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Abstract

Detailed analysis and characterization of injection-molded polypropylene (PP) specimens
produced with laser-textured molds has been performed. Ultrashort pulsed laser surface
structuring was exploited to produce sub-micrometric surface features on injection molds
over areas of 2400 mm?, including two-dimensional hole and cone arrays, and ridges parallel
and perpendicular to the injection direction. Replication effectiveness was evaluated in terms
of surface roughness parameters, Filling Volume Fraction (FVF) and Power Spectral Density
(PSD), after which detailed comparison of the topography in the same region on plastic
samples and molds was performed. A scatterometry setup was employed based on optical
diffraction of a probe laser beam to assess replication fidelity over the entire surface of each
PP sample with a measurement technique suitable for optimization and quality control in an
industrial production environment. Of the tested surface morphologies, greatest replication
effectiveness was achieved with LIPSS oriented parallel to the injection direction, where the
arithmetic mean height of plastic samples (S, = 37 £ 4 nm) was 97% of the corresponding
value of the mold (Sq = 38 + 6 nm), while the average FVF was 86+9% and the PSD indicated
ripple-like features with a spacing of 4 =~ 0.9 um. Direct comparison of the topography in
selected regions highlighted local variability in the transfer effectiveness of individual surface
features. The investigation demonstrated that micro and nanoscale morphology can
effectively be transferred via injection molding over large areas relevant to industrial
applications, while careful attention must be paid to the size and nature of defects in relation
to the specific functional surface under consideration.

Keywords: Injection molding; Laser texturing; Ultrashort laser pulses; Replication; Nanoscale
surface structures; Functional surfaces

1 Introduction

Micro and nanoscale morphology plays a fundamental role in the behavior of both natural
and engineered functional surfaces [1]. Production of fine surface features has been exploited
to modify wettability [2], ice adhesion [3], tribological performance [4], optical properties [5]
and bacterial retention [6]. From a manufacturing point of view, the capacity to produce
micro and nanoscale surface features over large areas represents a significant challenge in
terms of production technology, throughput and cost. Amongst the various techniques
employed to date, ultrashort pulsed laser irradiation has emerged as an important candidate
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for texturing metallic surfaces due to its capability of producing surface features smaller than
1 um via Direct Laser Interference Patterning (DLIP) [7] or Laser-Induced Periodic Surface
Structures (LIPSS) [8]. In the former case, interference between a number of overlapping
coherent laser beams leads to a periodic interference pattern on the target surface that
depends on the optical configuration employed, with ablation taking place in zones where the
local laser pulse fluence exceeds the threshold fluence [9]. In the latter case, interference
between the incident laser beam and surface plasmon polaritons leads to the formation of
parallel ridges perpendicular to the polarization orientation with a spatial period slightly
smaller than the laser wavelength [10]. Laser textured hydrophilic and hydrophobic stainless
steel and titanium alloy surfaces have been widely demonstrated in the literature [8]. A
number of works have also demonstrated reductions in bacterial retention on stainless steel
surfaces textured with ultrashort laser pulses for specific bacteria types such as Escherichia
coli (E. coli) [6,11,12], Staphylococcus aureus (S. aureus) [12,13] and Pseudomonas aeruginosa
(P. aeruginosa) [14]. Such reductions can be attributed to changes in wettability and a
reduction in the available contact area for bacterial cells [15,16]. Despite this progress, the
cost and throughput of ultrashort pulsed laser sources continue to be a major obstacle for the
production of all but highly specialized products. The ability to transfer micro and nanoscale
morphology from metallic molds to polymeric components with standard production
processes would not only increase the range of materials that could exploit such surfaces, but
also greatly improve productivity and economic feasibility [17].

