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GRAPHICAL ABSTRACT
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ARTICLE INFO ABSTRACT

Keywords: To evaluate compatibility between a substrate and a thermoplastic polymer, the established methodology is to
Interface/interphase estimate their surface composition in terms of surface energy components, utilizing the results of contact angle
Wettability measurements of probe liquids onto substrate and polymer surfaces at room temperature. Using this metho-
Surface analysis dology, polymer surfaces are studied in solid state, however, during spreading of polymers on a substrate,
Glass polymers are in molten state and at high temperature, having different surface energies and more complex

polymer/substrate interactions due to polymer chain mobility.

This paper presents a model study with practical relevance to predict polymer/substrate compatibility including
contact angle measurements at high temperature directly performed between molten thermoplastics; polypropylene
(PP), polyvinylidene fluoride (PVDF) and maleic anhydride-grafted polypropylene (MAPP), on smooth glass fibres and
plates. The values of total surface energy of thermoplastics at high temperature (260 °C) are down to 57% of that
measured at room temperature, which has a strong influence on the wetting prediction. Surface energies of both the
polymer and the substrate were found not to be the only factor controlling the wetting behaviour of molten polymers and
the level of adhesion with the substrate, but also some intrinsic characteristics of the polymer melt play a role. We also
observed that the wetting behaviour of molten MAPP is affected by the maleic anhydride (MA) content, demonstrating
dramatically different results to room temperature measurements, which is suspected to be due to the formation of
covalent bonds of MA groups with the glass surface enhancing the interface strength beyond the shear strength of MAPP.
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1. Introduction

How an interface is formed at high temperature between molten
thermoplastics and hot substrate surfaces are yet to be studied in detail.
Although the mechanical behaviour of the interface depends on the
properties of both the substrate and the polymer, e.g. thermal expan-
sion coefficients, strength, degree of crystallization, to name a few
[1,2], the final adhesion strength of the substrate/polymer interface is
highly dependent on their physical and chemical interactions. As the
load distribution efficiency at the interface is determined by the degree
of adhesion between the components [3,4], the polymer/substrate in-
terface becomes an important design consideration in many structures
that use adhesive bonding, such as fibre reinforced composites. A strong
substrate/polymer adhesion is obtained through interfacial interac-
tions, including mechanical interlocking, chemical bonding, such as
covalent bonds, and physical mechanisms of adhesion, i.e. Van der
Waals interaction, dipole interactions or hydrogen bonds [5-7].

If the molten polymer is not able to fill irregularities at the substrate
surface, the area of contact between the substrate and the polymer melt
will be reduced, producing in turn, a reduction in adhesion. On the
other hand, if the polymer melt can fully wet the rough surface, me-
chanical interlocking and increased contact area will lead to increased
adhesion [8,9].

Chemical adhesion also depends on the degree of wetting that
provides intimate contact between both phases. Covalent bonds (fur-
ther referred to as chemical bonds) can be formed across the interface
when atoms at the fibre surface share electrons with polymer atoms,
producing bonds with very high strength. Regularly, chemical mod-
ification of both the substrate surface and the polymer are used to
promote covalent bonding at the interface by chemical reactions
[10-13]. Techniques as X-ray Photoelectron Spectroscopy (XPS), Time-
of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and Fourier
transform infrared spectroscopy-attenuated total reflectance (FTIR-
ATR) are typically used to identify chemical groups at the substrate
surface to evaluate the effects of chemical reaction [10,14,15].

The substrate surface is also able to interact with the matrix without
undergoing covalent bonding. These interactions arise from physical
forces and predominantly control the wettability and physical adhesion
of the liquid polymer on the substrate surface [16]. The study of phy-
sical interactions is crucial for obtaining a better interface, since the
other mechanisms of adhesion depend on a good physical interaction.
Chemical bonding forces occur over very small distances of typically
0.1 to 0.2nm so that the chemical groups present at the substrate
surface and the reactive groups of the polymer need to be brought very
close together. Therefore, the polymer must spread on the substrate,
penetrating the surface irregularities [5,6,8,9] for the intimacy of
contact needed for chemical bonding.

The common procedure to evaluate these physical interactions is to
estimate the substrate and polymer composition in terms of surface
energy components, utilizing the results of contact angle measurements
of probe liquids on both the substrate and the polymer in solid state at
room temperature [4,7,14,17]. The direct imaging of drop profiles and
the Wilhelmy balance method are currently the two principal methods
used to measure contact angles [18,19]. However, the wetting analysis
with probe liquids characterizes polymer and substrate surfaces in solid
state, whereas during spreading, polymers are in molten state and
substrates at high temperature. Thus, both materials potentially have
different surface energies than at room temperature, and more complex
polymer/substrate interactions may occur. After spreading and cooling
down, the surface properties, in solid state, should eventually control
the interfacial mechanical properties, while surface energies of both the
polymer and the substrate at high temperature should control the
wetting behaviour of molten polymers. This is especially relevant for
cases where physical adhesion is dominant, which is usually the case for
thermoplastic polymers.

In this study, contact angles of molten polyvinylidene fluoride
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(PVDF), polypropylene (PP) and molten maleic anhydride-grafted
polypropylene (MAPP), with different maleic anhydride contents, on
smooth glass fibres and smooth glass plates, were measured as a direct
indication of the level of adhesion that could potentially be obtained.
These values were then contrasted with the conventional analysis based
on i) measuring contact angles with different reference probe liquids
using the Wilhelmy technique on solid polymer films and substrates,
and ii) by applying the acid-base theory for calculating the surface
energy components. The thermoplastic polymers were selected as
model systems for the investigation of the polymer/glass interphase,
based on the difference of surface energies between PP and PVDF and
the effect of chemical bonding between PP and MAPP.

