile was that of Spontak et al. [13] who examined the
mixed interface between the microphase-separated compo-
nents of styreneebutadiene triblock (SBS) and diblock (SB)
copolymers. This was a particularly difficult challenge, be-
cause the interfaces were estimated to be only 2e3 nm in
width. They used OsO4 vapors to stain the polybutadiene com-
ponent selectively in sections ca. 30e40 nm thick. One of the
most interesting conclusions from this work is that the compo-
sition of the interfacial region is not symmetric; it is enriched
in S compared to B.

About five years later, Kressler et al. [14] reported similar
TEM experiments on polymer blends. They used RuO4 as a
selective stain of the phenyl rings of PS in polystyreneepoly-
(methyl methacrylate) (PSePMMA) blends as well as PMMA
blends with a styreneeacrylonitrile (SAN-38.7) copolymer
containing 38.7 wt% acrylonitrile. They comment that while
one can detect the polymer concentration profile in the rela-
tively narrow interface between PS and PMMA, the sharpness
of the interface (width 5� 3 nm) makes it difficult to obtain
detailed information with reasonable precision. They had
much greater success with PMMAeSAN blends with an
SAN composition just outside the miscibility window for the
two polymers. These types of compositions are expected to
give significant mixing in the interfacial region, and hence in-
terfaces of sufficient width that the concentration profile can be
measured by TEM with good precision. Segment density pro-
files were constructed from the grayscale variation across the
boundary layer. From a tangent drawn at the inflection point
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they determined an interfacial width of 32� 3 nm, and also
concluded that the experimentally determined interface was
asymmetric. The interfacial layer contained more SAN-38.7
than PMMA. By fitting the segment density profiles to various
mathematical functions, they were able to show that the hyper-
bolic tangent (tan h) function proposed for polymer blends [15]
and the error function (ERF) used to describe diffusion profiles
[16] gave good fits to the measured profiles. In contrast, the
linear profile proposed by Brochard et al. [17] did not lead
to a good fit.

In this report, we describe the results of TEM measure-
ments on the interfacial region between CPO and TPO, as
well as CPO and the TPO components, iPP and EB9. The sys-
tem is more complicated than that reported by Kressler et al.,
because iPP and EB9 are crystalline polymers. We also exam-
ine changes in the interfacial region caused by processing
conditions (e.g., coating and pre-bake conditions) typical of
those used in industry for the painting of plastic automotive
parts. We note that Mirabella and Dioh [18] have examined
cryomicrotomed sections of CPO-coated TPO plaques, using
scanning transmission X-ray microscopy (STXM). Based on
the STXM profiles, an interfacial thickness about 340 nm be-
tween CPO and TPO was found. This value is in the range of
length scales that makes the TEM measurements of polymer
blend interfaces of the sort reported by Kressler attractive,
but is close to the resolution limit of STXM.

2. Experimental

2.1. Materials

Isotactic polypropylene (Escorene 1042, ZieglereNatta
catalyst) and poly(ethylene-butene) (Exact 3125, with 9 wt%
butene, metallocene catalyst) copolymer were from Exxon-
Mobil. According to Ref. [19], these polymers are character-
ized by Mn¼ 67,000 g/mol (PDI¼ 3.51) for iPP and Mn¼
45,000 g/mol (PDI¼ 1.96) for EB9. Chlorinated polypropyl-
ene (CPO Superchlon 872S) with 20 wt% chlorine content
was provided by Nippon Paper Chemicals Co. Ltd. By gel
permeation chromatography (GPC, polystyrene standards),
we determined the molecular weight of this CPO sample to
be Mw¼ 92,000, Mn¼ 41,000. The anhydride content was de-
termined by titration and found to be 0.19 mmol/g polymer
[12]. As described in a previous publication [10], a sample of
this polymer was functionalized with a benzothioxanthene
(HY) fluorescent dye to yield a dye-labeled polymer (CPOe
HY) with a maximum absorbance in the UVevis spectrum
of lmax¼ 456 nm, and a dye content of 0.06 mmol/g. In all
experiments reported here, the CPO sample contained 5 wt%
of this dye-labeled polymer.

