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ABSTRACT: The adhesion and interfacial properties of
polyurethane (PU) foams with thermoplastic (TP) materials
were investigated using different techniques. The adhesion
performance of PU foam with TP materials was evaluated
using the peel test method, and the adhesion durability
was checked after different climate treatments. X-ray pho-
toelectron spectroscopy (XPS), atomic force microscopy
(AFM), and contact angle measurements were used to
study the surface and interface morphology of PU foam
and TP material system. Three types of PU foam samples
which differ in their composition and also five commer-
cially available TP blends systems, based on poly(carbon-
ate), poly(styrene-co-maleic anhydride), poly(acrylonitrile-
butadiene-styrene), and silicone acrylate rubber have been

used. The slow reacting foam shows the best adhesion
properties with all the TP materials. The climate treat-
ments strongly effected the PU foam adhesion durability
with poly(carbonate) containing TP materials (70–80% loss
in adhesion), but nearly no effect with poly(styrene-co-ma-
leic anhydride). The samples with lowered adhesion could
be separated by peeling without visible foam residues on
the TP surface. AFM, XPS, and surface tension studies
have shown that the surface properties of the TP material
are still governed by the PU foam. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 104: 479–488, 2007
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INTRODUCTION

The polyurethane (PU) foams are cellular or ex-
panded materials synthesized by the reaction of diiso-
cyanate with polyol in the presence of a blowing
agent. According to their mechanical properties, PU
foams are either categorized as flexible, rigid, or semi-
rigid material. PU foams are multi block copolymers
considered as consisting of alternating hard and soft
segments.1 The soft segments are composed of long
chain polyethers or polyesters, which exhibit flexibil-
ity (low Tg part) and elastomeric properties at room
temperature. The hard segments consist of hydrogen
bonded urea and urethane linkages, which are
formed by the reaction of isocyanate with water and
the OH group of the polyol (high Tg part).

The surface properties of materials play an impor-
tant role in establishing a strong adhesive joint be-
tween adhesive and adherend. Several techniques
such as atomic force microscopy (AFM), X-ray photo-
electron spectroscopy (XPS), and contact angle mea-
surements are well established for characterizing the
chemical structure of different material surfaces.2–4

These techniques have been applied to the investiga-
tions of the surface molar mass, impurities and end

groups5–9 specific interactions of surface groups,10

and quantitative analysis of polymers.11,12 The nature
of the polar material to segregate at an interface is
well known,13 and this characteristic is important in
the anchoring of molecules to solid substrates. The
interaction with a substrate will be influenced by the
chemical nature of the surface groups and leads to
significant modification of the properties of the solid
surface. Similar surface groups can attach themselves
to the polymer air interface, and produce the modifi-
cation of the surface, as a consequence of the differ-
ence in the surface free energy between the end and
the main segment of the chain. The degree to which
the surface groups cover the surface will be controlled
by the surface free energy differences between end
groups and backbone segments, the relative volumes
of these elements, and the competing change in the
free energy caused by forming a concentration gradi-
ent near the surface.

To enhance the adhesion between two materials,
several methods like using primer or performing
plasma treatment can be applied, but for industrial
processes it is of interest to reduce the number of pro-
duction steps. In this study we have investigated the
adhesion and its failure of PU foams, which were
directly applied on thermoplastic material systems.
The adhesion properties were measured using the
peel test method and the surface and interfacial prop-
erties were investigated using AFM, XPS, and contact
angle techniques. The peel test is one of the most suc-
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cessful test methods for assessing the interfacial adhe-
sion force of flexible materials,14–16 such as those used
in the automotive and packaging industries. Many
researchers have therefore extensively studied it and
a large amount of experimental and theoretical work
exists on this method of material testing.14,17–21

In our investigations, PU foam based on 4,40-diphe-
nylmethane diisocyanate (MDI), OH-terminated poly-
(ether), and H2O as indirect blowing agent was
foamed in contact with TP material systems, being
commercially available blends of poly(carbonate)
(PC), poly(styrene-co-maleic anhydride) (SMA), poly-
(acrylonitrile-butadiene-styrene) (ABS), silicone acry-
late rubber (SAR), and glass fibers (GF). An aging of
the system was simulated by a thermal treatment
under defined humidity conditions. As after this
treatment, nearly all of the samples have shown an
adhesive failure during peel test, the separated surfa-
ces from the PU–TP interface could be investigated in
more detail. A previous article22 described the inter-
nal structure of the PU foam at the interface.