In this way, physical and chemical adhesion were studied in-
dependently to systematically investigate the influence of both adhe-
sion mechanisms on the adhesion strength of a polymer/glass interface.
The total surface energies of the molten thermoplastics were de-
termined by the pendant drop method and the interface composition
was analysed by FTIR spectroscopy. Finally, to correlate the real
strength of the interfaces with the theoretical work of adhesion, the
polymer/glass interphase bond strength was characterised by per-
forming single fibre pull-out tests.

2. Methodology

In this study, soda-lime silicate glass slides and optical glass fibres
with similar surface composition were selected as substrates. Slides
were used to study the wetting process of molten polymer drops on a
glass flat surface, while fibres were used to estimate the practical ad-
hesion using pull-out tests. By assuring that both substrates have a si-
milar surface chemical composition, and by a consistent cleaning of
both substrate surfaces, it could be guaranteed that the same surface
chemistry was used for all the samples.

2.1. Materials

Glass slides were commercial soda-lime silicate glass (Sigma-
Aldrich) of typical bulk composition 73% SiO», 14% Na»0, 9% CaO, 4%
MgO and some other minor components. The glass slide was cut into
5mmx5mm x 2mm for this study. Glass fibres (diameter: 200 pm)
were obtained from the core of FR200UMT Thorlabs optical fibre (the
cladding layer was removed using hot sulphuric acid, see Section 2.2 for
more details) with a bulk composition of =99% SiO2 and some other
minor components. The surface compositions, governing the wettability
of a glass surface, were verified by XPS. The presence of OH groups on
the glass surface which is related to the silicon concentration at the
surface [20] was of particular interest.

Polypropylene (PP) 515A with a melt flow rate of 24 g/10 min
(230°C/2.16 kg), and density of 0.905 g/cm? was obtained from Sabic
(Germany). 7% maleic anhydride grafted polypropylene (MAPP)
Licocene 6452 with viscosity of 1100 mPa.s (170 °C), and density of
0.93 g/cm® was supplied by Clariant (Germany). Polyvinylidene
fluoride (PVDF) Solef 1008 with a melt flow rate 8 g/10 min (230 °C/
2.16 kg), and a density of 1.78 g/cm® was supplied by Solvay (Belgium).
All polymers were received in the form of pellets. Pellets were con-
verted into films using a hot press. For Wilhelmy contact angle mea-
surements, films were conserved at room conditions (50% RH, 20 °C).

Test liquids with analytical grade were used for contact angle
measurements: ultrapure water (18.2 Q cm resistivity), dilodomethane
(=99%, Acros), and ethylene glycol (=99%, Sigma-Aldrich).

2.2. Sample preparation

Only the silica core of the optical glass fibres was required, and thus
the cladding layer was removed by submerging the fibres in hot sul-
phuric acid for 30 min. Then the fibre was submerged in piranha so-
lution (a mixture of concentrated sulphuric acid and hydrogen
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peroxide) for another 30 min, see [7] for more details. Glass slides were
submerged in hot sulphuric acid for 30 min in order to obtain a clean
surface. Glass fibres and slides were stored in ultrapure water (re-
sistivity > 18 MQ cm) to avoid environmental contamination since
both receding and advancing contact angles of water on cleaned fibres
vary over time when exposed to the environment [7,21]. Although a
glass surface can also interact with water [22], a previous study showed
that contact angles of water on glass remained stable on samples stored
in ultrapure water for 48 h while XPS analysis confirmed the reduction
of surface contamination [7].

The roughness, R,, of cleaned glass fibres and slides was measured
with a WYKO NT3300 profilometer.

PP and MAPP were melt-blended using a twin-screw extruder
(Leistritz, Germany). MAPP concentrations of 1, 2, 5, and 10 wt% were
selected to provide a broad range of maleic anhydride contents. During
the extrusion, the screw speed was set to 150 rpm, and the temperatures
were set to 160-180 °C from hopper to die.

2.3. Contact angle measurements

Advancing and receding contact angles of various test liquids were
measured on the polymer films and glass fibres at room temperature
(20 °C) and relative humidity of 50% using a Kriiss K100 SF tensiometer
equipped for the Wilhelmy technique [14,23]. The 3 liquids were se-
lected show a low condition number value corresponding to a good
combination of a dispersive, an acidic and a basic liquid, which reduces
the influence on the number and choice of liquids [24]. The average of
the cosines of the dynamic advancing (6,4,) and dynamic receding (6,..)
angles at a low contact-line velocity were used for the glass fibres to
estimate the cosine of the equilibrium angle (&,4,) so that both the low
and the high surface energy components of the analysed surfaces could
be considered [25].

For the direct contact angle measurement of molten thermoplastics,
the polymers were melted onto a glass slide surface inside a Ramé-Hart
environmental chamber with controlled argon atmosphere to avoid
degradation at 200, 220, and 240 °C.

