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ABSTRACT

The purpose of this paper is to demonstrate the easy manufacturing and quick characterization of several
microtextured functional surfaces on two transparent thermoplastics of general interest for several
industrial sectors. Microtextured polymeric surfaces with special optical, tribological and easy-cleaning
properties were manufactured via isothermal injection-molding using laser-microtextured steel mold
inserts. For that purpose, conventional injection molding of two chosen amorphous transparent polymers
(polycarbonate, PC, and polymethyl methacrylate, PMMA) utilizing laser-microtextured steel inserts was
carried out, and a detailed morphological and functional characterization of the injected specimens was
conducted later on. We also report on the suitable process conditions for the injection molding of these
specimens using design of experiment (DOE) techniques. The analysis of the degree of replication (DR%)
on the injected samples shows that mold temperature and injection speed are the most relevant
parameters to obtain a successful replication and confirm the viability of conventional injection molding
as a processing technique to obtain microtextured functional surfaces in amorphous transparent thermo-
plastics. The success of the procedure is further checked by the confirmation of the obtained surface
functionalities by various standard and self-developed methods.
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Introduction temperature, melt temperature, injection & holding pressure, cool-
ing time and injection speed as shown by numerous previous
studies.'>"*! While there are differences in the main processing
parameters affecting replication, there seems to be a general agree-

ment on the fact that high melt and mold temperature, high

publications are being focused nowadays on the study and injection speed, and high holding pressure have a positive effect

. ) . . . on the melt flow in micro- and nanometer-sized cavities.
manufacturing of polymeric specimens for a variety of applica- . . . .
. . 1. 1) Exhaustive reviews around the influencing factors were performed
tions. Relevant examples correspond to microfluidic chips,

. 2] . B3] - . by Maghsoudi et al. and Attia et al.!"®'”) Considering mold
optical lenses,'” structural coloration of polymers," isolation . o
of specific cells™) or enhancement of mechanical broperties s erperature, packing pressure, and injection speed as the factors
amfngst others prop ’ with highest relevance on the particular process presented here
L . . PC and PMMA injection molding over micro-textured steel
For the production of such specimens, one of the technologies ( 1 5 oVt . .
with higher industrial potential is the injection molding using inserts), a determination of the factors with the highest influence

. . . . investigated via a DOE is presented in this study.
laser-textured metallic mold inserts, due to its practicality and . o -
. L . . . Concerning the surface characterization of the injected poly-
ease of integration in standard injection molds. In this technique,

Injection molding of specimens with micro- and nanostruc-
tured faces, which enhance or modify their surface function-
ality, constitutes a technology of rising interest in a wide variety
of sectors and applications within the industry. Numerous

the negatively patterned surface on the metallic insert (commonly
nickel or steel) is carried out via lithography & plating processes'®
or laser ablation techniques'” ') to directly remove material from
the metallic plate surface in a periodical fashion.

This mastered material can then be introduced as a tool
insert inside the injection mold for the manufacturing of the
final polymeric specimen, which once injected will have the
complementary positive texture on its surface.[>5!1]

On the injection molding phase, the main factors influencing
the quality of the replication are the election of the injected poly-
mer, the geometry of the mold and cavities to be filled, mold

meric specimens, a double testing on the surface of the resulting
molded specimens (morphological and functional) is carried out
in order to investigate both the replication degree and the
acquired/enhanced surface functionality achieved by the micro-
structure. Confocal microscopy is used to characterize the repli-
cated surfaces, the reference technique when characterizing of
transparent polyrners.[18’19] In the case of surface functional char-
acterization, various tests can be performed to determine the
effectivity of the four functionalities designed on the laser-
microtextured steel inserts: light diffusion, light guiding, easy to
clean and anti-scratch.
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To evaluate the effectivity of the injected light-diffusive
structures, a quick test to measure luminance, homogeneity,
and percentage of change versus a non-structured surface is
conducted.”?*" On the other hand, the light-guiding effectivity
of microstructures on the injected specimens was evaluated by
a high sensitive device that was able to register the luminance
of the perpendicularly guided light (Fig. S3 on S.I).