EXPERIMENTAL

Materials

All the chemicals for PU foam and the TP material
plates were used as obtained. MDI with an isocyanate
index of 88 (isocyanate index is the molar ratio of iso-
cyanate versus active hydrogen bearing groups, i.e.,
hydroxyl and amino groups) was used. The OH- ter-
minated poly(ether)s were polypropylene and poly-
ethylene oxide based with a weight ratio of 80 : 20
(PPO : PEO). Three different PU formulation were
used (PU-a, PU-b, and PU-c), all of them forming a
closed cell structure, and their details are given in Ta-
ble I. Because of different catalysts and crosslinkers,
the foam systems can be described as slow (PU-a), in-
termediate (PU-b), and fast (PU-c).22–25

The five types of thermoplastic material plates (pre-
pared by compression molding with a size of 10.5
� 15 � 0.3 cm3) used for the experiments are neat
SMA (Cadon DMC250), a blend of PC with ABS (PC/
ABS, Bayblend T65), a blend of PC with ABS and
SMA (PC/ABS-SMA), and two samples reinforced
with glass fibers, based on a blend of PC with ABS
(PC/ABS-GF, Bayblend T88-2N, includes 10% glass
fiber) and on a blend of PC with SAR (PC/SAR-GF).

Preparation of PU foam samples

To prepare the samples with PU foam adhered to TP
material plate, an appropriate amount of polyol was
mixed with MDI and mechanically stirred for some sec-
onds. Finally, the reacting mixture was transferred to a
heatable quadratic foaming tool (size: 20 � 20 � 2 cm3),
which already contains the TP material plate (size: 18
� 10 � 0.5 cm3). The amount of PU educts was chosen
depending on the composition to obtain a final product
with a foam density of 0.16 6 0.02 g/cm3. The tool was
then closed to allow the process to progress for 10 min
at 408C. After that the foamed plate was removed from
the foaming tool.

To simulate aging of the junction between the TP
and the PU foam, a climate treatment was performed
by placing some samples in a climate chamber (Climats/
Sapratin, St Médard d’Eyrans, France, Model: Excal
2221 HA). At 80% relative humidity (RH), these sam-
ples were heated within 1 h from room temperature to
þ808C, stored for 4 h at this temperature, and after-
wards cooled down within 2 h to �408C, again stored
for 3 h and finally heated up in 1 h back to room tem-
perature. A single cycle takes therefore 11 h, and the
complete thermal treatment contains 24 repeated
cycles.

Peel test

The peel test samples were prepared by cutting the
TP plate after the foaming process into rectangular
strips of dimensions of 120 � 18 mm2 with a 5-mm
thick PU foam layer on it. The peel test was carried
out by peeling the PU foam layer from TP material
surface at a peel angle of 908 and at room temperature
conditions as shown in Figure 1. The test uses the
peel test fixture and computerized Zwick 1120 Werk-
stoffprüfmaschine (Zwick Roell, Ulm, Germany). The
testing machine provides a constant rate of peel and
continuously measures the force of detachment dur-
ing the test. The peel fixture consists of a moving
base and a holding point fixed to the testing machine.
The peeling rate used was 10 mm/min. The peeling
force P required for separating the PU foam layer
from the TP material substrate was recorded continu-
ously. The normalized total force G is related to the
applied steady state peel load, P, the width, b, of the
specimen and the peel angle, y, by eq. (1).21

G ¼ P

b
ð1� cos yÞ (1)

The value of G includes the interfacial adhesion
strength, and any plastic work done in bending the
peel arm, which can be neglected in our measure-
ments. The value of interfacial adhesion strength is
assumed to be a characteristic of the particular inter-

TABLE I
Formulation Details of PU Foam Systems

Foaming system Polyol (g) Isocyanate (g) H2O/D2O (g)

PU-a 100 45 2.6
PU-b 100 44 2.8
PU-c 100 54 3.1
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face, and ideally independent of the geometrical de-
tails of the peel test specimens such as the thickness
of the peel arm and the peel angle. For each TP mate-
rial system, five sample strips were measured to cal-
culate a statistical error.

