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ABSTRACT: Model pressure-sensitive adhesive (PSA) films of the
statistical copolymer P(EHA-stat-20MMA), which comprises 80%
ethylhexyl acrylate (EHA) and 20% methyl methacrylate (MMA), are
studied. The PSA films are stored under different relative humidities
from <2% to 96% for 24 h and subsequently investigated concerning
the near-surface composition profile by measuring X-ray reflectivity
(XRR) and tack performance. For both types of measurements, special
custom-made sample environments are used, which ensure constant
temperature and relative humidity during the XRR and tack
measurements. Different failure mechanisms of the adhesive bond
are found by adjusting the relative humidity. XRR measurements
evidence enrichment layers in vicinity to and at the surface depending on the provided relative humidity during the
postproduction treatment, which also influence the tack performance. This finding is supported by tack measurements using
punches with different roughness.
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1. INTRODUCTION

Pressure-sensitive adhesives (PSAs) are present in a large
variety of applications in science, industries, and every-day life.
Showing a wide spectrum of bonding strength, PSAs are
applicable not only for low-tack applications, which require an
easy and residual-free removal (e.g., protective foils). For the
ease of removal it has been shown that the tackiness of a PSA
can be switched off via an infrared treatment.1 Also durable
tasks are realized using PSAs, e.g., noise damping in aircrafts.2

Moreover, PSAs and also other adhesives can join very different
kinds of materials such as paper, wood, plastics, and metals,3−8

and are even applied in medical applications,9 for instance, to
attach patches and sensors to the human skin.10,11 The origin of
this variability of possible applications is found in the chemical
nature of the specific polymer and the inner structure of the
adhesive film. In the past, a large line-up of tests has been
introduced to characterize the adhesive performance of PSAs,
among which the rolling ball test,12 the finger test,13 the peel
test,14 and the tack-test3,15,16 are found as well-established and
important representatives. Despite their high relevance
concerning macroscopic information, they are not capable of
giving insights into the inner structure of PSAs in terms of
composition gradients or variations of crystallinity and chain
conformation. However, this nanoscopic knowledge is of
utmost importance for a complete understanding of the origins
of the performance of an adhesive in a given situation.
Earlier studies have shown that the near-surface composition

can alter the tack performance due to the fact that every
adherent penetrates the adhesive to a certain depth, depending
on its surface roughness.17 Diethert et al. showed that the

choice of solvent for solution casting of the PSA film and also
several postproduction treatments of the PSA film strongly
affect the final near-surface composition and thus the
tackiness.18,19 Humidity in the form of adsorbed moisture
usually hinders adhesion and plays an important role in aging of
adhesive bonds.20 Moreover, polyacrylates are known to swell
in humid environments, also affecting the tack performance.21

Therefore, the postproduction treatments in this study are
based on atmospheres of different relative humidity. Beyond
investigations about postproduction treatments of PSA films it
is of interest to probe samples under identical conditions as
they were used during the sample preparation, because in many
realistic bond-and-release applications, the adhesive bond is
usually installed and broken under the same conditions. Such a
type of investigations need controlled sample environment
during preparation and characterization.
X-ray reflectivity (XRR) has proven to be a powerful

technique to reveal the inner structure of polymer films in
general22−27 and in particular the near-surface composition of
PSAs.18,19,28 Because of the fact that X-rays interact with the
electrons in the atomic shells, it is possible to gather
information about the electron density in the vertical direction
of the sample on the nanometer scale. The contrast in
dispersion between the different components of the PSA film
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gives access to the near-surface composition profile. For
example, in the case of a model PSA, which comprises two
kinds of monomers, ethylhexyl acrylate (EHA) and methyl
methacrylate (MMA), XRR can be utilized to identify
enrichment layers of one or the other component (dispersion
values for the corresponding homopolymers are δPEHA = 4.06 ×
10−6, δPMMA = 3.21 × 10−6,28).
In principle, an adhesive bond can exhibit an adhesive or a

cohesive failure.29 Moreover, in the case of PSAs three different
failure mechanisms have been observed and also treated
theoretically in the past: Cavitation,30,31 internal,32,33 and
external crack propagation.34−36 These three failure mecha-
nisms can be grouped in a map of failure mechanisms for the
tack test depending on the critical energy dissipation rate,
Young’s modulus, and punch diameter as a function of the ratio
of punch diameter and film thickness (confinement).29