The replication of micro and nanoscale surface structures on polymeric surfaces has been
demonstrated with processes such as soft lithography, hot embossing and injection molding
[18]. Soft lithography is effective at reproducing fine surface features below 100 nm but has
limitations in terms of processing time and available materials. Low-cost superhydrophobic
poly(dimethylsiloxane) (PDMS) surfaces have been produced via soft lithography with laser-
textured molds characterized by LIPSS, increasing the static contact angle from 91° for flat
PDMS to 157° for replicated samples with a 5 h solidification time [19]. This approach has
been applied to improving the performance of PDMS microfluidic channels through creation
of superhydrophobic inner channel walls, achieving increases in flow rate of up to 186% [20].
Superhydrophobic PDMS surfaces have also been achieved with larger surface features
obtained via short and ultrashort pulsed laser ablation of molds and subsequent replication
with curing times in the order of 1-3 h [21,22]. More recently, a reduction in S. aureus
retention of approximately 82% was achieved following transfer of micro and nanoscale
surface structures from ultrashort pulse laser textured Ti6Al4V surfaces to PDMS via soft
lithography with a 24 h solidification period [11]. In this case, replication was quantified by
comparing roughness parameters for the laser-textured and replicated surfaces. Rq, Rq and
Rpv values were all found to be slightly lower on the replicated PDMS surfaces than on the
textured mold, while peaks and valleys were generally similar in size or slightly smaller on the
PDMS surface than on the molds. Roll-to-roll hot embossing is another viable method for
replication of micro and nanoscale surface structures on polymeric films, providing greater
throughput and flexibility in terms of materials. Embossing of polyethylene terephthalate
(PET) films has been performed by texturing nickel sleeves with ultrashort pulsed DLIP to
produce line structures with spatial wavelengths down to 1.5 um and heights down to 141
nm, achieving similar transferred feature dimensions for web speeds of up to of 50 m/min
[23].
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For components with complex 3D geometry, injection molding with textured molds holds
potential for producing functionalized surfaces based on replication of micro and nanoscale
surface structures. Though texturing of molds with high precision can be achieved with
relative ease, replication of micro and nanoscale surface features on thermoplastic polymers
via injection molding remains an important challenge for manufacturers. Replication of
microscale surface features in the order of 0.1-1 mm has been demonstrated on small
polymeric samples on several occasions [24, 25]. While a number of studies have
investigated the effects of LIPSS on polymer slip with the aim of reducing pressure
requirements during injection molding [26,27], replication of micro and nanoscale
structures has seen less attention in the literature. The effectiveness of replication is
strongly dependent on parameters such as mold temperature, melt temperature, injection
velocity and hold pressure, together with the design of the mold itself [28,29]. Injection
molding of polypropylene (PP) with laser-textured molds has been demonstrated for a
matrix of conical surface features of period ~13 um and diameter ~5 um produced by direct
ablation with an ultrashort pulsed UV laser and diffractive optical element [30]. The
resulting structures were found to increase the static water contact angle from
approximately 90° for flat PP samples to approximately 160° for replicated samples. Similar
results have also been achieved with mold inserts characterized by micro/nano arrays
produced with UV lithography and ion etching [31]. The transfer of sub-micrometric ripple
structures with a primary pitch distance of approximately 800 nm has instead been achieved
through injection molding of polystyrene (PS) and poly(methyl methacrylate) (PMMA) using
stainless steel molds textured with ultrashort laser pulses over circular areas of diameter 10
mm [32]. The replication of these structures was found to exhibit strong dependence on
polymer viscosity and therefore mold temperature, with the replicated aspect ratio
increasing with mold temperature up to approximately 80 % for PMMA and 65 % for PS at
120°C. Successful replication of LIPSS with a dominant wavelength of 650 nm and S, of 21
nm has also been achieved via injection molding of PP over an area of approximately 100
mm?, achieving ripple structures with a dominant wavelength of 610-620 nm and S, of 10-13
nm depending on polymer crystallinity [17]. A smaller increase in contact angle compared to
smooth samples was achieved in this case, which may have been due to the limited vertical
dimensions of the transferred structures. The successful replication of sub-micrometric
structures with laser-textured molds over small areas suggests injection molding has
important potential for producing complex 3D polymer components with functional
surfaces.