X-ray photoelectron spectroscopy

The surface chemical composition was determined by
XPS using a ESCALAB iXL 220 spectrometer from
Thermo-VG scientific (Datacomp Scientific, Toronto,
Canada) operating at a pressure in 1 � 10�8 to 1
� 10�10 mbar range, equipped with an Al/Mg twin
anode. Spectra were recorded at a takeoff angle of 308
and with a pass energy of 100 eV for survey scans.
For each sample, a detailed scan of the O1s, C1s, N1s,
and Si2p lines was performed with a step width of
0.1 eV and pass energy of 20 eV. The calibration of
the binding energy (BE) scale was made by setting
the C1s BE of the neutral carbon (C��C and C��H
bonds) peak at 284.6 eV. The C1s and O1s were
resolved into individual Gaussian peaks.

Atomic force microscopy

For AFM measurements, a Digital Instruments Indus-
tries multimode atomic force microscope (Veeco,
Santa Barbara, CA) equipped with a nanoscope III
controller was used. The images were acquired in tap-
ing mode with a resonant oscillating frequency of
300 kHz and a microfabricated silicone cantilevers of
spring constant 15 N/m at ambient pressure, room
temperature, and relative humidity conditions
(� 40%). From the height images, the mean surface
roughness (Ra) is calculated.

Contact angle

The contact angle was obtained by observing a drop
on the tested surface from the side with a Krüss G40
instrument (Hamburg, Germany) at a temperature
of 208C. The visible contact angles on both sides of
the drop were measured. The surface tension or free
energy (g) is related to contact angle (y) through
Young’s equation

gsl ¼ gsv � glv cos y

where subscripts s, l, and v stand for solid, liquid,
and vapor, respectively. Together with the geometric
mean method defined by Good and Girifalco26,27

gsl ¼ gsv þ glv � 2
ffiffiffiffiffiffiffiffiffiffiffi
gdsvg

d
lv

q
� 2

ffiffiffiffiffiffiffiffiffiffiffi
gpsvg

p
lv

q

the polar and disperse parts of the surface tension can
be calculated using the geometric mean method of
Owens, Wendt, and Rabel.28

glv cos yþ 1ð Þ
2

ffiffiffiffiffiffi
gdlv

q ¼
ffiffiffiffiffiffi
gpsv

q ffiffiffiffiffiffi
gplv
gdlv

s
þ

ffiffiffiffiffiffi
gdsv

q

The testing liquids used to characterize the polymer
surfaces through contact angle measurements were:
bromonaphthalene29 (fresh distilled prior to use), di-
iodomethane,30 ethylene glycol,29 glycerol,29 formam-
ide,31 bidistilled water,29 and a mixture of 30% ethyl-
ene glycol and 70% water32 (EG/W ¼ 30/70). The
characteristic properties of these liquids are given in
Table II. For every solvent, eight measurements were
carried out and the mean value of the contact angle
was calculated. The polar and disperse parts of the
surface tension gpsv and gdsv were obtained as an aver-
age over all testing liquids.

As the foam samples obtained after peeling from
the TP material are slightly bent, they cannot be used
for this method. To measure the PU surface tension,
the TP plate was replaced by a thin and flexible poly-
ethylene (PE) sheet in the foaming tool. The sheet
could be separated without bending the foam, as the
adhesion was very low because of the nonpolarity of
PE. Although the surface polarity is totally different
to the other materials under investigation, the ob-
tained results might give further information on the
surface behavior of the PU foam.