In the present study, solution-cast films of a model PSA, a
statistical copolymer that consists of 80% ethylhexyl acrylate
(EHA) and 20% methyl methacrylate (MMA) denoted
P(EHA-stat-20MMA), are postproduction treated with differ-
ent relative humidity and probed with XRR measurements and
tack tests under exactly these postproduction conditions.
Because of the different polarity of EHA and MMA, a
reorganization of the near-surface composition can be observed
driven by the polarity of the surrounding atmosphere.19,28 To
be able to provide the same conditions during the measure-
ments as during the treatments, sample environments for the
XRR measurements and the tack tests are introduced, which
allow for full temperature and atmosphere control. The
mechanical behavior obtained by the tack test is correlated
with the nanoscopic structure information gathered via XRR. In
addition, tack tests with punches of different roughness are
performed, because these measurements probe different depths
of the adhesive film.
The structure of this article is as follows: After introducing

the used materials and sample preparation, the experimental
techniques (XRR and mechanical tack test) are explained.
Subsequently, the obtained composition profiles and the results
for the tack performance are presented and discussed. Finally,
the article concludes with a summary of the results and a brief
outlook.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The statistical copolymer under study

is P(EHA-stat-20MMA), which consists of 80% ethylhexyl acrylate
(EHA) and 20% methyl methacrylate (MMA). EHA represents the
soft and sticky majority component with a glass transition temperature
of the homopolymer of Tg = 188 K37 and is responsible for the
adhesion of the PSA. A homopolymer of MMA has a glass transition
temperature of Tg = 378 K,37 which is well above room temperature
and therefore MMA acts as the glassy component providing sufficient
cohesion to the PSA to avoid flow of the adhesive joint. The
investigated copolymer had a molecular weight of Mw = 248 × 103 g/
mol and a rather high polydispersity of Mw/Mn ≈ 4, which is required
for PSAs and resulted from radical solution polymerization in a
semibatch procedure in iso-butanol at 100 °C with a peroxide starter
(BASF). To remove residual iso-butanol from the synthesis, we
evaporated the solvent from the PSA before the sample preparation in
a vacuum oven at 150 °C for at least 12 h.
The PSA films were prepared on microscopy glass slides (Carl Roth,

76 × 26 mm2) via solution casting. The copolymer was dissolved in
toluene with a concentration of 94.5 g/L, leading to a thickness of the
dry film of approximately 50 ± 5 μm. This value of the film thickness is
on the order of adhesive film thickness for real applications, where the
adhesive has also to compensate for the roughness of the adherents.

The substrates were cleaned before use consecutively with acetone,
ethanol and isopropanol and finally dried with compressed oil-free
nitrogen. The solution casting was carried out at a constant
temperature of 291 ± 1 K in a desiccator with the substrate being
perfectly horizontally aligned using a self-aligning laser system. To
provide a reproducible relative humidity during the drying of the PSA
film, we stored silica gel in the desiccator below the sample, ensuring a
relative humidity of below 2%. The limited desiccator volume slowed
down the solvent evaporation, which was beneficial to obtain
homogeneously flat adhesive films because effects like skinning38−41

were avoided. The drying lasted for 24 h.
The sample series under investigation comprise adhesive films

prepared as explained above, which were postproduction treated with
different relative humidities. For this postproduction treatment, the
PSAs were stored a second time in desiccators for 24 h, having
saturated water-based salt solutions right below the samples. This is a
well-established method to install a defined desired relative humidity
(RH).42,43 The used salts were LiCl, Mg(NO3)2·6H2O, and NaCl.
Together with the control sample, which was stored using silica gel
(<2% RH), a sample stored under ambient conditions (≈43% RH),
and another sample stored using pure water (≈100% RH), a set of six
different RHs was realized. With a humidity sensor the real RH values
were measured. Due to the opening in the humidity cell for the tack
test which is necessary for the punch probe to access the PSA film, the
RH in both cells slightly differed. The obtained RH values were <2, 18,
43, 59, 75, and 96% for the XRR cell and 5, 16, 42, 60, 75, and 95% for
the tack test cell.