2.2. Sample preparation

The TPO25 blend was prepared by premixing poly-
propylene with 25 wt% of EB9. The mixtures were then run
through a twin-screw mini-extruder (15 cm3 capacity, DSM,
The Netherlands) at 230 �C and 100 rpm on a single strand
die. The TPO blend was molded into a rectangular plaque
(60.0� 12.6� 2.0 mm) through a 2.0 mm wide pin gate using
a DSM microinjection-molding machine (3.5 cm3) at 70 psi
injection pressure with a mold temperature of 43 �C. The
TPO, iPP and EB9 samples were spin-coated (1000 rpm)
with a solution (10 wt%) of CPO in tetrahydrofuran (THF).
We use THF as the solvent to minimize solvent penetration
into the plaques during the coating process. The thickness of
the dry CPO layer was about 5 mm. After drying for 24 h at
room temperature, some of the plaques were baked at 120 �C
for 30 min to promote diffusion of CPO to the TPO substrates.
Other samples were heated at 120 �C in the presence of xylene
vapor. The treatment was performed in a sealed glass container.
Bilayer samples (CPO/TPO) were placed on a support in the
middle of a vessel that contained liquid xylene at the bottom.
The container was sealed and then placed in an oven at
120 �C for 30 min.

2.3. Transmission electron microscopy (TEM)

TEM measurements were carried out at 200 kV using a
Hitachi HD-2000 instrument. For the samples examined here,
we obtained much better contrast in the dark-field mode, and
all TEM images shown below are dark-field images. Sample
sections of TPO and CPO-coated TPO were cut from the center
of the plaque approximately 10 mm from the gate as shown in
Scheme 1. Then ultrathin (70 nm thick) sections were obtained
by cryogenically microtoming these samples on a Leica (EM
FCS) microtome with a MC 1029 35� diamond knife at
�140 �C. To help avoid defects or sample damage during cryo-
sectioning, each sample was subjected to cooling for more
than 2 h prior to cutting the sample at �140 �C. These sections
were transferred to a carbon-coated copper grid and stained by
exposure to ruthenium tetroxide (RuO4) vapor for 30 min in
a closed chamber. The composition profiles were obtained by
using energy dispersive X-ray (EDX) spectroscopy analysis
system. Inca software (Oxford Instruments Plc.) was used to
obtain the elemental (chlorine) profiles across the interface
between TPO and CPO phases, and the line profiles were col-
lected from the TPO phase to the CPO phase as imaged in EDX
mode. Line scans at three separate locations were obtained
for each image. Individual EDX scans were kept to less than
30 min to minimize electron beam damage to the sample.

A reviewer asked us to comment on the possibility of sam-
ple damage during the EDX measurement, citing the work of
Briber and Khoury [20] on electron energy loss spectroscopy
(EELS) of polymer single crystals in TEM measurements.

60mm

10mm

Gate

Scheme 1. Dimensions of the injection-molded plaque and the location of

sample sections for TEM analysis.
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These authors found a significant chlorine mass loss after rel-
atively short exposure of poly(chlorotrifluoroethylene) single
crystals to the electron beam. In our experiments, we exam-
ined thin (70 nm) sections of CPO-coated TPO. To check if
the line scans led to sample damage, each section was checked
by TEM imaging after each set of experiments. In some
samples, with longer exposure to the electron beam, we could
observe a damage line presumably due to etching of the sam-
ple. We did not observe any obvious indication of sample
damage.

2.4. Differential scanning calorimetry (DSC)

A TA Q-100 DSC was used for calorimetric studies. Mate-
rials from the injection bar were heated from room temperature
to 215 �C at 10 �C/min. The melting temperature was taken as
the temperature corresponding to the peak in heat flow during
heating. Enthalpies of crystallization and melting were
obtained by integrating the heat flow curve to a flat baseline.
Using the heat of fusion of a perfect iPP (207 J/g) and PE
(277 J/g) [21] crystal, the weight fraction crystallinity was
calculated as

Xc ¼ DHm=f DH0
m ð1Þ

where DHm is the measured enthalpy of melting, DH0
m is the

ideal enthalpy of melting a perfect crystal of polymer X, and
f is the weight fraction of the polymer in the blend.