It is well known that micro- and nanotextures can modify the
tribological performance properties of polymeric surfaces.!*?
The particular anti-scratch microstructure studied in this paper
is evaluated by various micro indentation and micro-scratch
tests, following previously reported techniques.**~**! Surface
roughness parameters were measured and correlated with the
variations on user perceptions of the scratch-visibility. The easy-
to-clean functionality is qualitatively evaluated — due to the lack
of suitable standard test methods — by combining water contact
angle measurements'>* and a quick dust-wiping effectivity test
inspired by Haines.”*”’

The overall objective of the work presented was to confirm
the validity of conventional injection molding as a suitable
method for the successful replication of functional microtex-
tures in amorphous transparent thermoplastics and to obtain
the most relevant influencing parameters. The aim was also to
confirm the investigated surface functionalities using conven-
tional and novel characterization techniques in the absence of
relevant testing standards in some of the presented cases.

Materials and methods
Injection molding materials

The injection molding experiments were conducted using
mainly a polycarbonate polymer, but in some cases (i.e., optical
characterization) polymethyl methacrylate was also used for
comparison purposes. The specific selected polymers were:

Polycarbonate (PC) from the company Covestro (Makrolon
2207 - grade 550115-Crystal Clear).?*!

Polymethyl methacrylate (PMMA) from the company
Evonik (Plexiglas 8N Clear).”?”

Both materials were dried prior to the injection molding
trials: PC was dried at 120°C during 4 h, while PMMA was
dried at 98°C during 2 h, as recommended by the technical
datasheets of the manufacturers.

The injection molding tests were performed at 290°C for
PC and 240°C for PMMA, as recommended by the material
manufacturers.

Microtextured steel discs

The microtextures were manufactured on one of the sides of
steel disc-shaped samples of 30 mm diameter and 5 mm thick-
ness. Inserts were manufactured using laser-ablation techni-
ques with a nano-laser texturing machine, using 220 ns pulse
durations, a wavelength of 1068 nm, and a repetition rate of 80
KHz. The power rate and galvo speed of the laser were set to 35
W and 2000 mm/s. The laser used a circular polarization simi-
lar to what is stated in ref. [10!, but distinctly in our research the
laser source was switched on and oft several thousand times per
layer in a controlled manner to selectively eliminate material

across the surface which allows to create a smoother micro-
topography. This derived in lesser demolding issues upon the
latter injection molding trials, as it can be observed in the
scheme presented in Fig. 1.

The four microstructures (named D1, D2, D3, and D5) used
in the experiments were designed and manufactured by
MICRORELLEUS SL., and their main morphological charac-
teristics and expected functionalities were as follows:

(a) D1 - Homogeneous light-diffusive structure: This

microtexture was designed to conceal and homogenize
the light coming from a LED or a focal point.
This structure followed a Gaussian roughness profile,
with a matte visual appearance, an average depth of
structures of 50 um and an arithmetic mean height of line
(Saroughness parameter) of 3,024 um. Figure 2 (upper left
image) shows a scheme of the working principle of this
microtexture, along with a confocal image. In this case,
the microstructure was engraved within the profile of an
automotive icon representing a heated-seat according to
the manufacturer original design.

(b) D2 - Light-guiding structure: This microtexture was
designed to guide the light passing through a transparent
specimen (e.g., PC or PMMA). Light refracts perpendicu-
larly toward the observer with regards to the initial direc-
tion of illumination. It had shiny visual appearance and
finishing, a peak-to-valley average height of AZ =206 +7
pm, and an approximate distance between peaks of AL =
315 um. A scheme of the working principle of this micro-
texture, along with a confocal image of it can be seen in
Fig. 2 (upper right image). The microstructure lied within
a 1.6 x 1.5 mm rectangle centered on the disk face, accord-
ing to the manufacturer original design.

Figure 1. Scheme of the controlled laser switch-off (red lines) along a small zone
in one of the passes to create the textured area, on which the normal laser
functioning can be observed in black lines.
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Figure 2. Composed images showing the details of the D1, D2, D3, D5 microstructures. Each of the images is composed by: a scheme of the intended observing direction
for each functionality (upper left corner); a confocal image showing the microstructure general appearance (upper right corner) with a line drawn on it showing a linear
profile (lower right corner) and the place from which is extracted. Finally, a picture of each disc that shows red dots marking the places in which replication degree and

uniformity are investigated (lower left corner).

(c) D3 - Anti-Scratch: The purpose of this microstruc-
ture was to optically hide the scratches produced on
the surface of the final polymeric specimen, while
increasing the scratch-resistance of the polymer
surface over which is practised. The structure fol-
lowed a Gaussian profile and has an average feature
depth of 3-4pum with a matte-rough finish.
A scheme of the working principle of this micro-
texture, along with a confocal image of it can be
seen in Fig. 2 (lower left image).