2.2. X-ray Reflectivity. To investigate the composition of the PSA
in the near-surface region X-ray reflectivity (XRR) was performed
using a Bruker D8 diffractometer. The device was operated with a
copper X-ray tube and a focusing Göbel-mirror, resulting in a
monochromatic, parallel X-ray beam with a wavelength of 1.54 Å. XRR
features a typical vertical resolution on the nanometer to
subnanometer scale, which allows for detailed investigations of layered
systems. The smallest resolvable length scale depends on the probed qz
range. The maximum depth, which can be investigated by XRR,
depends on the specific absorption of the given sample. This so-called
scattering depth typically reaches some hundreds of nanometers for
polymer films. Due to the thickness of the PSA film of 50 ± 5 μm
solely the near-surface region of the adhesive was probed, because
absorption of the X-ray beam prevented reflections from interface to
the glass substrate. Thus, no information from the bottom interface
was superimposed on the gathered XRR data.

The sample was mounted in a custom-designed humidity cell (see
section 2.4), which provided full control over temperature and RH.
While the body of this cell was made of aluminum, the reservoir for
the RH-control substances was made of Teflon to be able to resist
among others aggressive salt solutions. Two Kapton windows on front
and back allowed the X-rays to pass through the cell. The additional
scattering from these Kapton windows was subtracted by fitting a
Gaussian function to the high qz region, in which the Kapton scattering
occurred, and subsequently subtracting the fitted curve from the
measured XRR data.

For data analysis the fitting software Motofit for IGOR Pro 6.12A
with its built-in genetic optimization algorithm was used.44 To
emphasize the features of the reflectivity curves, we chose the so-called
Fresnel-normalized representation, where the measured specularly
reflected intensity was multiplied by the factor qz

4 to get rid of the
generic decay of the reflectivity. The data were corrected for constant
background before this normalization.

2.3. Tack Test. For the mechanical tack-test a custom-designed
setup was used, featuring a FGP XF-3030 force sensor and punches
made of stainless steel. The punches were cylindrical (radius r = 1
mm) with flat ends, which were polished to different degrees of surface
roughness. Atomic force microscopy revealed surface roughness values
of 1.7, 6.4, and 105 nm for the three punches used in this study.

To increase the statistical significance of the obtained stress maxima
and tack energies, we performed at least 8 repetitions of each tack
measurement per sample. Between each measurement the punch was
carefully cleaned with a toluene-soaked dust-free tissue and the time
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between two subsequent runs was fixed to Δt = 5 min. For each
measurement, a fresh spot on the sample was chosen. To be able to
follow the failure of the adhesive bond also optically a CCD camera
was monitoring the PSA surface from below the sample, whereas the
punch approached from the top. The camera was also used to align the
punch perfectly parallel with respect to the adhesive film.
For all measurements, the punch approached with a speed of 100

μm/s. As soon as a threshold pressure of 0.32 MPa was detected by
the force sensor the movement stopped immediately and the position
was kept constant for a dwell time of 10 s. Subsequently, the punch
was retracted at a speed of 100 μm/s. During the retraction the
measured force and distance were recorded simultaneously. The stress
σ was determined by dividing the measured force by the punch area,
while the strain ε was obtained by dividing the punch distance from
the point of zero stress by the film thickness. The extracted quantities
were the maximum stress σmax and the tack energy Etack, which was
obtained by integrating the area below the force−distance curve.
A custom-designed cell was implemented to be able to control

temperature and RH (see section 2.4). All measurements were carried
out at a constant temperature of 291 K.
2.4. Sample Environments. To provide the exact same

conditions during the measurements as compared to the post-
treatments, we constructed sample environments and implemented in
the ray reflectometer and the tack test device. Both custom-made cells
have a reservoir to store the substance of choice for installing the
desired atmosphere. Figure 1 shows the temporal evolution of the RH

inside the humidity cell for XRR (Figure 1a) and for the tack test
(Figure 1b) after insertion of the desired substances, starting after
closing the cells. After 30 min (marked by the vertical dashed lines),
only minor changes can be seen, which is why this time was chosen as
the starting point of each measurement.
Because of the fact that every X-ray diffractometer in operation

heats its interior where the goniometer is located, the sample

environment also usually warmed up and deviated from the laboratory
temperature. This temperature increase can disturb the precise RH
control via the water-based saturated salt solutions. Furthermore,
elevated temperatures can also accelerate dynamics in the polymer
film. Therefore, it is crucial to provide a temperature control, which
was realized by a cooling liquid circulating through the bottom of the
humidity cell regulated by a Lauda RC 6 CS.