3. Results and discussion

In this study, the interfacial thickness between CPO and
TPO was investigated by transmission electron microscopy
(TEM) through energy dispersive X-ray (EDX) imaging. The
TPO components (75 wt% iPP, 25 wt% EB9) were mixed in
a mini-twin-screw extruder with a barrel temperature of
230 �C. Rectangular plaques (60.0� 12.6� 2.0 mm) were pre-
pared using a microinjection-molding device through a 2.0 mm
wide pin gate, with a mold temperature of 43 �C. A thin layer
(5 mm) of CPO was coated onto the TPO surface. This thick-
ness is typical of that in actual use for painted part applications,
but we used tetrahydrofuran (THF) as the coating solvent to
minimize solvent penetration into the TPO plaque during this
part of the coating step. The CPO sample contained 5% of
a sample of the material that had previously been treated to
attach covalently a highly fluorescent benzothioxanthene dye.
We refer to the dye-labeled sample as CPOeHY. In a previous
publication, [10] we described laser confocal fluorescence mi-
croscopy (LCFM) measurements that indicated that the CPO
layers applied as we describe here were flat and uniform in
thickness. The presence of this small amount of dye in the
CPO serves a useful function in the TEM experiments de-
scribed below. CPO itself is not stained by RuO4. Staining of
the dye imparts a sufficient gray color to the CPO layer that
it can be contrasted and distinguished from crystalline iPP
domains, which are also not stained.
When solvent-based CPO coatings are employed in indu
try, one role of the solvent is to swell the surface regions o
the TPO in the hopes of promoting CPO penetration into th
substrate. Ryntz in particular has examined aspects of solve
penetration into TPO of different compositions, and has foun
that adhesion strength often correlates with the depth of solve
penetration [22]. In actual use, solvent-coated CPO is normal
subjected to a pre-bake at 120 �C, below the boiling point o
some of the solvent components but close to the melting tem
perature of EB9. In some technologies, the CPO, basecoat, an
clearcoat are coated without an intervening bake, the so-calle
‘‘wet-on-wet-on-wet’’ process and then subjected to a pre-bak
at 120 �C before the final bake of the coating. These condition
keep the surface of the TPO in contact with aromatic solve
and solvent vapors for a significant period of time. In som
of our experiments, we model this aspect of the processin
conditions by placing individual CPO-coated plaques
a closed environment at 120 �C, in which they are expose
to xylene vapors. We then assess the influence of this treatme
on the TPOeCPO morphology in the region of the interface

3.1. The near-surface morphology of TPO

The near-surface morphology of an uncoated injection
molded plaque of PP/EBR9 (75/25 wt%) is shown
Fig. 1a. This ultrathin section (70 nm) was cut parallel to th
injection direction at the near-gate location indicated
Scheme 1 and was stained with ruthenium tetroxide (RuO
vapor for 30 min before the TEM image was taken. The con
sistently sharp images obtained for the TPO surface, and fo
the TPOeCPO interface, are a good indication that little
any sample distortion occurred during the cryosectionin
and staining processes. RuO4 stains the amorphous (primari
EB9) domains of the TPO, in which the dispersed domain
(EB9) appear as the brighter domains (in dark field). On
can see that the EB9 domains are highly stretched along th
flow direction, and exhibit a stratified morphology. Image
taken in cross section (not shown) confirm that the EB9 do
mains are fiber like. We imagine that droplets of EB in iP
matrix were stretched by the strong shear field in the vicini
of the mold wall and trapped in place by the shear-induce
crystallization of the iPP. A magnified image at surface o
TPO is shown in Fig. 1b. In addition to the highly stretche
EB9 domains paralleled to the surface, one can see a crysta
line lamellar structure in which the lamellae are oriented pe
pendicular to the surface: a transcrystalline structure formed
the TPO substrate. The crystalline lamellae traverse the iP
and EB9 phases and appear to remain in registry as they cro
these domains. Both Bates et al. [23] and Hiltner et al. [24
have reported this type of phenomenon previously for blend
of iPP with metallocene polyethylene (mPE) copolyme
They attributed the strength of the bond between the two com
ponents to the formation of entanglements at the iPP/mP
crystal/crystal interface.