The present work involves detailed analysis and characterization of 60 mm x 40 mm x 2 mm
injection-molded polypropylene samples produced with laser-textured molds, representing
a larger replication area (2400 mm?) than has previously been demonstrated for sub-
micrometric surface structures. Replication effectiveness is also analyzed in greater detail
than has been considered to date, providing new insight into transfer effectiveness both at a
macroscopic scale and at the level of individual surface features. Ultrashort pulse DLIP and
LIPSS are exploited to assess differences in replication effectiveness for surface structures
characterized by different sub-micrometric geometries, including two-dimensional hole and
cone arrays, and ridges parallel and perpendicular to the injection direction. Through
comprehensive analysis of the resulting topography via Shear-Force Microscopy (ShFM), it is
shown that despite comparable surface roughness parameters and an elevated Filling
Volume Fraction (FVF, the ratio of replicated surface texture filling volume to that of the
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mold), careful attention must be paid to the presence of micro-defects and their potential
impact on the resulting surface functionality. Finally, scatterometry was employed to assess
replication fidelity over the entire surface of each PP sample with a technique suitable for
optimization and quality control in an industrial production environment.

2 Materials & Methods

2.1 Materials

The injection molds used for experiments were DIN 1.2344 (AISI H13 equivalent) tool steel
with a Rockwell C hardness of 48-52. The molds were 105 mm x 60 mm x 20 mm in size with
a 60 mm x 40 mm x 2 mm injection cavity, 10 mm fan injection gate and two 8 mm
diameter ejection pins. The molds contained an internal circuit for circulation of heating
water to avoid premature solidification of the plastic, ensure maximum replication of micro
and nanoscale surface morphology and maintain constant temperature between production
of different samples.

Injection molding experiments were performed with polypropylene homopolymer grade
HB601WG supplied by Borealis. The polymer was specifically intended for injection molding
and was characterized by a melt flow index of 2 g/10min at 230°C with a 16 kg load and an
average shrinkage after injection of 1.4% as determined by the Borealis Method. Despite
semi-crystalline polymers being less well-suited to replication of micro and nanoscale
surface features, the choice of this material was based on its importance within the home
appliances industry for production of components such as dishwasher tanks via injection
molding, where there is strong interest in development of textured surfaces resistant to
biofouling.

2.2 Laser texturing of molds with DLIP

Two molds were textured with DLIP using a custom setup based on a Duetto laser system
from Time-Bandwidth Products AG. The laser was characterized by a wavelength of 1064
nm, pulse duration of 10 ps, repetition rate of 100 kHz and pulse energy of 29 . The laser
beam was delivered to a DLIP optical setup that split the laser into two beams and guided
them back together at an angle of 74° (37° with respect to the mold surface normal). A
detailed description of the setup, including a prediction model and parametric study, can be
found in a previous work [33]. A line interference pattern with a spatial period of 880 nm
was generated within the overlapping volume of the two coherent beams. By placing the
metallic surface of the mold within this interference volume, ablation of parallel structures
corresponding to the interference lines was achieved. The interference pattern cross section
was 60 um parallel to the feed direction and 190 um perpendicular to the feed direction.
With a feed rate of 100 mm/s parallel to the interference pattern, line structures with a
period of 880 nm were produced. To achieve structuring of the entire surface, 190 um wide
line structures were generated adjacent to one another with a distance of 140 um between
the center of each line, denoted as the hatch distance. The mold was moved throughout the
process while the DLIP setup was stationary to avoid vibration of the optical components or
resulting interference pattern.