3. RESULTS AND DISCUSSION
3.1. Composition Profiles. To access the nanoscopic

composition of the near-surface region of the PSA under study,
XRR measurements are performed using a humidity cell to
provide constant temperature and RHs. This kind of experi-
ment is nondestructive, exhibits a resolution on the Ångstroem-
scale, has a high statistical relevance due to a large beam foot-
print and finally a complete composition profile can be
extracted out of a single measurement.45−47 A typical XRR
curve is shown in Figure 2 in the Fresnel-normalized
representation, which enhances the visibility of weak features
on the Fresnel-decay of the intensity.

To reach the sample and the detector, the X-ray beam has to
pass the two Kapton windows of the humidity cell, which
resulted in additional scattering (see inset of Figure 2). This
signal, which is not related to the sample, is fitted with a
Gaussian function and subtracted before fitting the reflectivity
data. To deduce the near-surface composition of the P(EHA-
stat-20MMA) films depending on the RH a set of differently
post-treated samples is measured and subsequently the
reflectivity for each curve is fitted. The results are shown in
Figure 3.
All XRR curves exhibit modulations in the low-qz range,

which already indicate nonhomogeneous composition profiles.
With increasing RH also the scattering at low qz values
increases, which indicates an enhancement of refractive index
contrast in vertical direction. The dispersion profiles, on which
the shown fits are based on, are presented in Figure 4a−e. For
comparison, a segment length is about 0.6 nm (typical for
MMA) and the radius of gyration is about 30 nm if the degree
of polymerization is about 2480. However, due to the large
polydispersity index, which is common for polymers used as
PSAs, the values for the radius of gyration are broadly
distributed as well for the used copolymer, which makes a

Figure 1. Relative humidity (RH) versus time in the humidity cells for
(a) XRR and (b) the tack test. The final RHs for the XRR cell (<2, 18,
43, 59, 75, 96%) differ slightly from those for the tack cell (5, 16, 42,
60, 75, 95%). The dashed vertical lines in both graphs mark the
starting point for all measurements.

Figure 2. Typical XRR measurement of P(EHA-stat-20MMA) film in
the Fresnel-normalized representation. The additional scattering from
the Kapton windows of the humidity cell (see inset) was fitted with a
Gaussian function (red line) and subsequently subtracted to obtain the
scattering from the PSA film (main plot).
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direct comparison of characteristic depths with polymer specific
sizes difficult.
Already, the sample post-treated at <2% RH shows an

enrichment of the glassy minority component MMA (Figure
4a). This enrichment has already been experimentally
observed19,28,48 and predicted theoretically for similar systems
before.49 Because of the used synthesis in the statistical
copolymer, EHA-rich and MMA-rich chains exist and can
migrate to the interfaces. Because of the higher solubility of
PMMA as compared to PEHA in toluene and the solvent
evaporation, MMA-rich polymer chains are preferentially
dragged along toward the surface during the solution casting.49

At an increased RH (18% RH in Figure 4b) more MMA
migrates to the film surface and the MMA surface enrichment
broadens. For 59% RH (Figure 4c) again a more pure and
sharp enrichment layer of the minority component MMA is
observed close to the surface followed by two weaker maxima,
which get broader with increasing depths. These weaker peaks

seem to migrate to smaller depths for 75% RH (Figure 4d).
The composition of the sample treated with 96% RH (Figure
4e) shows again a very sharp and clear enrichment layer of
MMA, necessarily followed by an EHA enrichment, because
both components are covalently bonded in the statistical
copolymer. All extracted composition profiles share the weak
decay to the mean bulk composition for larger depths from the
surface. It has to be noted that the fitting of the XRR data is
very sensitive to even subtle changes in the dispersion profiles.
Hence, it is possible to reveal also very small compositional
modulations in the sample.
Figure 4f shows the depth dependence of the integrated

