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Abstract

In this work, we report on a detailed quantitative nanomechanical mapping of free-
standing films of poly(ethylene terephthalate) (PET) and the composite PET/expanded
graphite (EG) with 0.4% in weight of the nanoadditive, and of these materials

nanostructured by laser irradiation. By using atomic force microscopy, we obtained



simultaneously the topography, elastic modulus and adhesion force maps of the
materials. Young’s modulus images exhibited higher values for the composite in
comparison to those of the neat polymer and for the nanostructured films in contrast to
the non-nanostructured ones. Additionally, we explored the tribological properties of
these systems at the nanoscale. Using lateral force microscopy, we observed a decrease
in the friction coefficient for the nanocomposite as compared to the neat polymer, while
quantifying an increase for both laser-structured samples. Our results are discussed
taking into consideration the possible changes that the samples might undergo during
processing, as well as the changes imposed by the complex geometry of the nanometric

features in these laterally-resolved mechanical measurements.
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1. Introduction

Polymer nanocomposites are widely used nowadays in different applications demanding
lightweight materials because they offer the possibility to tailor their mechanical
properties, especially by controlling the nature of the nanofillers [1-3]. Alumina [4],
molybdenum disulfide [5] and carbon-based nanomaterials such as graphite [6], carbon
nanotubes [7], and graphene [7] have been previously used to prepare polymer
nanocomposites with enhanced mechanical properties. Particularly, polymers reinforced
with carbon nanomaterials have shown a significant improvement not only in their
mechanical properties [8], but also in their electrical [9] and thermal [10] conductivities,

and their barrier impermeability to vapors and gases [11].

A further approach to provide functionality to polymer materials consists in the surface
patterning at the micro- and nanoscales [12, 13]. As an alternative to lithographic
methods, which need several step procedures and the use of clean-room facilities, high
vacuum or complex mask fabrication, laser surface patterning techniques such as the
formation of Laser Induced Periodic Surface Structures (LIPSS) have demonstrated to
provide versatility and reliability, and constitute a potential method to obtain large
processed surface areas in polymers [14-19]. During LIPSS formation, the polymer
surface is heated and the temperature may overcome either the glass transition
temperature (Ty) or the melting temperature (T;,) for amorphous and semicrystalline
polymers respectively. This effect may allow a rearrangement of the polymer chains.
Subsequently, it may lead to the formation of nanostructures parallel to the polarization

of the laser beam, with a period close to the laser wavelength [14].

Previous reports showed that polymer surfaces with LIPSS formed upon irradiation with
UV nanosecond laser pulses might present changes in their physical properties. For
example, contact angle measurements showed that the nanostructured surfaces become
more hydrophilic and their surface free energy increased after irradiation [20-22]. From
the mechanical properties point of view, the adhesion force in irradiated samples is also
modified in comparison to the non-irradiated counterparts [21, 22]. Regarding the
tribological properties, the presence of LIPSS on titanium, steel and titanium nitride
surfaces has been found to affect the friction and wear coefficients depending on
irradiation conditions [23-25]. This effect was explained considering the topographical

surface modulation and the chemical modification of the surface, in particular oxidation,
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taking place upon irradiation. In these studies, results were obtained using a

macroscopic approach of sliding tests against a hard ball.

Considering the nanometric heights of LIPSS, it is worth performing laterally-resolved
physical measurements to test the properties of the ripples individually and thus the
molecular implications of LIPSS formation. Previous experiments by us focused on the
electrical and piezoelectrical properties of LIPSS on polymers have shown that laser
structuring could lead to changes in the molecular organization of the polymers that
ultimately affected the final physical behavior [26, 27]. For instance, LIPSS formed on
a conjugated polymer showed a heterogeneous electrical conductivity, i.e., electrical
transport was lower in the ridges than in the trenches of the ripples, due to the loss of
crystallinity during LIPSS formation [26]. To further evaluate the physical implications
of LIPSS formation in polymers and in polymer composites, in this work we report on a
detailed quantitative nanomechanical mapping on free-standing films of poly(ethylene
terephthalate) (PET) and of PET/ expanded graphite (EG) with 0.4% in weight of EG,
and of these materials nanostructured by laser. By using atomic force microscopy, we
obtained the topography, elastic modulus, adhesion force and deformation maps of the
materials simultaneously. Additionally, using lateral force microscopy, we estimated the
friction coefficient for both the non-irradiated and the laser nanostructured materials.
This fully atomic force microscopy study allowed to measure the changes in the
mechanical properties in the LIPSS ridges and trenches separately, with a lateral
resolution better than 40 nm. Moreover, this approach validates the use of
nanomechanical measurements to study complex nanostructured materials with