The temperature of the chamber was calibrated by monitoring the
melting of pure Sn. The average value of 3 measurements was
231.6 = 0.9°C in excellent agreement with the expected value of
231.9°C [26]. Although the volumes of the droplets were not constant,
the drop base radii were kept shorter than the capillary length of each
liquid polymer at the given temperature, thus capillary effects domi-
nated the spreading dynamics.

Frame by frame images of the entire droplet spreading process were
analysed by using the G-Droplet in-house software, which calculates the
contact angle applying the Young-Laplace equation on the complete
droplet profile [27].

For measuring the contact angle of a molten polymer on a fibre, the
fibre was gradually introduced into the molten polymer until a me-
niscus was formed, and its contour shape fit with the Young-Laplace
equation using G-Fiber software [28].

2.4. Surface energy analysis

Surface energy components were calculated according to the Van
Oss model and by using the SurfTen 4.3 software [29]. The work of
adhesion (W,), the spreading coefficient (S), and the interfacial energy
(O were calculated according to the following equations:

Wa=¥%+ ¥V =71+ cosb) a
S =7y~ + %) =y (cos6-1) o)
Y= T =Jr 2 + 2 (7 =T =) @

Where y; | represents the surface energy (solid and liquid respectively),
ySL,W represents the Lifshitz-van der Waals component, Y, represents
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the acidic, and y,, the basic component.

2.5. Surface tension measurement from pendant drop

An elevated temperature syringe in combination with the Ramé-hart
environmental chamber (see Section 2.3 and [26]) with controlled
argon atmosphere was used to produce stable molten polymer ax-
isymmetric drops, which were hanging from a metal needle inside the
chamber at a given temperature (200, 220, and 240 °C).

The shape of the drop was fit with the theoretical profile obtained
according to the Young-Laplace equation by the Pendent_Drop software
[30].

2.6. Image acquisition

Samples were imaged using a Motic SMZ-171-TH microscope and a
3664 x 2748 pixel Moticam camera (Motic Deutschland GmbH,
Wetzlar, DE) using a one second picture interval with an exposure of
700 ms. The resolution of the imaged surface was 0.213 um/pixel for
the contact angle measurements and 0.134 pm/pixel for the pendant
drop method.

2.7. XPS

XPS analyses were performed on a Kratos Axis Ultra spectrometer
(Kratos Analytical — Manchester — UK) equipped with a mono-
chromatized aluminium X-ray source (powered at 10 mA and 15kV).
Analyses were performed in the hybrid lens mode with the slot aperture
and the iris drive position set at 0.5, the resulting analysed area was
700 um X 300 pym. More information regarding the XPS analysis pro-
cedure can be found in a previous publication [23].

2.8. FTIR-ATR

The FTIR-ATR spectra were obtained from a Bruker IFS 55 FTIR
spectrophotometer (Ettlingen, Germany) equipped with a HgCdTe
(mercury cadmium telluride, MCT) detector (broad band 12000-
420cm™ Y, liquid N5 cooled, 24 h hold time) at a resolution of 2 cm !
with an aperture of 3.5 mm and acquired in the double-sided, forward-
backward mode. After the spreading experiments, FTIR-ATR analysis
was employed to characterize the MAPP/glass interface of the drop to
evaluate the existence of chemical reactions (The polymer/vapor in-
terface was also analysed for comparison). A metal blade was used to
detach the glass substrate from the cooled-down polymer drops.

2.9. Pull-out test

A block of polymer was put into an aluminium cylindrical container
with a radius of 5mm and heated until 200 °C. When the polymer was
completely molten, the fibre was placed perpendicular to the polymer
surface and pushed down to a certain depth driven by a micrometer
with an accuracy of 5 um. Afterwards, the specimen was cooled down at
a rate of 4 °C/min until it reached room temperature.

To perform the pull-out test, the sample was attached to the load
cell of an Instron 5943 min. tensile machine. A fibre free length of 5mm
was chosen for all the specimens. The evaluation of the critical inter-
facial shear strength, 753, and the interfacial friction, 7y, was made by
following the procedure developed by Zhandarov et al. [31,32][30, 311,
according to the following equation:

F= %{Td tanh [ (l,—a)|—zr tanh [3(l,—a)]tanh [[5(1927_@]] + Barf}
()]

Where F is the current applied force as a function of the crack length
(a), 7r is the residual stress due to thermal shrinkage, 7; is the frictional
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stress in the already debonded region, and g is the corrected shear-lag
parameter according to Nairn [33]. This procedure takes into account
the influence of interfacial friction in already debonded regions and
adhesion in the still adhered section, relying on measurements of the
maximum force during pull-out tests over a wide range of embedded
lengths, l.. More detailed information about this model can be consulted
in [7,31,32].

Due to the difference between the coefficients of thermal expansion
of the fibre and the matrix, the latter accumulates residual stress during
cooling from processing temperatures, affecting the interfacial strength.

BryEy
T =
T 2

(=) AT )
Where Ey is the longitudinal tensile modulus of the fibre (46.6 GPa,
measured by an optical extensometer), r; is the radius of the fibre, oy
and «a,, are the longitudinal coefficients of thermal expansion (CTE) of
the fibre and the matrix respectively (5 x 10°%/K for glass,
70 x 10~ %/K for PP and MAPP, and 120 x 10~ %/K for PVDF), and AT
is the difference between the test temperature and the stress-free tem-
perature (100, 116 and 142 °C for MAPP, PP and PVDF respectively).
More information regarding the pull-out test methodology can be found
in [7].