relative MMA content for the investigated different RHs.
Obviously, the local MMA content in the near-surface region is
higher compared to the bulk content (20%) for all samples.
Because of the fact that the XRR fitting is highly sensitive to
very subtle changes in the dispersion profile, the integrated
relative MMA content has a high significance. It is striking that
the MMA content drops only monotonically for the samples
treated with <2, 75, and 96% RH, while the other curves show a
maximum at a certain depth. The reason for this is found in the
driving force for the rearrangement. PMMA has been found to
have a polarity of 0.357,50 whereas the polarity of PEHA is
0.026,18 which is much smaller. The polarity values represent
the ratio of the polar component of the surface tension to the
total surface tension. The polarity has been identified to be the
driving force behind the changes in the near-surface
composition in literature.19 The sample treated with <2% RH
is dry and already close to equilibrium after a total time of 48 h.
Also the PSA kept under 96% RH has almost equilibrated due
to the strong interaction of the polar environment with the
MMA segments in the polymer film. The sample stored at 75%
RH exhibits a larger MMA enrichment close to the surface
compared to 96% RH. This can be partly explained by residual
solvent in the adhesive after the first 24 h. At 75% RH it is
easier for the solvent to escape than at 96% RH, because water
vapor is known to slow down the solvent evaporation.19

Figure 3. XRR measurements (black dots) and corresponding fits (red
lines) for P(EHA-stat-20MMA) postproduction treated with different
RHs and measured using a temperature controlled humidity cell. The
curves are shifted along the y-axis for clarity, the RH increases from
bottom to top as indicated.

Figure 4. Dispersion profiles of the near-surface region of P(EHA-stat-20MMA) films under different RHs: (a) <2% RH, (b) 18% RH, (c) 59% RH,
(d) 75% RH, (e) 96% RH. The dashed horizontal lines in each plot mark the dispersion of pure PMMA and pure PEHA, respectively. (f) Integrated
MMA content in the near-surface region for different RHs as a function of integration depth.
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Therefore, the toluene can still drag MMA chain segments
along to the surface. The adhesive films stored under RHs of
18% and 59% show states in-between the lowest and the
highest RH. They still reorganize at and near the surface.
Hence, when integrating the composition profiles the MMA
enrichment at shallow depths appears low, leading to the
maxima/plateaus in Figure 4f for 18% and 59% RH. It can also
be seen that the MMA enrichment in general decreases with
depth, tending asymptotically toward the bulk content of 20%,
which is still not reached at a depth of 100 nm.
3.2. Mechanical Behavior with and without Humidity

Cell. The postproduction treated adhesive films are inves-
tigated using the mechanical tack test as described in the
Experimental Section. At first, a series of measurements without
and with the use of the humidity cell is compared. Due to our
measurement protocol, which comprises at least 8 subsequent
measurements being carried out with constant time intervals in-
between of Δt = 5 min, it is possible to reveal a time
dependency of the stress maximum and the tack energy.
Figure 5 shows a typical stress−strain curve with the stress

maximum and the characteristic slow decrease in stress at larger

strain values. The inset depicts the three main steps of a tack
measurement: At first, the punch approaches the PSA film and
is pressed onto the adhesive with a defined force. After a
desired dwell time, the punch is retracted with a controlled
speed. From the measured force upon retraction the
corresponding stress−strain curve is calculated. The time
evolution of the stress maxima σmax for PSA films
postproduction treated at three exemplary RHs is compared
without (Figure 6) and with the use of the humidity cell
(Figure 7) in the tack measurement. The dashed lines in each
plot are guides to the eye.
The time series with and without the use of the humidity cell

in the tack measurements differ. In case no humidity cell is used
(Figure 6), the measured stress maxima show a time
dependence in case the RH during the postproduction
treatment was different from the ambient RH (42%) during
the tack experiment. The values of the stress maxima increase
with time for a lower value of the RH during postproduction
treatment as compared with the ambient RH (Figure 6a). They
decrease with time for a higher RH during postproduction
treatment (Figure 6c). The sample post-treated at ambient RH
however does not show any major temporal trend (Figure 6b).
For the tack energies the same behavior was found. In contrast,