complex morphologies.

2. Experimental

Films of PET and EG reinforced PET, (PET/EG) with an EG concentration of 0.4 wt.%
were used for this study. The preparation procedure has been reported elsewhere [28,
29]. PET and its composite were melted at 260 °C and pressed under 5 bar pressure for
2 minutes and under 10 bar pressure for 2 additional minutes. Films with a thickness of

approximately 0.4 mm were obtained. Samples were irradiated using a linearly

polarized laser beam from a Q-Switched Nd:YAG system (Lotis TII LS-2131M), at a



wavelength corresponding to the fourth harmonic of the fundamental (266 nm), a pulse
duration of 8 ns and a repetition rate of 10 Hz. Irradiation experiments were performed
in ambient air at normal incidence and the parameters used in order to obtain LIPSS

were 3000 pulses at a fluence of 8 mJ/cm” as reported previously by some of us [22].

The topography and nanomechanical properties of the films were evaluated
simultaneously by the PeakForce Quantitative Nanomechanical Mapping (PF-QNM)
method, using a Bruker Multimode 8 Atomic Force Microscope, equipped with a
Nanoscope V controller. All measurements were performed in air at room temperature,
using RTESPA300 probes (Bruker). The cantilever spring constant was calculated by
the Sader method [30] and found to be around 22-27 N/m. Tip radius calibration was
performed against a polystyrene standard of known elastic modulus and found to be in
the range 7-12 nm. In PF-QNM, force—distance curves are collected by nanoindentation
of the sample in a point-by-point fashion. In this method, the piezo-scanner oscillates at
2 kHz while the probe remains at rest, enabling a high speed and simultaneous capture
of force—distance curves and topographic images [31, 32]. The maximum force (peak
force) is controlled at each pixel to obtain force—distance curves which are then used as
the feedback signal. Analysis of the force—distance curves was performed by using the
Nanoscope Analysis software 1.50 that allowed to extract the height, elastic modulus,
adhesion force and deformation, simultaneously. Specifically, the elastic modulus was

obtained by application of the Derjaguin-Muller-Toporov (DMT) model [33]:

4 1
F —Fygy = 3 E'RV2d%/? o

where F is the force, F,an the adhesion force, R the tip radius, and d the deformation, i.e.
a parameter related to the tip penetration into the sample. £ is the so-called reduced

modulus and it is related to the elastic or Young’s modulus of the sample by:

2 2
l _ 1- vsample n 1- vprobe (2)
E* Esample Eprobe

where Viample and vprope are the Poisson’s ratios of the sample and probe respectively. If

the probe Young’s modulus (Eprobe) 1s considered to be much higher than that of the
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sample (Esamplc), the second term in the right side of Eq.(2) can be approximated to zero
and the elastic modulus of the sample relates to the reduced modulus measured by PF-

QNM as:

Esample = (1 - vszample)E* (3)

where Viample 1S fixed to a constant value of 0.3 in our work. Considering the thickness of
the polymer films used in this work ( = 0.4 mm), the mechanical impact of the

supporting substrate can be neglected.