RESULTS AND DISCUSSION

Adhesion properties

The adhesion strength measured in peel test is dem-
onstrated in Figure 2. The force axis represents the
force P required to peel and deform PU foam from

Figure 1 Schematic representation of peel test arrange-
ment. A flexible PU foam layer was peeled from rigid TP
material plate at a peel angle of 908. The peel rate supplied
from the instrument was 10 mm/min.
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the TP material and the peeling length represents the
length of PU foam stripe which was peeled from the
TP material. The adhesion strength per unit width of
sample strips was calculated according to eq. (1). The
force due to the stretching and breaking of foam
(region I and III in Fig. 2) was excluded. For each TP
material plate, five samples were tested and an aver-
age value of the plateau II is reported as interfacial
adhesion strength of a particular PU foam/TP mate-
rial system.

Generally, three modes of failure have to be distin-
guished. Typical examples are depicted in Figure 3.
The simplest case is the adhesive failure. The foam is
removed from the TP material with nearly no visible
foam parts remaining at the TP material surface. Only
in that case, the obtained force corresponds to the adhe-

sive failure. In the second case, the foam breaks with-
out showing a typical plateau II in the peel test. These
samples have been excluded from the average calcula-
tion, described above. The third case appears, when the
PU foam has a very strong adhesion to the TP material.
The foam is only partly removed from the surface dur-
ing peeling, a more or less compact film remains at the
surface, i.e., instead of an interfacial failure (with mea-
surable adhesion force) only a breaking of the foam,
parallel to the surface, appears. In that case, the adhe-
sion strength at the PU foam/TP material interface
must be higher than the measured cohesive failure
strength of the PU foam bulk. The remaining PU film
at the TP surface has a typical thickness of 0.1 mm. In the
case of adhesive failure, the skin like layer remains on
the foam side and forms a smooth, nonporous surface.

TABLE II
Characteristic Data of the Test Liquids Used for the Sessile Drop Studies

Test liquids Source glv(mN/m)a Polaritya glv
d (mN/m)b glv

p (mN/m)c

a-Bromonaphthalene Aldrichd 46.60 0.0000 46.60 0.00
Diiodomethane Mercke 50.80 0.0453 48.50 2.30
Ethyleneglycol Mercke 47.70 0.3522 30.90 16.80
Glycerol Mercke 63.40 0.4146 37.00 26.40
Formamide Mercke 58.20 0.5070 28.69 29.51
EG/W ¼ 30/70 Mercke 61.59 0.6672 20.50 41.09
Bidistilled water 72.80 0.7005 21.80 51.00

a See text for references.
b glv

d is calculated by glv
d ¼ glv � glv � polarity.

c glv
p is calculated by glv

p ¼ glv � polarity.
d Munich, Germany.
e Darmstadt, Germany.

Figure 2 Peel test data obtained when an 18 mm wide
and 2-mm thick PU-a foam sample was peeled at a peel
rate of 10 mm/min from PC/ABS-SMA TP material before
climate test using Zwick testing machine. The sections
indicated by numbers I–III represent the elongation of
foam, adhesive peeling of PU foam from TP material, and
breaking of foam, respectively.

Figure 3 Schematic representations of modes of failure
during peel test. The sections indicated by numbers I–III
represent photographs of failed samples after adhesive
failure (I), breaking (II), and cohesive failure (III) of PU
foam (dark gray) from TP material plates (white or clear),
respectively.
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Adhesion performance before climate treatments

The peel test results of PU-a, PU-b, and PU-c foam
systems with five different TP material samples
before climate treatment are shown in Figure 4. Sam-
ples PU-a and PU-b show always, PU-c only with
SMA cohesive failure, otherwise adhesive failure.

In case of cohesive failure, the measured failure
strength should be independent of the TP material,
but in case of the PU-a foam system, significant varia-
tions of the failure strength can be observed. The rea-
son for this behavior can be found, when having a
closer look at the remaining film on the TP surface.
For PU-a foam with PC/ABS and PC/SAR-GF TP
materials, the film was not totally remaining on the
TP surface, some small parts (in the range of mm2)
were missing, as they remained at the foam side. The

origin of this local effect might be due to some silicon
oil at the TP surface, which lowers the adhesion and
sometimes was observed at the TP surface.

For all other combinations of PU foam systems
with TP material showing cohesive failure, there is no
significant difference within the experimental error.
Independently of the composition, the foam fails in
the range of 300 6 50 N/m.