These images are qualitatively different from those reporte
previously in the literature for injection-molded TPO sample
Other authors have reported (see Ref. [25] for examples) th
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Fig. 1. Dark-field TEM images obtained with ultrathin sections after staining with RuO4 vapor of samples taken from injection-molded plaques as shown

in Scheme 1. (a, b) Near-surface region of uncoated TPO at two different magnifications. (c, d) Interfacial region of a CPO-coated TPO plaque at two different

magnifications. (e) A section taken from a CPO-coated TPO plaque subjected to dry bake at 120 �C/30 min. (f) A section taken from a CPO-coated TPO plaque

subjected to dry bake at 120 �C/30 min under xylene vapor.
there is a prominent PP-rich layer at the TPO surface. In Fig. 3 of
Ref. [25], depicting a TEM image of an ultrathin section from
a vendor-supplied plaque, this layer is well defined, largely
unstained by RuO4, and appears to be about 50 nm thick. In
commenting on this image, Tang and Martin mention that the
thickness of this PP-rich layer near the surface evidently de-
pends on the processing conditions and can be varied from
several hundred nanometers to several microns. Another image
in Ref. [25] (Fig. 4a) shows a micrometer thick iPP rich layer at
the TPO surface with a rubber-swollen layer of comparable
thickness immediately beneath it. While the presence of a trans-
crystalline layer at the TPO surface has been reported previ-
ously, it is not seen in many samples, and this transcrystalline
layer was thought to be composed exclusively of iPP [2,4].

Some of our ideas about the stretching of the EB droplets in
the PP matrix and the formation of fiber-like structures are
based on finding of Moffitt et al. [11], who studied the influence
of laminar flow on the morphology of iPP/EB blends using
LCFM in conjunction with dye-labeled EB. This model TPO
blend had the same iPP used here and a similar EB content,
but employed a nearly amorphous EB (EB28) containing
28 wt% butane. Their samples were pre-equilibrated in a
0.5 mm thick mold at 153 �C, below the crystallization temper-
ature of iPP but at a temperature where the quiescent crystalli-
zation of iPP is very slow. The iPP underwent shear-induced
crystallization in the near-wall regions of the mold when a short
(5 s) shear pulse was applied to the sample. In those samples,
the EB component in the 100 mm nearest the mold surfaces
was stretched into thin fibers and then trapped in place by the
rapid crystallization of the surrounding iPP matrix. While the
resolution of the LCFM images (ca. 0.5 mm) is much less
than that of TEM, the fibers of EB appeared to approach very
close to the surface of the iPP/EB plaques formed upon cooling
in the mold.
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3.2. The morphology of CPO-coated TPO plaques

In Fig. 1c we present a dark-field TEM image of a CPO-
coated TPO plaque without thermal treatment. As mentioned
above, we used spin coating and a volatile polar solvent
(THF) in the coating step to avoid as much as possible pertur-
bation of the surface. The RuO4-stained section shows two
types of features. First one sees the pale gray color of the
CPO phase that arises from staining the small amount of
dye bound to this component. This staining provides a clearly
visible picture of the phase boundary from the TPO substrate.
One can see that the CPO/TPO interface in this as-prepared
sample is very sharp on a length scale of 60 nm. In addition,
one can also observe the structure internal to the TPO, which
strongly resembles that seen in Fig. 1a and b. A higher magni-
fication image of Fig. 1c is shown in Fig. 1d. Again, the trans-
crystalline layer is visible at the TPO surface and is unaffected
by the mild coating conditions used to apply the CPO layer.

Upon close inspection of Fig. 1c, one can see a thin dark
line (iPP) at the interface with CPO, with an equally thin ligh-
ter colored line on the TPO side. This observation is evidence
in support of the idea that there is preferentially a thin layer of
iPP at the TPO surface. Unfortunately, there is no good con-
trast between the stained EB and the stained CPO. Thus it
would be very difficult to detect whether there is any EB in
contact with the CPO layer.