D5 - Easy-to-clean: This microstructure was conceived
to give the final injected polymeric specimen a decorative
finish (matte & shiny) and an easy cleaning of dust and
dirt using water as wiping medium. This is due to the soft
peak and valley features present on it that show an
average peak-to-valley height of 10 pm. Figure 2 (lower
right image) shows a scheme of the working principle of
this microtexture, along with a confocal image.

(d)

Mold inserts and machinery

All the injection molding and morphological characteriza-
tion tests were carried out at the facilities of EURECAT.
In order to hold in place the above-explained micro-
textured discs during the injection molding process,
a custom-designed injection mold insert was manufac-
tured. The insert allowed the placement of the microtex-
tured discs interchangeably on the surface of the fixed half
in the injection mold in order to carry out replication
trials. The insert provided for the adequate flatness,

leaving the microtextured face of the disc exposed toward
the interior of the cavity at a reduced depth of 1,25 mm
with regard to the mold-insert surface. Both insert and
injection mold can be seen in Fig. 3.

Thus, the injected specimen (a squared plate of 70 x 70
x 2.6mm) has a cylindrical elevation of 1.25 mm height
that is centered on the specimen, on top of which the
texture is replicated as can be seen in Fig. 3 (lower left
image).

The entry of the polymeric material during the injection
molding was effectuated through a 6.44 mm diameter cir-
cular gate that delivered the molten polymer into the cavity
via a fan-type entry. The distance from the circular gate-
center to the edge of the injected specimen was 34.40 mm.
Main flow region width, thickness, and distance from entry
to the microtextured zone of the tool were carefully
observed using the polymer flow simulation software
MOLDEX. After a careful analysis, all those parameters
were considered favorable for a successful replication, as
stated in."*"!

For the injection molding trials, an Engel complete
E-motion 200/55 electric machine was used. The main
technical characteristics of the machine can be seen in
Table 1.

The mold inserts were cleaned with isobutanol and let
drying at room temperature prior to the start of each tests.
Also, they were carefully inspected after each injection
round, to confirm the lack of damage or wear on their
surface (already observed in the previous related
project!"*)) using the confocal microscope.
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Figure 3. Composed image showing the injection mold insert developed to hold the
microtextured disc in position during the injection molding stage (upper left), point-
ing its specific placement on the injection mold cavity with a red-dotted arrow and
line (upper right CAD-image). Below, a 3D-CAD image of the injected specimen and
a processed specimen with a replicated microtextured disc on its center.

Table 1. Technical characteristics of the injection-molding machine used for the
trials.

Value Unit
Closing unit
Clamping force 550 kN
Screw stroke 270 mm
Ejection stroke 100 mm
Ejection system Force 23 kN
Injection unit
Screw diameter 25 mm
Maximum injection volume 59 cm3
Screw maximum rotary speed 400 r/min
Injection speed 109 cm3/s
Maximum specific pressure 2400 bar
Nozzle stroke 225 mm
Nozzle force 28 kN

Injection molding experiments and DOE

A factorial design of experiments was applied to check the
influence of various relevant process parameters on the repli-
cation of the microfeatures present on the insert on injected
PC.""?! This method constituted a relevant alternative to check
for the highest-influencing processing factor on the expected
results. For our specific test setup, a 2? experiment type was
used, choosing three molding process factors to check their
influence on the final DR% of the microstructures on the
injected specimens. The chosen factors were as follows: mold
temperature (T,,), injection speed (V;,;) and holding pressure
(P). Details of the specific D.O.E. matrix can be seen in the
Supporting Information (S.I.) document.

The microtextured steel insert D3 with anti-scratch func-
tionality was chosen for this purpose.

Morphological characterization

For the morphological characterization of the injected samples
a Sensofar Plu 2300 confocal microscope was used, and the
images acquired were latter processed by the softwares
MountainsMap 5.1 of Digital Surf, and Gwyddion.

The main purpose of this characterization was the determi-
nation of the degree of replication, DR%:

DRY% = hy/d, x 100 (1)

where hy is the height of features in the polymeric sample
andd, is the depth of cavities in the steel insert.

The DR% parameter is also interesting to check the unifor-
mity of the replicated structures on the injected polymer samples.