in case the humidity cell was used during the tack measurement
(Figure 7) and thus the measurement was performed at the
identical conditions of the postproduction treatment, no trend
in the temporal evolution of the stress maxima is seen (Figure
7a-c). This finding already demonstrates the impact of using a
humidity cell for the tack measurements. Without humidity cell
the PSA films start to change the near-surface composition by
adapting to the new RH conditions of the ambient surrounding.
In case such temporal evolution would be ignored and the

Figure 5. Typical stress−strain curve for a sample postproduction
treated at 5% RH. The inset shows schematically the three main steps
of the tack measurement: approach of the probe punch, the contact,
and finally the retraction.

Figure 6. Three exemplary time series of the stress maxima for
postproduction treated PSA films at RHs of (a) 5, (b) 42, and (c)
95%, measured without the humidity cell. The dashed lines are guides
to the eye.

Figure 7. Three exemplary time series of the stress maxima for
postproduction treated PSA films at RHs of (a) 5, (b) 42, and (c)
95%, measured with the humidity cell. The dashed lines are guides to
the eye.
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extracted tack parameters such as stress maxima and tack
energies would be averaged, unrealistic large error-bars for the
extracted values would result. With the used humidity cell such
ongoing modifications of the PSA film can be avoided.
In more detail, the use of the humidity cell introduced

additional changes in our measurements. Because the space
necessary to implement the humidity cell into the tack device a
longer steel punch had to be operated, which had a slightly
higher surface roughness (6.4 nm) as compared with the punch
used without humidity cell (1.7 nm). This increased punch
surface roughness is responsible for the overall lower values of
the stress maxima in case the humidity cell was used. However,
it is obvious that the measured values exhibit only statistical
fluctuations around a temporal constant mean value, which give
rise to the typically reported experimental errors.
This proves that the use of a humidity cell is crucial for

minimizing error-bars by assuring static conditions also during
the measurements. Thus, all further tack measurements are
carried out following the procedure explained in the
Experimental Section using the custom-designed humidity cell.
3.3. Failure Mechanisms and Tack Performance. After

postproduction treatment of the PSA films with different RHs,
the mechanical behavior is probed via tack-tests. All tack
measurements were carried out at a temperature of 291 K. A
constant temperature is crucial for comparable results, because
the tackiness of PSAs is sensitive to temperature as well.51 All
recorded stress−strain curves show a rather typical shape of a
non-cross-linked PSA: A sharp stress peak at small strains,
which is followed by a low stress plateau at higher strains. While
for the different RHs below 75% the common cavitation and
fibrillation is found, a transition of the failure mechanism is
observed at around 75% RH. Figure 8 shows three exemplary
stress−strain curves for the three different observed failure
mechanisms along with optical micrographs of the adhesive−
punch interfaces.
It can be seen that at 75% RH cavitation coexists with

internal crack propagation (Figure 8a, b), which leads to very
different stress−strain curves. Not only different values of the
stress maximum σmax and the tack energy Etack are seen, but also
a very abrupt rupture of the adhesive bond is probed in the case
of internal crack propagation. Taking the optical micrographs
into account, it is clear that at 75% RH both failure mechanisms
coexist, even within one detachment (Figure 8b). At high RH
such as 95% RH (Figure 8c), only external crack propagation is
found. This process is very fast and thus not resolved with the
used CCD camera. The adhesive bond ruptures already at
significantly lower strains.
Recalling the already mentioned map of failure mechanisms

introduced by Creton et al.,29 it is obvious that the quantities
that determine the failure mechanism of a PSA bond are the
critical energy release rate Gc and the Young’s modulus. Our
observation of different failure mechanisms at different RHs
shows that the near-surface composition of the PSA plays an
important role in combination with the used punch. Using the
humidity cell a constant RH is provided also for the steel
punch, which is why the surface energy of steel needs to be
included in the considerations. Wetting of the punch by water
vapor changes the interfacial properties and hence Gc. At the
same time dynamic moduli such as the Young’s modulus of
PMMA is known to decrease with increasing RH.52 Thus, at
different RHs, different dynamical moduli are present, which
change the mechanical behavior observable in the tack test.
Unfortunately, bulk data of RH dependent dynamic moduli