Nanoscale tribological properties were studied by Lateral Force Microscopy (LFM) at
room conditions using the same AFM equipment previously described. LFM
experiments were carried out using contact mode SCM-PIC probes (Bruker), having a
normal cantilever spring constant around 0.12-0.27 N/m, as measured by the thermal
tune method. This AFM technique works in contact mode, by scanning the sample at a
fixed normal force in a direction perpendicular to the cantilever’s axis of symmetry.
Specifically, in this work the normal force was varied from zero effective load up to the
value when plastic sample deformation by tip interaction was observed. All images
were recorded at a constant sliding velocity of 4 um/s. In the LFM experiments
performed on LIPSS nanostructured samples, the fast-scan direction was kept

perpendicular to the orientation of main axis of the LIPSS ripples.

LFM experiments allow calculating the friction force between tip and sample. As the tip
scans the surface, the photodetector signal arising from the lateral bending (LB) of the
cantilever is recorded in the two scanning directions of a single line, i.e. trace and
retrace. From these data, it is possible to calculate a so-called lateral voltage signal
(Ulat), or friction signal, that can be obtained as the mean difference between the
forward and backward scan: Uyt = 1/2*(LBrace - LBretrace). This procedure was carried
out offline and allows to eliminate any influence from a tilt or from the topography of
the sample. Finally, the lateral voltage signal can be related to the friction force, or

lateral force, as previously reported by Schwarz et al. [34]:



Gwt3\ (D, 4)
F friction — m <7> Ulat

where G is the shear modulus of the cantilever, which in our case can be approximated
to 50 GPa, and w, ¢ and L are the cantilever width, thickness, and length respectively; /4
is the tip cone height. All the cantilever and tip geometrical parameters were obtained
from the manufacturer. D, is the vertical cantilever deflection sensitivity that we
obtained by measuring a force curve against a fused silica sample and found to be 101 +
1 nm/V. Finally, m = mja/myer = 0.43 is the relation between the slopes in the lateral
(mia) and vertical (my.,) directions of the typical calibration curves of the four-segment

photodetector.

3. Results and discussion
3.1. Nanomechanical properties

Figure 1 shows the PFM-QNM images corresponding to PET and PET/EG surfaces
before and after laser nanostructuring, taken at a 75 nN peak force. The non-irradiated
samples present a smooth surface with a roughness of 3.9 + 0.1 and 4.7 £ 0.3 nm for
PET and PET/EG, respectively, as measured from their corresponding AFM height
images. Upon irradiation, LIPSS are formed with a periodicity of around 270 nm and
250 nm for PET and PET/EG respectively, in agreement with our previous work [22].
The nanomechanical properties measured by PF-QNM, i.e., Young’s modulus, adhesion
and deformation maps, showed homogeneous distributions for both PET and PET/EG
(refer to images and profiles in Figure 1). Table 1 lists the average values of the

measured nanomechanical properties.

Specifically, the average Young’s modulus of PET was 1.6 GPa, slightly lower but
comparable to the one reported previously by nanoindentation methods (2.0 — 2.5 GPa)
[35]. On the other hand, the PET/EG nanocomposite’s Young’s modulus showed a
mean value of 3.2 GPa, representing a 2x increase in comparison to the neat matrix. The
increase of the Young’s modulus in a polymer with the addition of carbon nanofillers

has been thoroughly reported in the literature [35-37]. However, observing this increase



at a relatively low concentration of EG (0.4 wt%) indicates the excellent dispersion of
the nanoadditive into the PET matrix. Also, it is important to highlight that both height
images and mechanical maps do not show a visible presence of EG in the evaluated
areas, supporting an homogeneous distribution of the EG. Considering that our PF-
QNM measurements are performed exclusively on the material surfaces, with only a
few nanometers penetration depths, the results show that our implementation of the PF-
QNM technique is sensitive enough to detect mechanical variations related to the
samples volume. Finally, the changes in the Young’s modulus are accompanied by
corresponding variations in both adhesion force and deformation. Thus, the reinforced

nanocomposite showed a lower deformation, indicating its increase in hardness.
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Figure 1. PF-QNM images (height, elastic modulus, adhesion and deformation) of PET
and PET/EG non-irradiated and irradiated.