To investigate the effect of baking conditions on the interfa-
cial morphology of the CPO-coated TPO samples, we em-
ployed two different bake conditions. Under ‘‘dry-bake’’, the
CPO-coated plaques were heated in an oven at 120 �C for
30 min. To model vapor exposure, another set of plaques
were heated at 120 �C for 30 min in a container in which
they were exposed to xylene vapor. Fig. 1e shows a dark-field
TEM image of a dry baked CPO-coated TPO sample. While the
interface between the TPO and the CPO is no longer as sharp as
in the sample without baking, the stratified morphology of TPO
substrate persists in this image, although there is somewhat less
definition between the phases. The persistence of the stratified
morphology in TPO substrate may be due to a confinement ef-
fect of the iPP matrix. This annealing temperature (120 �C) is
above the melting temperature of EB9 (see Table 1) but well
below the melting temperature of iPP. Thus the mobile, melted
EBR9 phase was confined by the surrounding crystalline PP

Table 1

Composition and thermal data for TPOa and its components

Samplea iPPb

(wt%)

EB9b

(wt%)

Tm (�C) DH (J/g) (DH/DH0)c

iPP 100 165.23 90.64 (43.8%)

EB9 100 106.62 83.60 (30.18%)

TPO 75 25 165.5 65.98 (42.44%)

106.03 16.42 (22.8%)

a All the samples were prepared by mini-extruder at 230 �C/100 rpm/5 min,

and then injection molded at 230 �C/70 psi with mold temperature at 43 �C.

Thermal data were obtained from DSC measurement at 10 �C/min from 20

to 215 �C under N2.
b iPP: Escorene 1042; EB9: Exact 3125.
c DHPP

0 ¼ 207 J/g; DHPE
0 ¼ 277 J/g.
matrix; and the global features of the EB9 phase morphology
was unaltered by the baking treatment. One can note that the
highly stretched EBR9 domains at the interface region (within
40 nm of the outermost surface of TPO) showed distortion and
broadening compared to the sample without heating (Fig. 1d).
Further into the sample (>40 nm from the CPO phase), the
stretched EBR9 domains remained parallel to the flow direc-
tion under the confinement of the iPP matrix.

Fig. 1f shows the corresponding dark-field TEM image of
CPO-coated TPO sample baked at 120 �C for 30 min under
xylene vapor. More striking changes occur in the near-surface
regions of the sample. The interface is less well defined
compared to the sample without exposure to xylene vapor
(Fig. 1e). The EBR9 domains near the interface (within ca.
300 nm of the interface) became wider and shorter compared
to the sample not exposed to xylene vapor. These effects can
be explained by absorption of xylene vapor by the warm
sample, partial disruption of the crystalline structure of the
iPP matrix, and coalescence of EB9 droplets in the matrix.
While we do not see clear evidence for the transcrystalline la-
mellae in the TEM images of Fig. 1e and f, we note that the skin
layer, as detected by optical microscopy, persists after both the
dry bake and xylene-vapor bake treatments.

The changes seen in Fig. 1f are not nearly as extreme as
those inferred from images of sections obtained from fully
painted plaques. For example, some of the images presented
by Tang and Martin [25] show significant changes in the
rubber-rich layer lying beneath the iPP-rich layer at the CPO
interface, and they observe occasional droplets of the impact
modifier which have diffused into the CPO layer. The Treado
group [5] have also observed droplets of EP impact modifier in
the CPO layer for coated plaques that they examined.

3.3. Probing the composition of the CPO/TPO interface

Because of the presence of Cl atoms in CPO, we can use the
energy dispersive X-ray imaging (EDX) function of the TEM
to probe the intermixing of CPO and non-chlorinated TPO
components at the interface. In Fig. 2a we present a dark-field
TEM image of a RuO4-stained thin section of an unbaked
CPO-coated TPO sample. The vertical black line through the
sample, which defines the z-axis, is the coordinate from
which the EDX data presented in Fig. 2b were taken. One
can see that the intensity of the signal due to chlorine atoms
increases from the TPO phase to the CPO phase. The magni-
tude of the EDX signal for chlorine in each sample was deter-
mined by reference to copper from the grid as an internal
standard, but is expressed in arbitrary units. The baseline value
on the TPO side of the interface was similar in intensity to the
signal obtained from deep within the TPO phase. The distance
scale along the z-axis has an arbitrary origin, and the important
information is the width of the interface determined from the
data between the two plateau regions. The transition region
is located at 100e125 nm from the origin. Thus, by eye this
interface appears to be ca. 25 nm wide.