2.10. Statistics

For surface tension and contact angle measurements, 5 samples per
variant were tested. A minimum of 15 pull-out test samples per matrix
combination and with different embedded lengths were performed.

A single factor analysis of variance (ANOVA) was used to verify the
difference in the mean contact angle and surface tension values be-
tween different systems. Significance was set at p < 0.05 and error is
reported as standard error of the mean value. The Tukey HSD (honestly
significance difference) test was used to determine which specific
groups differed from each other once a statistically significant differ-
ence was found by the one-way ANOVA test.

3. Results and discussion
3.1. Surface properties of substrates (contact angle and roughness)

Table 1 shows the surface composition determined using XPS for
cleaned glass slides and glass fibres after 2 days storage in ultra-pure
water. Both slides and fibres have a comparable surface composition,
with similar C, O, and Si content. The O/Si ratios for the slide and the
fibre were 1.8 and 1.5 respectively. For a pure glass sample, the O/Si
ratio should be 2 (2 oxygen for 1 silicon in SiO,), and if the surface were
only constituted of SiOH bonds, the O/Si ratio should be 1. This latter
ratio was not expected because XPS analyses until a depth of about
10 nm, and hence not only the last atomic layer contributes to the re-
corded signal. The presence of C revealed contamination of the surface
due to the interaction of the surface of the substrate with organic mo-
lecules from the environment. This contamination of the surface could
alter the O/Si ratio because of the presence of oxygen bound to carbon
present in the contaminated surface.

The surface composition of the substrates is in agreement with the
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surface composition of glass slides after different cleaning procedures
with sulfuric acid reported by Jang et al. [34], showing the reduction of
C content from 44.6% for a non-treated surface (similar value also
found by [7]) to a range between 11.9-33.1 % depending on the ex-
posure time and sulfuric acid concentration used during the cleaning
procedure. The minimum C content obtained in [34] was 11.9% for a
sample boiled for 30 min in 95% sulfuric acid.

Other procedures for cleaning glass surfaces are also reported in
literature like the use of a KOH solution [35], HNO3 [36], and UV/O3
[20] for cleaning soda-lime glass. In all cases C contamination was only
reduced but not eliminated.

As shown in Table 1, Na content of the glass slide surface reached
only 2.2% compared to the nominal 14.2% Na,O composition in
agreement with Jang et al. [34] who also found free Na present in the
bulk of the glass solid, and noticed the effect of sulfuric acid which
showed to be a very effective method for Na and Ca reduction at the
glass surface.

Although the bulk composition of the two different glass substrates
is different, XPS analysis showed a similar surface composition of the
two materials which guarantees the same surface chemistry for the 2
substrates used in this study.

Regarding the wetting behaviour of the glass substrates, Table 2
shows the measured advancing and receding contact angles, as well as
the calculated equilibrium contact angle (see Section 2.3). As expected,
the different contact angles obtained for water, dilodomethane, and
ethylene glycol on the glass slide and fibre are similar, due to the si-
milar surface composition as discussed before.

A water droplet in contact with a perfectly cleaned glass slide
should have a contact angle close to zero [36]. However, in practice,
this is difficult to achieve and literature has reported water advancing
contact angles values on clean glass surfaces ranging from 6.7° to 55°
[7,20,37] with no obvious explanation. As shown in Table 2, the dif-
ferent contact angles of water on the glass substrates measured in this
publication are between 23.1° and 39.4°. A rapid and progressive
contamination related to the interaction of OH groups populating the
surface of the glass substrate with organic molecules from the en-
vironment was proposed by different researchers [7,20,38] as an ex-
planation of the formation of contact angles higher than zero. This is in
agreement with our reported XPS data, which show C contamination on
both substrates. This progressive contamination was also reported by
[7]1 and [20], who measured small contact angles of water on glass
immediately after cleaning, which gradually increased with time and
finally reached much higher stable values. In this study, the substrates
were stored in ultra-pure water to reduce environmental contamina-
tion.

Another possible factor that could affect the wetting behaviour and
adhesion of the substrates is related to surface roughness. The measured
roughness (R,) of the cleaned slide and fibre were 19.8 nm and 33.5nm
respectively, as can be seen in Fig. 1. The obtained roughness values are
comparable to those reported by [34] for glass slides cleaned with
sulfuric acid under different conditions. The difference between the
roughness values of both substrates is related to the more severe
cleaning procedure used for the fibres in order to remove the cladding
layer. As both values are low and comparable, the effect of roughness
on the wetting behaviour of the test liquids and polymer melts as well