The above-mentioned procedure was repeated twice, rotating the mold 90° about the axis

normal to the mold surface between each exposure. These two processing steps led to
“cone” and “hole” structures on the molds, depending on the laser beam polarization
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orientation with respect to the interference pattern. For cone structures, polarization of the
laser beam was set perpendicular to the interference lines. Hole structures were instead
generated by setting the polarization orientation parallel to the interference lines,
generating a more complex pattern exploiting the super-positioning of DLIP and LIPSS. All
other process parameters remained unchanged. Molds with cone and hole structures were
denoted mold A and mold B, respectively. All relevant process parameters are summarized
in Table 1.

Table 1: Process parameters employed for DLIP texturing of molds A and B

Repetition rate (kHz) 100
Average Power (W) 2.9
Feed rate (m/s) 0.1
Interference line period (nm) 880

Interference pattern cross section in feed

60
direction (um)
Interference pattern cross section
. . . 190
perpendicular to feed direction (um)
Hatch distance (um) 140

2.3 Laser texturing of molds with LIPSS

A Tangerine laser system from Amplitude Systeme was employed to texture two additional
metallic molds via LIPSS. The laser system was characterized by a wavelength of 1030 nm,
pulse duration of approximately 300 fs, maximum deliverable average power of 20 W and a
maximum repetition rate of 2 MHz. The output laser beam was directed through a beam
expander before entering an IntelliSCAN14 galvanometric scanning head from ScanLAB,
which could achieve a maximum scanning speed of 2 m/s. An f-theta lens with focal length of
100 mm was employed to focus the laser beam to a diameter of approximately 28 um. Molds
denoted mold C and mold D were textured with the same process parameters, presented in
Table 2, but with different sample orientation with respect to the injection direction. For mold
C, ripple orientation was parallel to the injection direction while for mold D, ripple orientation
was perpendicular to the injection direction. The texturing parameters were chosen based on
results presented in a previous work, where the antibacterial properties of laser-textured
stainless steel samples were presented [12]. As the mold dimensions exceeded the working
area of the galvanometric scanning head, a stitching procedure was carried out between two
adjacent regions.

Table 2: Process parameters for LIPSS texturing of molds C and D

Repetition rate (kHz) 1000
Average Power (W) 0.8
Scanning speed (m/s) 2
Hatch distance between successive lines (um) 5
Number of successive scans 1

2.4 Injection molding of plastic samples
Injection molding experiments were performed with an Arburg Allrounder 170S injection
molding machine with a clamping force of 15 t, screw diameter of 22 mm and effective screw
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length (L/D) of 20. Due to the risk of resistance to polymer flow and increased viscosity from
rapid cooling upon contact with the micro and nanoscale surface structures on the laser-
textured molds, emphasis was placed on maintaining polymer viscosity as low as possible
during the mold filling stage. Optimization of injection molding parameters was performed
with a series of preliminary experiments, leading to the final injection parameters presented
in Table 3. These experiments were performed with a Design of Experiments (DoE) to optimize
biofilm prevention on plastic samples. DOE factors included mass temperature (240-260 °C),
mold temperature (25-80 °C), hold pressure (35-70 MPa) and volumetric flow rate (10-62
cm3/s). A cooling time of 10 s was employed. The ejector speed was 200 mm/s with a force
of 10kN. Due to the limited vertical extension of the micro and nanoscale morphology on the
laser-textured molds, no demolding issues were observed during experiments and no extra
release agent was required. A photograph of a laser-textured stainless-steel mold and plastic
replica used for experiments is shown in Fig. 1.

Table 3: Injection molding parameters

Mass temperature (°C) 260
Back pressure (MPa) 2

Injection pressure (MPa) 30
Holding pressure (MPa) 45
Mold temperature (°C) 65
Volumetric flow rate (cm3/s) 50

Heating liquid ' ?
outlet

C R R e D e m
A2 3 456 7¢8°9 10 11.1: 1514 15 16 17 18 19 2

ACCIAIO TFMDERaTA N 1] g

Figure 1: Photograph of laser textured stainless steel mold (ieft) and polypropylene replica
sample (right).