Peak heights of features R,, along with relevant surface
roughness parameters such as were measured on the injected
samples according to the DIN EN ISO 4827 standard. The
overall uniformities of the microtextured surfaces’ profiles
were further checked on several relevant points of each of the
microtextured icons, as indicated in Fig. 2.

Once the topographies of the microtextured steel discs and
the replicated injection-molded specimens were evaluated, the
Design of Experiments (DOE) was completed with the help of
the software MINITAB 18.

Functional characterization

For the functional characterization, different tests were chosen
in order to determine the effectivity of each surface and found
a correlation with microstructure morphology in each case:
Light diftusion (D1)

Three of the injected samples of both PC and PMMA materials
with light-diffusive microstructures were tested to determine
the light-diffusive functionality of the microtexture. For that
purpose, maximum and minimum light luminance and homo-
geneity were determined for the injected samples with the
highest DR% by means of illuminating the sample back face
on the zone corresponding to the microtexture (placed on the
front face) by using a LED light source with known character-
istics. Then, the variations on the LED-emitted light character-
istics once it had gone through the microtextured sample were
registered using an ultra-light-sensitive camera (LMK6-5 color
TechnoTeam Bildverarbeitung) placed in front of the micro-
textured surface (opposite side of the sample). The results were
compared with those obtained from illuminating samples of
the same untextured materials.

Light-guiding (D2)

Four samples of PC with light-guiding microstructures and
different DR% were illuminated with an LED light of known
intensity on one of the sides of the sample (Fig. 4). By doing so,
the light traveled through the PC sample and exited it perpen-
dicularly so that a high-sensitivity light-measuring system
(LMK6-5 color Techno Team Bildverarbeitung GmbH) could
properly be placed in order to measure the relevant light
characteristics. In addition, it is important to note that the
samples were cut following indications of the adequate LED
light source-microstructure distance for optimal guiding sup-
plied by the microstructure manufacturer (i.e., 10 mm).
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- D2

1 D3

| D5

Figure 4. Image of the measured luminance on LED-source and a microtextured sample. Measured values are displayed in a logarithmic color- scale.

Anti-scratch (D3)

Several surface scratches wusing a Micro-combi
Indentation-Scratch Tester MHT (CSM) were produced
on the D3 microtextured samples at the EURECAT facil-
ities. In order to evaluate the coefficient of friction (COF)
and the visibility of the residual footprint, scratches with
different applied loads (from 2 N to 10 N) and speeds (8
mm/min and 500 mm/min) using a steel ball indenter with
2.5mm diameter as counterpart were performed. After the
scratch tests, relevant surface roughness parameters were
determined and the scratch residual imprints were visually
inspected and measured using confocal imaging. These
results were correlated with changes in the relevant sur-
face roughness parameters (S,, S4r and S;;) measured
before and after producing the scratch.

The three selected parameters initially measured and
whose evolution was followed after producing the sample-
scratches at different speeds and loads are shown in
Table 3. They were chosen in order to be correlated with
the “scratch hiding ability” of the microstructure and to
analyze the visual perception of the various scratches
produced.

Easy-to-clean (D5)

Due to the absence of standard procedures to check this
effect, a self-made method in which a controlled quantity
of very fine-grained talc powder (PRC Panreac) was
deposited on the top of the microtextured surface, and
then the sample was wiped by dropping ultra-clean water
from a fixed distance.

First, the samples were dried in an oven prior to the
test (following each material datasheet recommendations)
to avoid contributions of absorbed humidity on the
weighed sample prior to the test. The dust was deposited
on the surface of the discs and its excess was subsequently
eliminated in order to obtain a uniform layer. Then, sam-
ples were weighed with a high-precision scale. After that,
samples were held at an angled position (i.e., 45°) and

three equal amounts of 100 uL of ultra-clean water were
dropped from a height of 1.5cm from the upper part of
the textured disc, along three positions parallel to the disc
horizontal diameter (details are shown in Figure S5 of
supplementary information). Finally, the samples were
dried for 5min at 100°C inside an oven and weighted
after complete water evaporation. This procedure was fol-
lowed for all the microtextured and non-microtextured
polymer samples and steel discs. After that, the weights
of wiped-off dust in each case were compared. Images of
samples before and after the water-drop assay were taken
for visual comparison.