With respect to the adhesion strength, the PU-c

foam system behaves similar only with SMA, the ad-

hesion with PC containing TP materials is signifi-

cantly lowered. The reason for a good adhesion on

SMA could be a reaction of maleic anhydride (compo-

nent of SMA TP material) with MDI during the foam-

ing process.33 On the other hand, due to the composi-

tion of this foam system, the reaction is twice as fast

Figure 4 Failure strength of PU-a, PU-b, and PU-c foam systems with five different TP materials as measured by peel
test method before climate treatment. Samples PU-a and PU-b show always, PU-c only with SMA cohesive failure, other-
wise adhesive failure.

Figure 5 Failure strength of PU foam system with five different TP materials as measured by peel test method after
standard climate treatment (RT to 808C þ 80% RH to �408C for 24 cycles): (a) PU-a foam system, (b) PU-b foam system.
Samples PU-a and PU-b show only with SMA cohesive failure, otherwise adhesive failure.
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as in the other foam systems22 and therefore, the for-
mation of stable hydrogen bonds at the interface
seems to be decreased. Because of the poor adhesion
properties of PU-c foam system with PC containing
TP materials, it was excluded from further adhesion
durability studies like climate change experiments.
The PU-a and PU-b foam systems have shown only
cohesive failure during this test series, therefore the
samples from these two foam systems were measured
again after a climate treatment described earlier in the
Experimental section.

Adhesion performance after climate treatments

The adhesion strength of PU-a and PU-b foam sys-
tems with five different TP samples was evaluated af-
ter different climate treatments and the results are
depicted in Figure 5. The adhesion strength was
strongly reduced after climate treatment in all the
samples except the SMA TP material. In case of the
SMA samples, once again cohesive failure occurred,
and the loss of 10–15% failure strength must be due
to an aging of PU foam material.

In PU-a foam system, the climate treatment reduced
the adhesion failure strength of PU foam on PC con-
taining TP materials to 140 6 20 N/m. In PU-b foam
systems, the adhesion failure appears at 55 6 30 N/m.
Because of the composition, the PU-a system was slowest
during the reaction and PU-b had intermediate speed.
Small differences between the TP materials can be
observed, but no systematic dependence is deducible.

Therefore, it can be assumed, that in case of PC
containing TP materials, the formed interface is
mainly based on physical interactions like hydrogen
bonding and that can be highly affected by water dif-
fusion during climate treatments. Otherwise, as the
connection between foam and SMA is not signifi-
cantly affected by climate treatments, there seems to
be a stronger interaction, e.g., a chemical linkage
formed between MA and MDI.

Analysis of samples from PU foam/TP
material interface

Atomic force microscopy

To investigate the effect of the PU adhesion on the TP
material surface, the PC/ABS-SMA system was ana-
lyzed by AFM in more detail. In the AFM height
image of neat PC/ABS-SMA TP material [Fig. 6(a)],
some spherical particles of � 500 nm in diameter and

Figure 6 AFM height image of (a) neat PC/ABS-SMA TP
material, (b) PC/ABS-SMA TP material from PU-b foam
interface after climate treatment and peel test, and (c) PU-
b foam after removing from PC/ABS-SMA TP material.
The image size is 40 � 40 mm2 for (a) and (b) and 10 � 10 mm2

for (c).
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� 100 nm in height [Fig. 7(b,c)] can be seen on
the surface of TP material. These uniformly shaped
spherical particles resemble the microstructure of
classical rubber modified ABS grade,34 and therefore
belong mainly to the rubber phase of ABS. Because of
the surface properties and polarity of PC component
of TP material, the area occupied by PC [see back-
ground of Fig. 6(a)] appears larger than that expected
from the overall composition. The surface roughness
calculated from AFM height images and the corre-
sponding section analysis plot for each material are
depicted in Figure 7. The root mean square roughness
of PC/ABS-SMA TP surface was determined to

7.5 nm for this sample. Keisler and Lataillade35 and San-
caktar and Gomatam36 have indicated the importance
of surface roughness toward adhesion strength of
materials, higher surface roughness means mechani-
cal interlocking at the interface. But samples with
high surface roughness (GF containing sample with
an root mean square roughness >100 nm) have not
shown better adhesion performance, which means
that surface roughness is not the limiting factor for
adhesion under the influence of climate conditions
with high humidity.