In contrast to the homogeneous distributions observed in the non-irradiated materials, in
both nanostructured films we measured variations in the mechanical properties maps
closely related to the topography of the samples. In particular, we quantified different
values of Young’s modulus, adhesion, and deformation at the slopes of the LIPSS in
comparison to those obtained at the peaks and valleys of the nanostructures. To
understand these results, we remark that equation (1) (please refer to the Experimental
Section) deals with the interaction between a sphere of radius R (tip radius) in contact
with a flat and infinite plane (sample surface). Contact between the sphere and the plane
takes place in the normal direction. The peaks and wvalleys of the polymer
nanostructures, although not flat, have a radius of curvature much higher than the tip
radius, meaning that from the local point of view they can be considered as being “flat
enough,” and with the tip indenting the sample surface normally. However, the slopes
of the LIPSS cannot be modeled appropriately under this approximation, since tip-
sample contact does not occur under the assumptions of equation (1), and thus the
nanomechanical properties values are not reliable. The higher the aspect ratio of the
nanostructures, the more serious is the disagreement, as can be seen by the comparison
of PET to PET/EG. Since modeling the tip-sample interaction at the slopes of the
nanostructures is out of the scope of our current work, we focused on the evaluation of
average values corresponding to the top and the valleys of the LIPSS, as summarized in
Table 1. We also report that performing measurements scanning parallel and
perpendicular to the direction of the ripples did not show differences in the measured

nanomechanical properties.

As presented in Table 1, the formation of LIPSS in PET and PET/EG surfaces led to an
increase of the Young’s modulus and a corresponding decrease in the deformation. PET
showed a 2.5x increase in its Young’s modulus, meaning that laser nanostructuring via
LIPSS improved the mechanical properties of PET in a comparable way to that
observed for the PET/EG raw nanocomposite. This shows the possibility of using
LIPSS as a mechanical reinforcing tool for free-standing polymer films, without the
need for clean rooms or chemical facilities. In the same line, the PET/EG
nanocomposite showed a 2.1x increase in its Young’s modulus after LIPSS formation.
Adhesion force values measured on the nanostructured samples showed a decrease
when compared to the raw films, which might be a consequence of physicochemical

modifications induced by laser irradiation, as reported for other polymers [14].



Table 1. Nanomechanical mean values for Young’s modulus, adhesion force, and

deformation for the different samples.

Young’s modulus | Adhesion  Force | Deformation (nm)
(GPa) (nN)
PET non-irradiated | 1.6 = 0.4 7+3 3.7£0.9
PET irradiated 4.1+0.3 2+1 3+1
PET/EG non- | 3.2+0.2 11+5 224+0.5
irradiated
PET/EG irradiated | 6.8 +0.9 9+ 1 1.9+0.7

3.2. Nanoscale tribological properties

PET PET LIPSS PET/EG PET/EG LIPSS 50 nm
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,(’ |
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Figure 2. Lateral force microscopy height and friction force maps for non-irradiated

and irradiated samples.

Figure 2 shows the height images and friction force maps for all the studied samples,
taken at a 4 nN normal force. The height images (top row in Figure 2) show that, in
general, the samples do not wear during contact mode scanning; only the nanostructured
PET sample (Figure 2b) shows noisy areas that could be related to enhanced tip-sample

interactions. While non-irradiated samples, as well as the irradiated PET/EG ones, could
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stand normal forces of 30 nN and above, the nanostructured PET sample could be only
probed up to a 12 nN load. Above this value, surface scratching took place in the
nanostructured PET samples. This points out a decrease in the wear resistance for the
nanostructured PET surface, in comparison with the other samples, as discussed in the
following lines. Notwithstanding, we can state that the use of contact mode AFM for the

tribological characterization of laser nanostructured polymers is suitable.

The bottom row of Figure 2 shows the corresponding friction force maps. To provide
quantitative data, we performed an offline image processing (i.e., after capture),
applying equation (4) in a pixel-by-pixel calculation. During processing, we took into
consideration the possible displacement occurring within a unique scan line and
corrected it when necessary. For the non-irradiated PET a 4 nN load led to a friction
force value of 6 + 2 nN while the corresponding value for non-irradiated PET/EG is 4 +
I nN. These results indicated a small decrease in the friction force for the
nanocomposite, at this applied normal force. However, considering the errors in both
measurements, it is hard to make a definite conclusion from only single data points. To
overcome this problem, we evaluated a wide range of applied normal forces. In Figure 3

we show the mean friction force values as a function of normal force for all the samples.