In addition, water contact angles and their hysteresis
were determined for all the injected samples and com-
pared to those determined for the microtextured steel
inserts. A tensiometer (Dataphysics OCA 15 CE) and the
appropriate image processing software (SCA 2.0) were
employed.

[ cd/m™2

Figure 5. Results of DOE showing the critical factors and interactions between
them in the replication process carried out with PC.(Tm=mold temperature/Vinj=
injection speed/Pcompac= holding pressure) and the interaction plot between
the selected parameters for an optimized replication response (below).
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Results and discussion
Design of experiments DOE

The results of the design of experiments carried out for the PC
material were obtained using the microtextured disc of anti-
scratch functionality (D3). Figure 5 shows the Pareto chart-
plot of the relative effects that the different considered
parameters have on replication along as well as the interac-
tions between them.

The mold temperature T,, during the injection molding was
the dominant factor of influence on the DR% as expected."' >
The holding pressure and its interaction with injection speed
represented the second and third highest influencing factors in
the process, respectively. The graph also shows a smaller influ-
ence of the interaction between T,, and P, and that the inter-
actions between T, and V;,; were not significant. As expected,
for the chosen materials and process parameters, high T, and
P constituted the two most important influencing factors for
maximizing DR%.

It is interesting to see that the interaction between Vi,;
and P had higher relevance than V;,; alone, which is the
less influencing factor for the considered DOE. This sug-
gests a very small variation of the polymer viscosity on the
short interval where V;,; was tested (i.e., between 100 and
150 mm/s) for the two sets of mold temperatures. It seems
that further experimentation with more spaced V;,; andT,,
values is necessary to check with better accuracy the
influence of V.

Topographic analysis

Light-diffusion microstructure (D1)

For all the different tested injection molding conditions, DR
% reached average values between 68% and 95%. For the
conditions in which the best replication was achieved (i.e.,
95%), the injected PC samples showed a variation on the S,
roughness of the microtopography around +£10% between
the different tested zones in the samples (see Fig. 5, upper
left and right images). This was a clear sign of a uniform DR
% across the whole microtextured surface. Nevertheless, this
small variation in the DR% may be a consequence of small
differences in the thickness of the microtextured discs
(reaching values of up to 0.0l mm in some points). Note
that these differences could cause a non-satisfactory adjust-
ment of the textured disc inside the manufactured custom
mold. This feature could lead to small deviations on the
flatness of the injected sample and the observed DR% varia-
tions amongst the various zones of the sample.

Figure 6 compares the linear profiles of the D1 microtex-
tured steel (left) and the microtextured surface of the injection
molded PC sample with the highest DR% (i.e., T,./Vi,
/P molding conditions of 110°C 100 mm/s and 900 bar).

Light-guiding microstructure (D2)

Figure 6 (second row-profile on the left) compares the
linear profiles of the microtextured steel insert D2 and the
textured surface of the injected PCsample at the molding

conditions (i.e., T,/ V;,/P of 110°C 100 mm/s and 800 bar,
respectively) that gave rise to the highest replication degree
(DR%).

DR% ranged from averages of 80% to 150% depending on the
different conditions applied. The values obtained suggested an
unusual elongation of the features in the case of injection con-
ditions associated to the highest replication degree. These elon-
gations were probably due to a too short cooling time or even by
an excessive surface roughness of the metallic disc of the D2
microtexture. Another possible cause could be the small “wells”
with larger demolding angles present in the valleys observed
between peaks on the profile of the D2 microtextured steel insert.
These two facts might have caused an undesired excessive adhe-
sion of the polymer in the mold cavity upon demolding.

In addition to the elongation shown by the highest peaks in
the replicated microstructure, a set of secondary peaks is also
observed. These might also be caused by an excessive adhesion
of the polymer to the irregularities present on the ridge surfaces
upon demolding. As it will be shown later in the functional
validation part, these deformations did not prevent the
expected light-guiding functionality.

Despite the observed deformations, the microtextured sur-
face of the injected PC samples showed a good replication
uniformity for all the injection molding conditions.
Variations on the peak-to-valley distance between the different
tested zones were minimal (i.e., S; around £10%).

Anti-scratch microstructure (D3)

In Fig. 6 we can observe a linear profile of the D2 microtex-
tured steel insert together with two parallel profiles (roughly
50 pm apart) extracted from the textured surface of the injected
PC sample at molding conditions (i.e., T}/ Vi,;/P of 110°C 150
mm/s and 800 bar, respectively) that correspond to the highest
DR% (93%).