cannot be directly used to interpret the findings, because the
PSA film has a depth dependent composition, which means
that the enrichment layers near the surface will also translate
into a depth dependent Young’s modulus. Nevertheless, in the
present study, we move along the y-axis in the map of failure
mechanisms, because the confinement (punch diameter divided
by the film thickness) is kept constant.
Figure 9 summarizes the measured values of σmax and Etack for

the complete set of different RHs, including an identification of
the observed failure mechanisms (black dots: cavitation, red
triangles: internal crack propagation, blue stars: external crack
propagation). A nonmonotonic behavior is found for both
parameters.
It can be seen that the value of σmax drops from the first to

the second investigated RH to a global minimum and stays

Figure 8. (a) Stress−strain curve for a measurement conducted at 75%
RH. The optical micrographs of the adhesive-punch interface show
that the bond rupture occurs via cavitation. (b) Stress−strain curve for
a measurement also conducted at 75% RH. The micrographs show the
coexistence of cavitation and internal crack propagation. (c) Stress−
strain curve of a measurement carried out at 95% RH. The
micrographs show no cavitation or internal crack propagation. Instead,
external crack propagation is found.
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rather constant until a sudden increase to the global maximum
at 60% RH is observed. For higher RHs the values of the stress
maximum drop further, regardless of the failure mechanism. At
75% RH the internal crack propagation shows a higher σmax
than obtained in case of cavitation. For 95% RH, σmax stays on a
low level. To find an explanation for such complex RH
dependence, we compare with the literature.
In earlier experiments Diethert et al. have found MMA

enrichment layers in the adhesive near the surface as well.19

They showed that the amount of MMA near the surface
increases monotonically with RH, while also σmax and Etack
continuously grow with RH. They attributed this behavior to
the enrichment of the glassy MMA near the surface, which
disables the PSA to adapt to the roughness of the punch as
good as before. As a consequence the effective area of the
punch is smaller resulting in a higher pressure, which is in
accordance with a theoretical work by Gay et al.53 In contrast to
these earlier studies, we observe a more complex behavior,
which can be explained by the use of a humidity cell in the
present investigation. Thus, different RHs are present during
the tack and XRR measurements as well. As a consequence, the
changes in the Young’s modulus of the enriched component
MMA in the near-surface region need to be taken into account
as well. The Young’s modulus of PMMA is supposed to get
lowered with increasing RH with the steepest drop at around
60% RH.52 For tack measurements at RHs up to 60% the
Young’s modulus stays rather constant for PMMA. The XRR
measurements have shown a slightly increased roughness at the
surface of the PSA films, which lowers the tack performance for
these films at RHs from 16% to 75%. At 60% RH, where a
global maximum of σmax is present, more MMA has enriched
near the surface as compared to lower RHs and its Young’s
modulus is still on a high level. At higher RH values than 60%
σmax drops significantly, because of the softening of Young’s
modulus.52

The determined tack energies follow a similar trend.
Nonetheless, at 60% RH the difference in Etack for the two
failure mechanisms is not as pronounced, due to the earlier
rupture of the bond. This lowers the value of Etack in case of
internal crack propagation. For 95% RH the tack energy drops
to a global minimum, because of the even earlier complete
rupture of the bond.

To understand the complete behavior, competing effects
need to be taken into account: An increase in RH is known to
enrich MMA near the surface, which in turn improves the tack
performance concerning higher values of σmax and Etack.
However, an increase in RH also reduces the Young’s modulus
of PMMA, which reduces these improvements of the tack
performance by decreasing of σmax and Etack in a complex way
due to the near surface structure of the film. Furthermore,
surfaces with high energies (in this case stainless steel) are
known to adsorb water vapor,54 which is also expected to lower
the tack performance, because of a reduction of interfacial
tension and therefore a reduction of the Dupre work.55 Because
the occurrence of a certain failure mechanism is found to only
depend on the RH, but never on time, weakening of the
adhesive bond because of water adsorption on the steel surface
will have a significant contribution.