I
o
——
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0 10 20 30 40
F (nN)

Figure 3. LFM Friction force (Fr) as a function of the applied normal force (Fv), for
non-irradiated PET (M) and PET/EG (®), and irradiated PET (J) and PET/EG (O).
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In this figure, filled squares and filled circles represent PET and PET/EG, respectively.
The data distribution showed that the reinforced material had smaller friction force
values in comparison to the bare polymer matrix. From the quantitative point of view,

we analyzed the data in Figure 3 in the framework of the modified version of

Amonton’s law [38, 39]:

Fp = u(Fy + Fo) (5)

where FF is the measured friction force, u the friction coefficient, F the adhesion force
and Fx the applied normal force. The continuous lines in Figure 3 are the fitting of this
equation to each data-set. Table 2 summarizes the obtained fitting parameters. From this
analysis, we report a friction coefficient (u) of about 0.50 for PET and an adhesion force
close to 10 nN, being this latter value in good quantitative agreement to the one reported
by PF-QNM (Table 1). The value of u for PET agrees well with the one published by
Hurley and Leggett (u = 0.47) using friction force microscopy on a bare PET film,[40]
although it is slightly higher in comparison to other results in the literature.[41, 42] It is
important to recall that PET can crystallize on different conditions and the resulting
friction coefficient depends on the polymer crystallinity, as reported by Bhimaraj and
collaborators.[41, 42] Also, we carried out these experiments in absence of lubricants as

oil, ethanol, or water, and thus a higher friction coefficient is not unexpected.

The PET/EG sample showed lower values of u and F\ in comparison with the bare
matrix; specifically, the friction coefficient decreased by about 25% while the adhesion
force in about 10%. These results claim the role of the expanded graphite as a lubricant
in the reinforced PET nanocomposite, at this specific filler concentration and are
consistent with the use of graphite as a solid lubricant in polymer-based systems, as
discussed in the literature [43-45]. Nonetheless, we cannot extrapolate our results since
the variation of u and Fy in polymer composites does not follow any strict trend, as
shown in the literature for several systems [41, 42, 46-48]. For example, investigations
in PET-based composites demonstrated that the u variation depends not only on the
nature of the filler material but also on the filler concentration, giving rise to an

increase/decrease or no change in u [41, 42].
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Table 2. Friction coefficient (u) and adhesion force (Fy) obtained from LFM

experiments

Sample u Fy (nN)
PET 0.50 £ 0.02 10.2+0.3
PET EG 0.37+£0.02 8.9+0.2
PET LIPSS 2.26+0.07 2.8+0.3
PET EG LIPSS 0.60 +0.02 63+0.3

Figures 2 (f) and (i) show the friction force maps of the laser nanostructured samples. In
both cases, we observed a high contrast among different areas, having the friction
values the largest value when probing the slopes of the nanostructures. We measured
lower and almost constant friction force values on the LIPSS peaks, like in the PF-QNM