For all the observed injection molding conditions, the micro-
textured surface of the injected PC samples showed an acceptable
uniformity of replication, with variations on the peak-to-valley
distance S; of +15% between the different tested zones. Again, it is
believed that small variations in the steel disc thickness caused an
incorrect adjustment of the disc in the tool insert and flatness
defects on the injected samples, which later derived into unifor-
mities of the DR% amongst various zones of the disc.

Easy to clean microstructure (D5)

Figure 6 compares a linear profile of the D5 microtextured steel
insert D5 with two parallel profiles (roughly 150 pm apart from
each other) extracted from the textured surface of the injected PC
sample at molding conditions corresponding to the highest DR%
(i.e., T,/ Vi P of 110°C 150 mm/s and 800 bar, respectively).

The best replication degree for this test configuration
reached an average 95%, while the lowest were approximately
55 and 65% for the lowest mold temperatures.

For all the observed injection molding conditions, the
microtextured surface of the injected PC samples showed an
acceptable uniformity of replication. Variations on the max-
imum peak to valley distance S; were £10% between the differ-
ent zones tested in the samples.



Pareto chart of the effects
(Output is DR%; a = 0,05)

MATERIALS AND MANUFACTURING PROCESSES . 7

Term 26.41
Factor Name
Tm
A B Vinj
C Pcompac
(g
BC
AC
AB
ABC
B
0 5 10 15 20 25 30
Effect
PSE de Lenth = 7,01639
épu‘ma Tm Winy Pcompac
s L 1100 150,0 a00,0
RS Ay 110,0 150,0] [800,0]
Bajo a00 100,0 200,0
_________ e —
Result D
Ohj: 100,0
y = 250
d = 011765 /
r g
i

Figure 6. Linear profile extracted from confocal images of the microtextured D1, D2, D3 and D5 steel inserts (left column), and from PC injected specimens (right
column). The general appearances of the injected specimens are shown on the right margin.

Surface functionality characterization
Light-diffusion microstructure (D1)

Three samples of PC were tested and compared for an equal
number of injected samples with and without microstructural
features on its top face, following the method presented in the
experimental section. The same experiment was carried out for
the same number of PMMA-microtextured samples with
a similar DR% for comparison purposes to exclude the possi-
bility of material-associated diffusivity effects.

Table 2 summarizes the results of the light diffusion
measurements. Textured PC samples showed a marked
increase of 96.5% in the homogeneity of the light measured

Table 2. Experimental results of the light-diffusion characterization.

sample vs the non-textured PC samples. The increase of
homogeneity determined for the PMMA samples reached
19.2%, while the decrease in the main luminance was of
17.8% compared to a decrease of 29.5% for PC. As can be
seen on Table 2, both materials confirmed the enhanced
light-diffusive surface functionality acquired by the pre-
sence of the microtexture, markedly on a higher level for
the PC material when compared to the PMMA.
Nevertheless, the increase in light homogeneity measured
for both materials, which is directly related to the diffusive
capability of the microstructure, came at a higher decrease
in mean luminance of 12% in the case of PC with regards
to the PMMA.

Luminance (cd/m?)

Change (%)

min. max. mean Homogeneity min/max % Mean luminance Homogeneity
PC Non-textured 2360 8631 4622 305 REF REF
Textured 2801 4701 3256 59.9 -29.5 96.5
PMMA Non-textured 2638 9563 5096 27.6 REF REF
Textured 2555 7871 4191 329 -17.8 19.2
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Table 3. Experimental results of the light-guiding measurements.

Luminance (cd/m?)

Sample Min Max Mean

Measured on 1 13.84 14150 669.40
LED source 2 13.88 14210 697.10

3 13.93 13960 653.80

4 13.96 14520 714.00

After guided by 1 13.49 108.40 31.51
microstructure D2 2 13.44 71.67 26.39

3 13.51 92.90 27.67

4 13.49 75.23 25.82

Light-guiding microstructure (D2)

Four samples of injection molded PC were illuminated
from one of its sides by means of a white LED of known
characteristics, and the light coming out of the D2 micro-
structure was evaluated and recorded at a distance of 20
cm (Figure S2 in supporting information document).