Table 1
Surface composition (molar fractions and molar ratios) determined using XPS for cleaned glass slides and glass fibres stored in ultra-pure water.
Material Na C (0] N Si (%) Al B O/Si C/Si Binding energy (eV)
(%) (%) (%) (%) SiOH 0-Si-O (%) (%)
284.8 286.3 287.6 289.0
C1 (%) C2 (%) C3 (%) C4 (%)
(C—(C,H)) (C—O,N) (C=0, 0—C-0) (0—C=0)
Glass slide 2.2 26.9 42.1 - 23.2 1.8 2.5 1.8 1.2 24.4 - 2.0 0.5
Glass fibre 0.04 31.1 41.2 0.8 26.9 - - 1.5 1.2 23.5 5.2 1.3 1.1
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Table 2
Advancing, receding and equilibrium contact angles of probe liquids on glass and thermoplastic surfaces: water (WT), ethylene glycol (EG), diiodomethane (DIO).
WT DM EG
liquid adv rec equ adv rec equ adv rec equ
Glass Slide 39.4 = 0.8 29.3 = 1.2 34.7 £ 0.9 58.4 47.7 53.2 39.4 19.1 30.8
+1.9 +1.5 +1.7 +1.3 +21 + 2.1
Glass Fibre 36.5 23.1 30.5 61.8 54.2 58.1 41.3 20.2 32.2
+1.4 + 0.5 + 1.0 +1.7 +15 +1.6 + 2.0 + 2.6 + 2.1
PP 102.4 76.0 89.2 71.0 39.2 56.6 78.2 53.4 66.4
+2.0 + 2.4 +21 +25 +1.9 +21 +1.7 + 4.7 +29
1% MAPP 100.6 78.6 89.6 69.5 43.9 57.6 80.3 54.0 67.8
+1.8 + 2.6 + 2.2 +3.5 + 2.6 + 3.0 +1.1 + 1.3 +1.2
2% MAPP 102.2 75.0 88.6 69.7 46.2 58.7 82.7 53.2 68.7
+1.8 +1.8 + 1.7 +28 + 2.0 + 2.4 + 238 + 2.0 + 23
5% MAPP 102.4 74.9 88.7 71.3 45.6 59.3 81.4 53.0 67.9
+ 25 + 3.8 +3.0 +21 + 4.1 +28 +1.5 +3.1 +21
10% MAPP 102.2 74.9 88.6 70.3 41.6 57.1 81.1 52.4 67.5
+ 35 + 3.9 + 3.6 + 39 + 3.8 + 3.7 +1.6 + 3.8 +25
MAPP 100.0 69.5 84.9 68.9 36.1 54.3 80.4 42.5 63.1
+25 +1.9 +21 +21 +2.2 +2.0 +1.8 +6.9 + 3.6
PVDF 85.5 68.9 77.3 63.6 46.5 55.5 54.1 321 44.2
+0.9 +1.2 + 1.0 + 0.4 +1.8 +0.8 +1.2 + 1.6 + 0.9

as the effect of the mechanical interlocking mechanism when studying
the interface by pull-out testing will be limited.

3.2. Contact angles and surface tension at room temperature

Table 3 shows the surface energy components of all materials used
in this study. These values were calculated using equilibrium angle
values, which are shown in Table 2 with the advancing, and receding
contact angles of water, ethylene glycol, and diiodomethane on glass
substrates and polymers in solid state at room temperature.

Both glass fibres and slides have the highest total surface energy due
to the presence of OH-groups on the surface of clean glass, which in-
creases the acid-base polar components. The Lifshitz-Van Der Waals
(LW) components are similar for the glass and the polymers.

In the case of PP, we found a small deviation in the magnitude of the
polar surface energy component, which was expected to be zero since
pure PP is a nonpolar polymer. This effect could be related to aging
processes, or surface contamination and oxidation [39]. For the case of
pure MAPP, the determined surface energy showed a slight increment
of polar components possibly due to the presence of maleic anhydride
groups (7 wt%), which are polar components [39]. Statistically, there
was no difference between the different types of MAPP/PP blend
combinations. On the contrary, PVDF showed higher acidity due to the
different electro-negativities of carbon, fluorine, and hydrogen [40]. In
particular, the strong inductive effect of the fluorine atoms polarize the
electron distribution of partially fluorinated polymers [40].

W, and S for both glass fibres and slides as substrates were calcu-
lated for the various polymers using Eqgs. (1) and (2) respectively and
are shown in Table 3. When W, and S values obtained for glass slides
and fibres are compared in each system, they are very similar and there

um

nm

60 70

0 20 40 60 80 um

is no statistical difference between them as expected (see Section 3.1);
therefore we considered the surface composition of both type of sam-
ples as nearly identical.

As observed in Table 3, the calculated values of W, and S for PP and
MAPP were not statistically different. However, a slightly higher work
of adhesion value is obtained for pure MAPP, again due to the polarity
of maleic anhydride groups. It has to be noted that these values are only
related to intermolecular physical forces and do not involve covalent
bonding (which is important in the case of MAPP when making com-
posites). All MAPP/PP blend combinations show positive and similar
spreading coefficient values. A good and similar degree of wetting of
the molten polymers on the glass substrates is then expected according
to the evaluation of physical interactions of the solid MAPP/PP poly-
mers and substrates at room temperature.

PVDF appeared more favourable to achieve good compatibility with
the two glass substrates, showing the highest work of adhesion and
spreading coefficient. This strong interfacial interaction is a con-
sequence of a relatively high surface energies of both PVDF and the
glass substrates, as well as a high acid component in PVDF and a high
basic component on the glass substrates. Since polar interactions are
electron donor-acceptor interactions, strong interfacial interactions
occur only when one phase has basic and the other has acidic sites
[4,14]. The high spreading coefficient predicts the molten polymer to
spread spontaneously on both the fibre and flat glass surfaces.

3.3. Contact angles and surface tensions at elevated temperature

The spreading dynamics for a typical PP drop at 220 °C is shown in
Fig. 2. The contact angle decreases while the volume remains constant,
and the drop base radius increases, confirming the contact line

Hm nm

60

50

40

30

20

10

0

0 20 40 60 80um

Fig. 1. 2D profile of a typical slide (left) and fibre (right) surface by optical profilometer.
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Table 3
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Surface energy components, Wa, and S of glass and thermoplastic films. * glass slide ** glass fibre.