analysis. Figure 4 shows height and friction force profiles for comparison.
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Figure 4. Height and friction force profiles for irradiated PET (a) and irradiated
PET/EG (b).
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We observe that both samples showed the same general behavior. Friction force
changes are more pronounced in the PET sample than in the PET/EG, being the latter
less noisy. The friction force maxima quantified in these samples correspond to
“residual peaks.” These topography-induced effects are not eliminated by the forward
and backward scanning protocol, as discussed by Bhushan [49]. Previous reports
showed that local variations on the friction force have a stronger dependence on the
local surface slope than on the local height distribution [49], as reported in this work.
Also, the directionality dependence of the LFM experiments enhances the increase in
the friction force, while the collision of the tip against the nanostructures and the
possible tip asymmetry might produce additional contributions to the torsion of the
cantilever beam, all these factors resulting in a higher friction force [49]. This
discussion accounts for the maxima observed for both samples; however, it does not
explain why the so-called residual peaks in the nanostructured PET are so intense, in
comparison to those for nanostructured PET/EG. Since the LIPSS have a fairly
symmetrical geometry, one can calculate the mean slope (<m>) of the nanostructures,
going from the bottom of the valleys up to the top of the peaks. We found a <m>pgr Lipss
= 0.25 and a <m>pgrEG Liess = 0.18, indicating a decrease of almost 30 %, i.e. the
nanostructured PET/EG sample is flatter, as introduced above for the mechanical
modulus analysis. Nonetheless, considering the quantitative differences in the friction
force measurements on these two samples demands a further contribution of the EG
filler itself to explain the smaller values of friction force as well as a better quality of the
measurement for nanostructured PET/EG, beyond the topography-induced effect due to

the intrinsic geometry of LIPSS

Having this in mind, we only took into account the friction force values measured on
the top of the nanostructures. Figure 3 shows the friction force results for
nanostructured PET (open squares) and PET/EG (open circles). It is remarkable the
large error bars for nanostructured PET, showing the lack of consistency of the
measurements for this sample. The linear fits for the nanostructured samples also
correspond to the Amonton’s law (equation (5)). Table 2 summarizes the obtained
parameters. Both nanostructured samples showed a decrease in the adhesion force
compared to the non-irradiated ones, being this result coherent with the adhesion force
variations measured by PF-QNM. The friction coefficient increased for both irradiated
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samples. Going into detail, PET/EG showed a 1.6x increase with respect to the non-
irradiated film, whereas for the PET sample the increase is 4.5x. Even though u is not
restricted to be in the [0,1] range, the value found for the nanostructured PET is high
and it could be related to an abrasive scanning procedure, explaining as well the noise
observed in the topography image. Previously Burton and Bhushan reported an increase
in the friction coefficient of polymer nanostructures [50]. In this work, authors observed
that relative humidity played a key role on the measurements, as also reported by Feiler
et al. [51]. In our experiments, we cannot rule out the possible formation of a thin water
layer between the nanostructures patterns, which might interact during LFM scanning,
as recently proposed as a hypothesis by Rota and collaborators for LFM measurements
in nanostructured inorganic surfaces [52]. However, in this latter work, LFM was
carried out using probes with a curvature radius higher than the mean size of the
nanostructures, not allowing a local characterization of the material and making hard to
conclude about the role of water within the nanostructured channels. We make emphasis
on the fact that under our current protocol, we were able to report laterally resolved
friction force values on LIPSS and to discuss the nanometric effect these laser structures

have on the tribological properties.

Conclusions

We presented a full atomic force microscopy mechanical and tribological study on PET
and on PET/EG nanocomposites free-standing films. We obtained laterally-resolved
maps of Young’s modulus, adhesion force, deformation and friction force by Peak
Force Quantitative Nanomechanical Mapping and Lateral Force Microscopy. We
quantified the nanomechanical properties of bare PET and of a nanocomposite of PET
reinforced with expanded graphite (EG) (0.4 wt%), observing a 2x increase in the
Young’s modulus in the nanocomposite. Laser induced periodic surface structures
formed on PET and PET/EG showed an increase up to 2.6x in the Young’s modulus,
compared to the non-irradiated samples. These results emphasize the use of LIPSS as a
tool to enhance surface mechanical properties in polymer materials. Using Amonton’s
law, we estimated the friction coefficient from lateral force microscopy measurements.
Our results showed a decrease in the friction coefficient in the PET/EG nanocomposite,

in comparison to the bare PET matrix, pointing out the role of EG as solid-state
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lubricant. Laser nanostructured samples showed an increase in the friction coefficient
consistent with previous reports in the literature. Our fully microscopy-based approach
for the study of nanomechanics in polymer films and polymer nanostructures is
proposed as a valid technique to study how contributions arising from complex
geometrical features affect the overall mechanical properties, even at surface depths

higher than the tip/sample deformation.
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