The measured luminances of the original LED-source
and guided light after going through the microstructure
D2 are summarized in Table 3.

mm 50um

It can be observed from the table that the highest efficiency of
the light-guiding functionality was reached for sample 1, which
corresponds to a DR% of 80%. This value contrasted with the value
attained on sample 2, which had the highest DR% (i.e., 150%), but
also the highest distortion on the injected features. Nevertheless,
even for various different DR% and geometrical distortions of the
features, the measurements of mean luminance for all samples
showed similar values and confirmed the D2 surface functionality.
This is consistent with the bigger dimensions of the D2 micro-
textures, which probably were less exigent in terms of process
conditions to achieve adequate replication when compared to
the other microstructures (e.g., D1, D3, and D5).

Anti-scratch microstructure (D3)
The chosen roughness parameters (S,, Sqr, Sir) were initially
measured for both injected textured and non-textured samples
of the same material for comparison purposes. These initial
values are summarized in Table 3. Samples with a DR% of
67,5% were chosen for this evaluation in order to confirm the
surface functionality at the lowest replication level obtained.
Confocal images of scratch residual imprints for two applied
loads (2 N, 5 N) and speed levels (8 mm/min and 500 mm/min)
in both textured and non-textured samples are shown in Fig. 7

SN 500 mm/min

Figure 7. Confocal images (200 X magnification) of the footprints produced on non-textured samples (right) and D3-microtextured samples (left) at the indicated

indenter loads and speeds.
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Figure 8. Evolution of the coefficient of the measured friction COF (left y-axis) coefficient and Sy, values with load and speed levels of indentation.



Table 4. Initial measurements of the roughness parameters for non-textured and
D3 textured samples.
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Table 7. Values of initial sample weight, weight after dust addition, and percen-
tage of dust removed after the cleaning and drying process was completed.

Salm) Sdr (M) Ser(um)
Non-textured sample 0.035 0.009 0.011
Anti-scratch Texture 2.340 21.200 0.067

Table 5. Roughness parameters for D3-textured and non-textured samples.

8 mm/min 500 min/min

F (N) Sa Sdr Srr Sa Sdr Str

D3 samples 2 1520 7.690 0.608 1.540 9.130 0.801
5 0.962 0720 0416 1.09 0754 0.714

7 1280 0.388 0.023 1.160 0.390 0.023

10 2120 1500 0.030 1.880 1.100 0.030

Non-microtextured 2 0.051 0.011 0.022 0.038 0.008 0.040
sample 5 0490 0342 0.018 0216 0.024 0.026

for comparative purposes. Table s7 summarizes the resulting
values of the roughness parameters and the corresponding fric-
tion coefficients (COF) for the different tested load and speed
scenarios. Finally, a chart representing the evolution of the S,
parameter (right y-axis) and that of the friction coeflicient COF
(left y-axis) is shown on Figure 8.

The determined roughness parameters S,, S4,, and S,
have been used for the analysis of scratch visibility on this
study (Table 4). The parameter S, related to the micro-
structure isotropy (Table 5) stays at relatively constant
values for low load levels and all the load speeds tested,
while strong decreases are seen for S, and Sg4,. This fact
correlates with the lowest visibility of the scratches pro-
duced at low load levels (2 and 5 N) at both high and low
speeds (500 and 8 mm/min, 1°* to 2™ lowest visibility), as
perceived by the observers on the round robin run. Low
perception level was defined as hard to be perceived or
directly not perceived, depending on the observer age. The
results clearly contrast with the much higher visibility of
the scratches produced at higher load levels.

The values of S, at high load (7 N and 10 N) and speed
levels (8 and 500 mm/min) showed a drastic reduction
when compared to those determined at low load levels for
both scratching speeds. This feature can be explained by the
higher damage observed when scratching the microtextured
PC sample at high load and speed levels, and relates well
with the different scratch behavior observed at various low
and high loads and speeds for this viscoelastic material.

Confocal and SEM images of the scratches produced on the
D3 microtextured samples at low and high levels of scratching
load and speeds can be seen in Figures S4 and S5 of the
Supporting Information.