3.4. Influence of Punch Roughness. To investigate the
influence of punch roughness on this complex behavior, we also
used a stainless steel punch with a roughness of 105 nm. The
identical experiments as in the case of a small punch roughness
are performed. The different failure mechanisms are observed
at the same values of the RHs irrespective of the punch
roughness. The extracted quantities σmax and Etack from the RH
series are shown in Figure 10.

In principle, the same trends are visible as in the case of the
low punch roughness, but significantly weaker pronounced,
which can be explained by the increased punch roughness. The
rougher the punch, the further it penetrates into the adhesive
film. The RH postproduction treatment alters the composition
of the surfaces and the near-surface region of the PSA strongly
in depths up to approximately 20 nm. At larger depths up to
about 100 nm still a weak effect of the RH on the composition
profile is found. The punch roughness of 105 nm is significantly
larger as compared with this heavily influenced region of the
PSA film (20 nm), leading to a penetration of the punch into
less affected regions of the PSA film. As a consequence, the
rougher the punch is, the less sensitive it is concerning changes
at and close to the surface. Hence, the features in Figure 8 are
damped because the large punch roughness reduced its
sensitivity in the tack measurement. In turn, the most sensitive

Figure 9. (a) Stress maxima as a function of RH measured with a
punch with a surface roughness of 6.4 nm. The black dots mark failure
via cavitation and fibrillation, the red triangles represent internal crack
propagation and the blue stars denote external crack propagation. (b)
Tack energies as a function of RH, using the same color and symbol
coding.

Figure 10. (a) Stress maxima as a function of RH measured with a
punch with a surface roughness of 105 nm. The black dots mark failure
via cavitation and fibrillation, the red triangles represent internal crack
propagation and the blue stars denote external crack propagation. (b)
Tack energies as a function of RH, using the same color and symbol
coding.
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tack measurements can be performed with very smooth punch
surfaces.

4. CONCLUSION

For the first time, the three failure mechanisms cavitation,
internal, and external crack propagation are observed in tack
tests of P(EHA-stat-20MMA) films only by changing the RH.
The influence of RH on the tack performance is investigated
and correlated with the near-surface composition of the
adhesive film on the nanoscale.
XRR has proven to be the technique of choice to obtain

fundamental knowledge about the inner composition of the
PSA, enabling a correlation of near-surface composition on the
nanoscale and macroscopic tack performance. It is shown that
the glassy minority component MMA of the statistical
copolymer P(EHA-stat-20MMA) enriches near the surface as
a consequence of the provided polar environment. The main
enrichment of MMA is found in a depth of 20 nm below the
film surface. Nevertheless, regions of the PSA film deeper than
100 nm (measured from the surface) are affected by the
postproduction treatments as well.
Tack tests are performed to link the inner structure of the

PSA to its adhesive performance. It is shown that the MMA
enrichment can increase the stress maximum. At 60% RH a
global maximum of σmax is found. For higher RHs, the Young’s
modulus of PMMA drops and deteriorates the tack perform-
ance. Also the steel punch suffers from adsorption of water at
higher RHs leading to weaker bonds. At 75% RH a competition
and coexistence of cavitation and internal crack propagation is
found. For 95% RH only external crack propagation is
observed. Hence, without changing the confinement (ratio of
punch diameter and film thickness) all three failure mechanisms
are evidenced. The use of a probe punch with a roughness of
105 nm, which is similar to the maximum depth of the shown
composition profiles, shows similar but weaker trends, if
compared to the flat punch with a roughness of 6.4 nm. This
again underlines that the effect of MMA enrichment is
strongest very close at the surface and is in very good
agreement with the results obtained from XRR.
In more general, different RH strongly influence the tack

performance of PSA films if a mobility of the PSA components
allows for a reorientation of the molecular near-surface
composition. Such effects are the more pronounced, the less
rough adherent surfaces are bonded. For extremely flat
adherent surfaces in turn a change in RH allows to switch
the adhesive behavior. Thus, in such scenario RH can be used
as an external trigger for, for example, weakening PSA bonding,
and thereby facilitate the debonding of a PSA joint.
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