Material ol ' N yeot Wy * Wy ** S * (mJ/m?) S ** (mJ/m?)
(mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?)

Glass Slide 325 + 1.0 23.9 + 0.7 0.8 + 0.2 415 + 1.3 - - - -

Glass Fibre 29.7 * 0.9 27.3 + 0.7 1.1 + 0.2 405 * 1.4 - - - -

PP 305 + 1.2 1.5 + 0.5 0.0 = 0.0 30.6 + 1.3 65.5 + 2.3 63.1 + 2.4 43 + 23 1.8 + 23
1% MAPP 30.0 + 1.7 1.5 * 0.6 0.0 = 0.0 30.0 + 1.8 64.7 + 2.6 62.2 + 2.2 48 + 2.6 2.3 + 22
2% MAPP 29.3 * 1.4 1.9 * 0.5 0.0 = 0.0 29.4 + 1.5 64.5 + 2.0 62.1 * 2.0 5.7 + 2.0 3.3 + 2.0
5% MAPP 29.0 * 1.6 1.9 + 0.8 0.0 = 0.0 29.1 * 1.7 64.3 + 2.9 62.0 * 3.1 6.1 = 29 3.7 + 3.0
10% MAPP 30.2 *+ 2.1 1.7 £ 1.0 0.0 = 0.0 30.3 + 2.2 65.2 + 2.7 62.7 + 2.8 4.6 + 2.7 21 + 23
MAPP 31.8 * 1.1 2.3 * 0.7 0.0 = 0.0 321 * 1.3 67.8 + 2.8 65.3 + 2.8 37 + 27 1.2 * 26
PVDF 31.2 * 0.6 3.3 * 0.4 0.9 + 0.1 34.7 + 0.7 76.4 * 1.7 74.6 * 1.7 7.1 = 1.7 53 + 1.7

movement. The angle measured at equilibrium is considered as the
static advancing contact angle.

Contact angle relaxations of molten PP, MAPP, and PVDF at 200 °C,
220 °C, and 240 °C, are shown in Fig. 3. The initial contact angles were
measured when the chamber reached the target temperature.

In all the cases, higher temperature leads to lower static advancing
contact angles. Since surface tension is temperature dependant for most
thermoplastic polymers [41-43], surface energy decreases with in-
creasing temperature (Fig. 3), producing in turn the reduction of the
static advancing contact angle.

For the case of MAPP, PP and the different MAPP/PP blend com-
binations, it was clear that the static contact angle reduced when the
MAPP content was increased at the same temperature (see Fig. 3-d).
This might be related to chemical reactions occurring between the MA
group and the glass substrate during the spreading process as shown
Grundke et al. [44]. This suggested that a chemical reaction, notably
the formation of covalent bonds with the glass substrate, releases ad-
ditional free energy during the interfacial reaction and might be an
additional driving force for wetting. The static advancing contact angles
at 200 °C are shown in Table 4 for all the studied systems (Fig. 4).

On the other hand, the total surface tension for the different MAPP/
PP blend combinations remains similar at 200 °C (see Table 4 and

180 sec

Contact angle (°)

Radius (mm)

Fig. 3), suggesting that differences observed in the wetting behaviour of
molten MAPP is mainly related to chemical interaction of MA groups at
the MAPP/glass interface. It could also be possible that polar groups
would turn inward at the air interface and outward at the glass inter-
face. This is in agreement with Grundke [44] and Koberstein [45], who
indicated that polar functional groups do not manifest themselves in the
surface tension when end groups have a higher surface tension than the
polymer backbone. To confirm the hypothesis that the surface tension
plays a limited role in the wetting of different grades of MAPP/PP, it
should be attempted to measure the polar and Lifshitz-van der Waals
surface energy components at high temperature, but this remains a
challenging task and goes beyond the scope of this study. The most
obvious way for this is to work with different solid probes with known
surface energy components, but in reality these probes would first need
themselves to be characterised at high temperature.

FTIR-ATR spectroscopy (see Fig. 5) confirmed that chemical reac-
tions took place at the interphase between MAPP and the glass sub-
strate. No absorption peaks in the spectrum of the top MAPP/vapour
interphase at ~1782cm ™' and ~1857cm ™' were recorded, which
correspond to the presence of MA groups [46]. On the other hand, the
bottom MAPP/glass interphase showed two obvious absorption peaks at
~1711cm ™! and ~1739 ecm ™! which are attributed to the presence of
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Fig. 2. Snapshots illustrating the spreading of a PP drop on a glass slide at 220 °C (Left) and the corresponding contact angle, volume, and radius variations versus

time (Right).
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Fig. 3. Contact angle relaxation versus time for PP (a), MAPP (b), and PVDF (c) at 200 °C, 220 °C, and 240 °C. Contact angle relaxation versus time for different

MAPP/PP blend combinations at 200 °C.