Investigating the PC/ABS-SMA TP material surface
after peeling the PU-b foam (after climate treatment

Figure 7 Cross-sectional line profiles of the AFM height images for: (a) neat PC/ABS-SMA, (b) PC/ABS-SMA TP mate-
rial separated from PU-a, and (c) from PU-b foam interface, after climate treatment and peel test.
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as adhesive failure is necessary), the same spherical
particles with comparable size and distribution can
be observed [Fig. 6(b)] however, the background of
the sample surface in these images looks slightly dif-
ferent.

In Figure 7(b), the ‘background’ has become signifi-
cantly rougher [roughness of 23 nm, Fig. 7(c)] indicat-
ing that the foam material had changed the surface
properties of the TP material. For samples with PU-a
foam system peeled from the same PC/ABS-SMA TP
material [Fig. 7(b)], the AFM pictures look similar,
but also some larger foam parts (� 0.25 to 0.5 mm in
diameter) could be observed remaining on the TP sur-
face after separating the foam. This should be con-
nected to the higher peeling force, necessary to
remove this foam from the interface. The roughness
of the background (without larger foam parts) was
once again with 28.4 nm slightly increased.

From AFM measurements, it was not possible to
distinguish whether a thin layer of foam remains on
the TP surface or if the TP surface has become
rougher itself. The latter might be caused by the
migration of unreacted isocyanate groups from PU
foam mixture to the interface region followed by the
formation of chemical linkages to the active hydrogen
containing groups (e.g., hydroxyl group) on TP mate-
rial surface32,37–39 or some other interfacial reac-
tion.40,41 Dillingham and Moriarty42 have studied the
adhesion of isocyanate based polymers to steel where
they found that the origin of excellent adhesion of
polymers to steel is due to the formation of oxide-cya-
nate esters (analogous to urethane).

Observing the PU-b surface after being peeled from
the TP material, holes in the PU foam surface can be
seen, which are caused by the spherical particles from
TP surface [Fig. 6(c)]. The deformation of the PU
foam at the hole boundary can be related to a chemi-
cal interaction of PU foam with TP materials. Kieffer
et al.43,44 have also observed a similar behavior on
interfacial reaction of polyurethanes with hydroxyl
groups on cured epoxy.

X-ray photoelectron spectroscopy

The surface chemical composition of neat PC/ABS-
SMA and from the separated PC/ABS-SMA, and PU-
a interface after climate treatment and peeling was
determined by XPS technique. The XPS results for all
the samples show the presence of four elements: car-
bon, oxygen, nitrogen, and silicone. The atomic %
data for investigated samples are given in Figure 8.
The atomic % of carbon, oxygen, and nitrogen are
quite different for the TP surface before foaming and
after peeling. Furthermore, the elemental composition
of TP material surface after peeling and the PU foam
are nearly identical. This indicates that the main part

of the TP surface after peeling the foam is dominated
by the PU foam material.

A significant difference in the bond structure
between the foam and the TP surface was not observ-
able; therefore no information on any chemical link-
ages between foam parts (e.g., MDI) and TP could be
obtained.

Contact angle

The PU foam layer was removed from the TP material
plates after climate treatment and the contact angle
measurements were carried out on TP plate surface
using a series of different liquids (see Experimental
section for details). Figure 9 shows the surface tension
data of the TP material plates before the foaming pro-
cess was performed and also for four TP material
plates after foaming, climate treatment, and adhesive
peeling of the foam. (As the SMA sample did not
show adhesive peeling even after climate treatment,
no comparable surface tension data could be
obtained.) In addition, the surface tension data for a
PU-a foam surface is added, but here, as written in
the Experimental part earlier, the foam was not
peeled from the TP material. It can be seen from the
Figure 9 that all the neat TP materials have slightly
different surface tension, most significant in the polar
part. But after foaming, climate treatment, and peel-
ing of the foam, all surface tensions are nearly identi-
cal within the experimental error. The total surface
tension for these samples was � 46.8 6 1 mN/m, the
polar part � 11.2 6 1 mN/m. Compared to the sur-
face tension of the foam material surface after peeling,
the polar part is with 12.3 6 1.5 mN/m in the same
range, but the total surface tension with 40 6 3 mN/
m slightly smaller. But as the test liquids might seep