Table 6. Average water contact angles (five measurement points) for microtex-
tured PC samples 1 and 2, flat PC sample and D5 steel disc insert.

matte side SD shiny side SD
Sample 1 84.62 +1.38 83,7 +2.70
Sample 2 84.37 +0.79 82,13 +0.61
Steel Disc Insert D5 88.08 +3.44 92,27 +2.03
PC sample-No texture 84,23 (SD =3.13)

Initial weight Weight WITH dust % dust
(gr.) (gr.) removed
Sample 1 16.7602 16.7616 0.0406
Sample 2 17.0108 17.0122 0.0935
Steel Disc Insert 28.7135 28.7169 0.0091
D5
PC-D1 sample 17.0108 17.0122 0.0235

With respect to the friction coefficient (COF), measure-
ments indicated a practically constant value for every applied
load level applied when the speed is 500 mm/min, except for 10
N that led to a small decrease. On the other hand, a correlation
is observed between COF and the S,, parameter. Specifically,
COF increases for higher S, values. When this roughness
becomes, the surface shows less deformation when scratched
and higher distances exist between peaks and valleys (corre-
lated to S,) of the structured surface. This feature may also
explain the lowest visibility of scratches at high S, values.

Easy to clean microstructure (D5)

First, the values of water contact angles were determined for
the microtextured PC (on both shiny and matte sides), non-
microtextured PC and steel D5 disc insert samples. Table 6
summarizes the average values obtained, which were in good
agreement with reported water contact angles measured on PC
surfaces.”!) The average hysteresis remained below 5° for all
the samples measured.

During the process of checking the efficiency of the easy to
clean microstructure, an additional PC sample with a D1 sur-
face microstructure was included in the trials for comparison
purposes. The values obtained for the weight measurements
can be observed in Table 7.

The values of the amount of dust removed after the
specified cleaning process for samples 1 and 2 were super-
ior to those observed for the metallic disc or even for the
PC sample.

Nevertheless, these values should be taken with caution, as
this is mostly a custom test setup that gives qualitative infor-
mation. The dust amounts removed represent very small quan-
tities, and the PC samples might have gone through some
hydration during the liquid drop stage, due to their different
hydrophilicities.

The water contact angles were quite similar for all the
samples measured, which points to a similar adhesion of
water for all materials. Nonetheless, there were clear differ-
ences between the amount of dust wiped for the D5 micro-
textured PC samples and the rest of the samples used in the
study. In the case of the original D5 textured steel disc, the
lower amount of dust removed might be caused by a higher
chemical affinity between steel and water or a slightly
rougher surface of the steel disc when compared to the
rest of the samples shown.

Interestingly, the removed dust weight for the PC sample of
the D1 microtexture was also smaller than those determined
for samples 1 and 2 (“easy to clean” microtextured D5 PC
samples with DR% of 75% and 95%, respectively). This elimi-
nated the possible reasoning of having an easy to clean
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functionality on the surface of injected PC due to the mere
existence of a microtextured surface. The specificity of the D5
microstructure design for easy to clean purposes appears to be
confirmed by the observed results.

All these facts seemed to confirm the surface function-
ality easy to clean for injected PC samples and point to
a higher effectivity for higher degrees of replication DR%.

Conclusions

This paper demonstrates a method for the replication of sur-
face microstructures on PC using regular isothermal injection
molding and confirms their functionalities based on custom
and easily aplicable validation tests with interest for the indus-
try. The attainment of such functionalities on steel was
achieved by means of laser texturing using an innovative tech-
nique that reverts into lower surface roughness of the obtained
microtextures and therefore easier demolding of the latter
injection molded parts. The latter obtained functional surfaces
of the injection molded plastic specimens represents an inter-
esting technology to enhance the functionality of plastic parts
on the automotive, consumer electronics, medical devices or
lighting sectors, to cite some.

Isothermal injection molding constitutes a suitable method
for the replication of such low aspect-ratio structures of various
physical functionalities in the micrometer range, with high
applicability and uniform results for a large number of parts.
Between the process parameters chosen for the analysis, mold
temperature, and holding pressure showed the highest influ-
ence on the replication degree, as shown by the factorial DOE
analysis.

The surface functionalities were validated even at varied
degrees of replication for the injected microtextured sur-
faces. Custom validation test set-ups were defined to best
represent the final application potential, with a clear focus
on final use properties. Measurements were taken for
relevant parameters, following recommendation of the
project participants in view of underlying the industrial
relevance of the replicated textures. On most cases, the
best replication fidelity was obtained for the center of the
microstructure and a slight deviation on the DR% between
the center and the lateral ends of the injected samples was
detected. These deviations reached a maximum of 15% for
the case of the highest aspect ratio structures (i.e., D2
light-guiding functionality with AR=0.73).
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