Table 4

Contact angles (C.A.) of molten polymers, interfacial (t4, 7¢) and wetting parameters (v, W,, S) for glass at 200 °C. *slide, ** fibre.
Material yrot CA.* () C.A. ** (°) Wy * S * (mJ/m?) T4 T

(mJ/m?) (mJ/m?) (MPa) (MPa)

PP 20.2 =+ 0.8 499 = 2.0 452 = 1.8 332 £ 19 -7.1 18 7.9 2.9
1% MAPP 21.2 = 1.2 43.8 = 2.6 - 36.5 = 2.7 -5.9 * 0.3 -
2% MAPP 195 £ 1.1 35.2 £ 49 - 35.4 = 3.0 -3.6 £ 0.8 - -
5% MAPP 194 = 1.3 34.0 = 2.8 - 35.5 £ 29 -3.3 £ 03 - -
10% MAPP 189 +* 0.9 295 + 2.3 - 353 = 2.1 —-25 * 0.3 - -
MAPP 19.1 = 0.8 22.1 + 43 20.3 £ 1.2 36.8 £ 2.1 -1.4 £ 0.5 14.4 2.0
PVDF 26.2 + 1.3 70.6 = 1.2 68.3 = 1.9 348 £ 2.2 —-13.3 £ 1.3 37.0 1.4

carboxylic acid and ester carbonyl groups respectively [46]. These
groups are the result of chemical reactions through esterification be-
tween OH groups of the glass surface and MA groups. FTIR-ATR spec-
troscopy thus confirmed the occurrence of chemical reactions between
the MA groups and the glass substrates and the absence of MA groups at
the MAPP/vapour interphase which is in agreement with the null var-
iation of surface tension with the increment of MA content discussed in
the previous paragraph.

Regarding the W, values calculated for the different MAPP/PP blend
combinations by directly using the observed contact angle of the melts
(Eq. (1), second equality), the results showed no variations, notwith-
standing the notable reduction of the static contact angle with the in-
crease of MAPP content. This is due to the slight reduction of the sur-
face tension with the increase of the MAPP content, which compensates
the reduction of the static contact angle. Although the variation of W,
due to MAPP content is not significant, the spreading coefficient
showed a clear indication of improvement of wetting of the melts with
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the increment of MAPP content, starting from -7.1 mJ/m? for pure PP to
-1.4mJ/m? for MAPP (7% MA). All the different MAPP/PP blend
combinations showed a higher W, if compared with pure PP polymer.

For PVDF, even though predictions at room temperature indicated
good compatibility between solid PVDF and the glass slide at room
temperature, the static advancing contact angle obtained for the PVDF
melt was the highest, showing also the lowest spreading coefficient
(-13.3 mJ/m?), possibly due to the combined effect of hydrogen bonds
formation and entanglements of PVDF chains which could limit
spreading. At PVDF/glass interfaces, the formation of hydrogen bonds
makes interfacial PVDF chains to pin strongly on the substrate and
therefore restrict the movement of the bulk chains via entanglements
[26]. In contrast, the bulk PP chains cannot be restricted by the weak
interfacial interaction to PP, despite the existence of chain entangle-
ments.

However, due to its high surface tension, the PVDF melt still showed
a value of W, that was comparable to those obtained by the other melts
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Fig. 5. FTIR-ATR spectra of MAPP/glass top and bottom interfaces. The inset
shows the location of both interfaces.

(see Table 4). This in all shows some possible wetting issues at higher
temperature combined with a good predicted adhesion at room tem-
perature.

The static advancing contact angle values obtained for PP, MAPP,
and PVDF melts at 200 °C on both slides and glass fibres were similar
(see Table 4) indicating that the curvature of the fibre had no effect on
the wetting power of the melt; therefore we considered the wetting
process without making a difference between the substrates.

In the previous sections, physical adhesions between a glass sub-
strate and thermoplastic solids were evaluated at room temperature and
the wetting properties of thermoplastic melts on the same glass sub-
strate at high temperature were used as a direct indication of the level
of adhesion that could potentially be obtained at the polymer/glass
interface.

When these adhesion values are compared, they show different
trends. While in the solid state PVDF is clearly the best choice in terms
of work of adhesion and spreading coefficient, at high temperatures, W,
is similar to the different MAPP/PP combinations and only slightly
higher than pure PP, and the spreading coefficient is clearly the most
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negative (see Table 4). This negative spreading coefficient value implies
that spontaneous wetting of the glass substrate with molten PVDF is
unlikely to happen.

The link between wetting parameters (W, and S) and practical ad-
hesion is then not straightforward. Once the polymers regain their solid
state, their surface properties in solid state eventually contribute to the
interfacial strength. However, surface energies of both the polymer and
the substrate at processing temperature would be expected to control
the wetting behaviour of molten polymers when chemical reactions are
absent.

3.4. Pull-out tests

By following the procedure described in Section 2.9 and
[7,31,32,47], the measured and the theoretical maximum force (Fqx)
(calculated using Eq. (4)) are plotted as function of the embedded
length () in Fig. 6 for glass fibre and PP, MAPP, and PVDF systems. The
R? values for all the systems were close to one, since the algorithm for
fitting the curves is based on maximisation of R? as described in
[31,32,47]. For better analysis of mild deviations of data from the
model, the residual plots are added in each image. The calculated cri-
tical interfacial shear strength, 7y, and the interfacial friction, 77, are
shown in Table 4.

There is a good correlation between the interfacial parameters de-
termined from the pull-out test and the W, evaluated at room tem-
perature for PP and PVDF glass fibre systems. As it can be seen in
Table 4, the value of 7, for the PVDF-glass fibre system is approximately
5 times higher than the value obtained for the PP-glass fibre system.
The latter clearly indicates a higher interfacial adhesion and greater
surface energy components compatibility of PVDF on glass fibres if
compared with the PP system. At high temperature, however, W, values
are very similar between both systems due to the low capacity of PVDF
to spread on the fibre leading to a high static advancing contact angle
(68.3°), contrary to the predictions obtained at room temperature.