2.5 Scanning electron microscopy

Molds textured with DLIP were analyzed with a JEOL JSM-6490LV scanning electron
microscope (SEM). Molds textured with LIPSS were instead analyzed with a Tescan VEGA3
SEM. Selected injection-molded polypropylene samples were coated with 8 nm of gold and
analyzed with a Phenom ProX desktop SEM using a secondary electron (SE) detector and a 10
kV electron beam.
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2.6 Topography analysis

Correct characterization of the replication effectiveness and dimensional quality control
required high accuracy topography measurements to be carried out [34-35]. Shear force
microscopy (ShFM) was therefore performed to acquire the surface topography of two
injection-molded plastic samples for each of the four molds. The surface topography of mold
C was acquired with ShFM to provide reference data for evaluation of the texture transfer
effectiveness on the respective injection-molded samples. The topography of mold C was
considered as being representative of mold D, as both were produced with the same laser
setup, process parameters and material, with only the mold orientation changed with respect
to the laser scanning direction and polarization orientation. Reference data for molds A and
B were instead taken from a previous study where surface structures were produced on flat
steel samples with the same DLIP setup [33].

The ShFM scanning probe consisted of a 125 um tungsten wire that was electrochemically
etched to an apical diameter of approximately 50 nm. The probe was glued to the prong of a
piezoelectric quartz tuning fork, which was maintained in oscillation at its fundamental
natural frequency of approximately 32 kHz. A nano-positioner with horizontal resolution of 1
nm and vertical resolution of 0.1 nm (calibrated values) was employed with a feed-back
control system to maintain the tip within a few nanometers of the surface and acquire the
surface topography based on changes in the oscillation amplitude and phase induced by
friction in the air layer between the surface and probe. Further to the nano-positioner
resolution, measurement accuracy was affected by fluctuations due to acoustic and
mechanical sources. In typical operating conditions, such fluctuations produced topographic
noise below 2 nm as ascertained by scanning atomically flat reference samples. Positioning
accuracy in subsequent scans and measurement repeatability were evaluated by scanning
reference samples consisting of surface features produced by lithography, leading to an
instrumental error on the order of a few nanometers in all scanning directions. Full details of
the setup are presented in a previous work [36]. Scanning parameters were held constant
with a tip scanning speed of 1-2 um/s, acquiring maps over areas ranging from 10 x 10 pm?
to 80 x 80 um? consisting of up to 1024 x 1024 pixels. For plastic samples produced with molds
C and D, specimen orientation within the instrument was chosen such that the fast scanning
direction was orthogonal to the surface features (parallel ripples) within £3° to maximize
sensitivity. For plastic samples produced with molds A and B, the fast scanning direction was
approximately 45° to the features (square cones and holes). This setup enabled effects such
as long-term drift within the reconstructed topography to be minimized. A total area of at
least 6000 um? was investigated for each sample by performing several ShFM scans over
different areas. The resulting standard deviation of the derived roughness parameters,
typically greater than the abovementioned instrumental accuracy, was used to determine
measurement uncertainty.

2.7 Characterization of replication effectiveness

Following initial ShFM analysis, surface protrusions observed with greater height than the
surrounding topography were analyzed in more detail over areas of 10 x 10 um? on each
sample. The spatial distribution of these protrusions, denoted micro-burrs, was evaluated by
using a grain recognition algorithm based on a threshold method. The threshold was set to
approximately 60% of the maximum height. The algorithm therefore identified structures
having a closed shape with a projected area greater than 0.1 um? and height above the
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aforementioned threshold value. The occurrence of such features could potentially affect
evaluation of areal surface roughness parameters by artificially increasing the measured
roughness, thus leading to overestimation of the transfer effectiveness. Corrected roughness
data were therefore generated by excluding identified micro-burrs to allow effective
assessment of the replication process. The Power Spectral Density (PSD) was then calculated
in the horizontal direction for specific ShFM topography maps to assess the correspondence
between the predominant spatial wavelength on the molds and corresponding polymer
samples.