Fig. 2c shows the EDX intensity profile of the chlorine
element across the interface of a similar CPO-coated TPO
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Fig. 2. TEMeEDX elemental mapping of the CPO-coated TPO samples. (a) Dark-field TEM image of CPO-coated TPO without thermal treatment. The vertical

line indicates the trajectory of the EDX analysis to obtain the data shown in b. (b) The EDX line profile for chlorine across the CPOeTPO interface for a sample

(see a) without thermal treatment. (c) The EDX line profile for chlorine across the CPOeTPO interface for a sample subjected to a dry bake at 120 �C/30 min. (d)

The EDX line profile for chlorine across the CPOeTPO interface for a sample annealed at 120 �C/30 min under xylene vapor. The smooth lines through the data in

(b)e(d) are the best fits to Eq. (1) for the composition distributions.
sample subjected to a dry bake at 120 �C for 30 min. Here the
transition region is found in the range of 50e80 nm from the
arbitrary origin, and the interface appears to be a bit wider
than that of the sample without baking treatment. In contrast,
the sample subjected to annealing in the presence of xylene
vapor appears to have a much broader interface.

To obtain more quantitative information about the shapes
and widths of these interface profiles, we assume that the
EDX signal for Cl is proportional to the segment density
r(z) for CPO, and fitted the profiles to a hyperbolic tangent
function [15]. To accommodate the arbitrary origin along the
z-axis, we rewrite the theoretical Helfand expression as

rðzÞ ¼ P1þP2

1� tan h
�

2ðzþP3Þ
d

�

2
ð2Þ

where z is the distance normal to the plane of the interface
taken to be centered at P3. P1 and P2 are the shifts of phase
position and intensity, respectively; d is defined as the inter-
face thickness; and the � represents the distributions of two
components across the interface. In applying Eq. (2) to fit
the compositions shown in Fig. 2b and c, we treated Pi
(i¼ 1e3) and d as floating parameters. The values of interface
thickness d can then be retrieved from the fittings.

For the CPO-coated TPO sample without thermal treatment
(Fig. 2b), we found a value of interface thickness at
23� 2.0 nm. This value broadened slightly to 28� 1 nm for
the TPO/CPO interface subjected to dry bake at 120 �C for
30 min. The solid lines seen in Fig. 2b and c represent the
best fits to Eq. (1). In both instances, the interfacial composi-
tion appears to be symmetric such that the 50% change in
composition corresponds to the halfway point across the
transition zone.

Fig. 2d shows the chlorine elemental intensity profile across
the interface of the CPO-coated TPO sample after baking at
120 �C/30 min under xylene vapor. Two features of this plot
are noteworthy. First, the transition region is substantially
broader than in the samples not exposed to xylene vapor,
here stretching from 50 nm to 100 nm along the z-axis. In ad-
dition, the EDX profile deviates somewhat from the tan h pro-
file of Eq. (2). It appears that the interface is not symmetric,
but is enriched in the CPO component. The width of the inter-
face determined from the best fit of the EDX profile to Eq. (2)
is 50� 4.0 nm. These values are collected in Table 2.
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In order to help understand the origin of the interfacial
widths seen in Fig. 2, we carried out analogous experiments
on plaques prepared from the pure components of TPO: iPP
and EB9. In Fig. 3a we present a dark-field TEM image of
a stained thin section of CPO-coated EB9 not subjected to
a bake treatment. The interface between the components seems
sharp to the eye at this resolution, and the fact that the EB side
of the interface is darker than the CPO side indicates that the
CPO is more heavily stained in this sample. The measured
EDX profile is shown in Fig. 3b. It gives an excellent fit to
the tan h function, with a best-fit value of d¼ 29� 3 nm. The
result of a similar pair of experiments carried out on a CPO-
coated iPP plaque, after sectioning and staining, is shown in
Fig. 3c and d. Here the interface is much sharper than for

Table 2

Interface thicknesses measured from EDX data

Sample Calculated interface thicknessa (nm)

TPO/CPO 21� 1.8b 23� 2.2 23� 1.7

TPO/CPO 120 �C/30 min 28� 1.3 29.2� 1.4 28.7� 1.8

TPO/CPO 120 �C/30 min/

xylene vapor

49.8� 3.9 48.7� 3.7 50.4� 4.2

a The three values for each sample represent values calculated for indepen-

dent EDX traces across the CPO interface in an individual TEM image.
b The standard error of each measurement was determined from the quality

of fit of the EDX trace to Eq. (2).
CPO/EB9, and the best fit of the data to Eq. (2) yields
d¼ 15� 2.0 nm.