Figure 8 The elemental content from neat PC/ABS-SMA
TP material, PC/ABS-SMA TP material from PU foam sur-
face (TP1) and PU-a foam from PC/ABS-SMA TP material
surface after climate treatment.
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into the foam sample, the measured values of the sur-
face tension of the foam could be too small.

In principle, a change in surface tension of TP mate-
rials separated from PU foam interface after climate
treatment might have different causes:

1. some part of foam material left on the surface,
2. the surface has become more rough after

removing from PU foam,
3. some additives have deposited on the surface

(e.g., catalyst), and
4. water sorption during climate treatment.

To check the influence of these factors on surface
tension, the PC/ABS-GF sample after peeling was
blown with compressed air, washed with distilled
water (without strong mechanical forces), and dried
for 36 h at 508C. The results are also shown in Fig-
ure 9. The total surface tension of the sample was not
affected with washing and drying, however, the polar
and disperse parts were changed significantly. The
disperse part changed from 34.5 to 45.5 mN/m, while
the polar part decreased from 12.7 to 3.5 mN/m. It
shows that the sorbed water during climate treat-
ments has been removed after drying the sample. In
any case the results for interface sample (PC/ABS-
GF) are not similar to that of neat PC/ABS-GF sur-
face. Therefore, the foaming on TP material surface
leads to similar change of the surface properties of all
(PC based) TP materials in the same manner, and
based on the XPS results, this is due to remaining PU
material on the surface.

CONCLUSION

The adhesion behavior of three different types of PU
foams with five different types of TP materials has

been investigated. Two foam systems (PU-a and PU-b)
have shown a good adhesion to all of the TP mate-
rials, when no aging by a thermal treatment was per-
formed. The third foam, PU-c, has only shown a good
adhesion to the SMA TP material. This was also the
only TP material which has shown a good adhesion
after thermal treatment of the PU-a and PU-b foam
samples. An explanation for the good adhesion on
SMA material might be a chemical linkage between
isocyanate and MA, which gives imide linkage, but
this assumption needs further investigations to be
verified.

After thermal treatment, which lowers as an aging
simulation the adhesion strength, the PU-a foam
shows a slightly stronger adhesion when compared
with the PU-b system, which can be related to their
reactivity, but both foam materials have shown the
same behavior in the further investigations.

By AFM measurements, an increase in surface
roughness of the TP surface from � 7 to � 25 nm was
observed, when the material after peeling the foam was
compared with the neat material. Although in some
cases, larger particles of foam (in the range of 0.5 mm)
could be seen remaining on the surface, most parts of
the surface look similar to the untreated sample.

Using XPS, the surface chemical composition of
neat PC/ABS-SMA and of both sides of the separated
PU-a foam/PC/ABS-SMA interface it could be deter-
mined, that the PU foam is dominating the surface
composition of the PC/ABS-SMA material after sepa-
ration. Contact angle measurements have verified this
result for the other TP materials. As no (significant)
foam particles were seen in AFM measurements, a
thin layer of PU might cover the TP material, chemi-
cally linked to the surface. The thickness of this layer
should be in the range of 15–20 nm to explain the
increased roughness.

Figure 9 Surface tension data [total (gsv), polar (gpsv), and disperse part (gdsv)] for TP materials before foaming and after
separation from PU foam interface after climate treatment. Also the surface tension data for a PC/ABS-GF sample after
drying (indicated by *) and for the PU-a foam surface (after peeling from PE) are given.
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Even if the investigations could not help to clarify
the adhesion mechanism itself, the results give a
deeper insight in the failure mechanism of PU foams.

The authors thank Dr. R. Adhikari for carrying out AFM
measurements.
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