If the two glass fibre systems are analysed together, z; for PVDF is
lower than for PP (see Table 4). For short embedded lengths (< 2 mm),
Fnax for the PVDF system is higher due to its high 74; but as the em-
bedded length increases also the influence of friction does, reducing the
force needed to pull out the fibre when compared to PP (due to lower
friction of the debonded region), as it can be seen in Fig. 6-d, where the
theoretical curves are analysed. If friction is not taken into account, the
performance of the PVDF-glass system was always the highest. Even
though the roughness of the fibres was the same for the two thermo-
plastics, the effect of friction is lower in PVDF than in the PP system (zy
values of 1.4 MPa and 2.9 MPa respectively). Again, this may be related
to the difficulty of PVDF to spread on the glass surface due to its high
negative spreading coefficient at high temperature (see Table 4), re-
ducing the amount of area in contact with the glass surface and also
reducing the mechanical interlocking, as the penetration depth into the
surface roughness is much lower for the PVDF compared to PP.

Although the W, of MAPP was similar to the PP system at room
temperature and slightly higher at high temperature, the obtained 7,
was considerably higher than for PP. This was because chemical bonds
are formed between the MA groups from the polymer and the hydroxyl
groups from the glass surface, as discussed in the previous section.

The practical adhesion at the interface of MAPP improved compared
to PP through chemical bonding (higher 7;). However, PVDF showed a
higher 7; than MAPP, although only physical interactions are involved.
This result could be explained when taking the strength values of the
polymer matrices into account since the strength of solid MAPP is lower
than the strength of solid PP and solid PVDF (30 MPa, 55 MPa, and
78 MPa respectively). Therefore, with a stronger interface, the failure
occurs in the polymer matrix. The latter can be observed in the SEM
images of already pulled-out fibres, where fragments of MAPP remain
on the fibre surface (see Fig. 7-top). Even though MAPP is chemically
bonded to the glass fibre, the measured adhesion strength is not better
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Fig. 6. Experimental plot of the F,,,, (blue points) versus the embedded length of PP (a), MAPP (b), and PVDF (c) for glass fibre as substrate, and their theoretical fits
(red dotted lines). Comparison of the theoretical fits of PP, MAPP and PVDF (d). The inserts show the residual plots for better analysing mild deviations of data from
the model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

20 um MAPP

Fig. 7. Pulled-out fibres (top) with PP (left), MAPP (centre), and PVDF (right) as matrices. Polymer drops (bottom) after cooling down to room temperature for MAPP
(left), where fragments on the glass surface of the fractured polymer matrix can be observed (red arrows), and PVDF (right), displaying a clean fracture surface. A PP
drop could not be imaged because drops detached from the glass substrate during vacuum-pumping. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

288



C.A. Fuentes et al.

than the one of the PVDF system due to polymer failure. This effect can
also be observed during cooling of the polymer drops down to room
temperature on the flat glass slides (see Fig. 7-bottom), when the large
difference between the coefficients of thermal expansion of the poly-
mers and the glass substrate (5, 70, 60, and 120 x 10~ %/K, for glass,
PP, MAPP, and PVDF respectively), induces the failure of the polymer/
glass interface due to shrinkage of the polymers. The PP drop was
completely debonded without applying any external force, while in the
case of PVDF and MAPP the core of the interface remained adhered to
the glass surface and only the edges failed. In the latter case, it is also
possible to observe fragments of the MAPP that are still adhered to the
glass surface, in contrast to the clean surface for PVDF (Fig. 7-bottom).

4. Conclusions

When chemical bonding is excluded and only physical interactions
are evaluated (PP and PVDF systems), a good correlation between
practical adhesion (critical interfacial shear strength, 7;) and the theo-
retical work of adhesion, W,, at room temperature is found. However,
the analysis of the spreading of molten polymers on glass substrates at
high temperatures as a direct indication of the level of adhesion at the
solid polymer/glass interfaces marginally corresponded with practical
adhesion values obtained from pull-out tests. This might be explained
by the large difference of surface energy values between solid and
molten polymers. However, wetting analysis at high temperature gave
an indication of the behaviour of the polymer at room temperature,
showing correspondence of spreading coefficients with the frictional
stress, 7;. The explanation for this is that a low spreading coefficient
would hinder the wetting of surface asperities, which would lead to a
low pull-out friction.

A direct correlation of the degree of wettability and the maleic
anhydride (MA) content in molten MAPP/PP blends was observed,
which appears to be mainly related to chemical reactions occurring
between the MA groups and the glass surface, according to FTIR results.
This was not observed by a variation in surface energy, since the total
surface energy remained relatively stable for the different MAPP/PP
blend combinations, but evidenced by the critical interfacial shear
strength, 75, of MAPP/glass being higher than in PP/glass due to
covalent chemical bonding. However, the interfacial strength in the
PVDF/glass system was stronger than in MAPP/glass, although the di-
rect contact angle measurement showed smaller contact angles for
MAPP systems, and despite the formation of chemical bonds between
MAPP and glass. This effect is explained by the high room temperature
surface energy of PVDF and by the fact that the MAPP/glass system fails
in the polymer matrix. In this case, the interfacial shear strength is
limited by the shear strength of MAPP, which is relatively low.
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