4. Summary and conclusions

We report transmission electron microscopy experiments
that examine the nature of the interface between CPO, a chlo-
rinated polypropylene, and a high-modulus TPO. The TPO is
a blend of a relatively high molar mass isotactic polypropylene
(iPP) and a semicrystalline ethyleneebutene (EB) copolymer
containing 9 wt% B as an impact modifier. The components
were mixed in a mini-twin-screw extruder and injection
molded through a pinhole gate to form rectangular plaques.
By TEM, RuO4-stained thin sections of these plaques showed
a well-defined transcrystalline layer in the near-surface region.

These 2 mm thick plaques were coated with a 5 mm layer of
CPO under mild conditions, and then some of the samples
were subject to annealing at 120 �C for 30 min, either dry or
exposed to an atmosphere saturated with xylene vapor. The xy-
lene vapor conditions attempt to model the aromatic solvent
present during the bake stage of commercial applications,
where TPO parts are painted wet-on-wet-on-wet and then
heated in an oven. TEM images showed that the presence of
the transcrystalline layer at the CPOeTPO interface survived
the dry-bake conditions, but could no longer be detected after
annealing in the presence of xylene vapor.
Fig. 3. TEMeEDX elemental mapping for samples of CPO-coated EB9 and CPO-coated iPP. (a) Dark-field TEM images of CPO-coated EB9 without thermal

treatment. (b) The EDX line profile for chlorine across the CPOeEB interface. (c) Dark-field TEM images of CPO-coated iPP without thermal treatment.

(d) The EDX line profile for chlorine across the CPOeiPP interface. The smooth lines through the data in (b) and (d) are the best fits to Eq. (1).
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The presence of chlorine in the CPO made it possible to ob-
tain the CPO segment density profile across the CPOeTPO
interface using the EDX function of the high-resolution TEM
instrument. For the as-prepared samples and those subjected
to dry bake, the EDX profiles fit the tan h profile predicted
for polymer blends by Helfand and coworkers. The widths of
the interfaces fitted in this way were modestly broadened,
from 23� 2 nm to 28� 1 nm, by annealing at 120 �C in the
absence of solvent vapor. The xylene vapor bake had a more
pronounced effect, increasing the measured interface width to
50� 4.0 nm. These results taken together emphasize how
important the nanometer-scale near-surface organization is
for these materials.

TPO itself is a blend of two components. In order to
examine the nature of the interaction of CPO with the two
components of the CPO, we prepared similar CPO-coated
injection-molded plaques of iPP and EB9. These samples
were not subjected to annealing. For iPP the annealing would
be well below its melting point whereas for EB9, both compo-
nents would melt and flow when heated at 120 �C. The results
obtained are nonetheless very informative. We found an
EB9/CPO interface width similar in magnitude (29� 3 nm)
to that of TPO/CPO, whereas the interface for iPP/CPO was
significantly narrower (15� 2 nm). These results support the
idea that when CPO adheres to injection-molded TPO, it inter-
acts more strongly with the impact modifier than with iPP
itself.

There have been a number of attempts to try to understand
the origin of this preferential interaction. For example, Ellis
[9] used a group-additivity approach to estimate value of the
FloryeHuggins interaction parameter c for CPO and TPO
components. He chose chlorinated PP (PP-Cl) as a model
for CPO and ethyleneepropylene (EP) as a model for the
impact modifier. Not surprisingly, he found smaller values of
c for (PP-Clþ PP) than for (PP-Clþ EP), but he did find a
narrow range of compositions (EP containing 35 wt% ethylene
and a PP-Cl with 21 wt% chlorine) where the estimated inter-
action parameter c (0.0058) is lower than that (0.0063) for
PPþ PP-Cl. From the HelfandeTagami relationship between
d and c, these values predict interfacial widths in the order
of 10 nm for both components. This analysis assumes similar
statistical segment lengths (0.8 nm) for the various polymers.
We note that their analysis is consistent with our finding of
a 15 nm thick interface between iPP and CPO containing
20 wt% Cl.
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