Further to comparison of roughness parameters for each mold and plastic sample, a
statistical method was employed to assess the quality of the replication process based on
the Filling Volume Fraction (FVF) [37]. A watershed segmentation algorithm [38] was applied
to the uncorrected ShFM topography maps to identify protrusion and ridge patterns on the
molds and plastic samples, respectively. Algorithm parameters, embedded within the
software employed for data analysis [39], were chosen to reject abnormal surface features
such as micro-burrs in the plastic samples and scratches in the molds. Once patterns were
identified, the filling volume for each mold (Vmois) and plastic sample (Vsampie) Was calculated
based on ShFM data and the FVF determined as the ratio Vsample/ Vmold.

2.8 Detailed analysis of replication effectiveness

A more precise analysis of micro and nanoscale replication effectiveness was performed
through closer inspection of surface features on plastic samples and the same regions of the
corresponding mold, allowing direct comparison of the surface texture obtained on the mold
and replicated sample. This task required the ShFM tip to be positioned within a few um of
the same region on the plastic sample and stainless-steel mold. While the nano-positioners
and optical imaging system theoretically allowed such accuracy, reliable reference points
within the imaging system field of view were required. Careful inspection of the mold
revealed the presence of a few macroscopic defects with an appropriate contrast in optical
imaging, which were visibly replicated on the plastic substrate. Such defects were used as
markers in positioning the ShFM tip to scan the same regions of the mold and replicated
plastic samples.

2.9 Replication quality control in an industrial production environment

Finally, a simple scatterometry setup was employed based on optical diffraction of a probe
laser beam to assess the fidelity of the replicated textures over the entire surface of each PP
sample. Such a technique allows optimization and quality control of injection molded
nanostructures in an industrial production environment, with measurement and processing
times being shorter than a typical injection molding cycle [40-42]. A 473 nm laser beam with
a diameter of 1.3 mm was directed onto the replicated plastic samples at normal incidence.
Due to the presence of regular height variations, the samples behaved as optical diffraction
gratings. Diffraction was observed in reflection as it was not possible to perform observations
in transmission due to optical diffusion within the polymer. A reflected spot was detected
with a power of approximately 1% of the incident beam. Only the first-order diffracted beam
was considered as higher order diffraction peaks were very weak. The mapped diffraction
intensity was intended to provide indirect information relating to the macroscopic quality and
homogeneity of the transferred topography, as a local decrease in signal corresponded to a
higher degree of disorder.
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As with any diffraction grating, the angular dispersion depended on the spacing of the surface
features. In the present case, a spacing in the range 0.84-0.90 um and a probe laser
wavelength of 473 nm led to an angular dispersion in the range 30-34°. The height and width
of the diffraction peaks were convolved functions of several parameters, including the surface
roughness and overall regularity of the pattern. In the experimental setup, the diffracted
intensity was collected with a photodetector with an acceptance angle of +1.5° about the
nominal diffraction angle. Each sample was scanned over the entire surface to acquire the
corresponding diffraction intensity. Scanning was performed in 0.1 mm steps for 42 mm in
the direction corresponding to the short side of the samples and in 1 mm steps for 54 mm in
the direction corresponding to the long side of the samples. Spatial resolution was dictated
by the laser beam diameter, in the order of 1 mm in the present case. Since the diffraction
signal was always superimposed on diffuse light from the sample surface, maps were
normalized against the intensity in regions where no pattern was present.

3 Results and discussion

3.1 SEM analysis

SEM images of molds B and C are shown in Fig. 2 as examples of surfaces produced with the
two laser texturing techniques employed. Horizontal feature spacing was in the order of 0.80-
0.90 um in all cases. DLIP holes were characterized by distinct, regularly spaced protrusions,
while LIPSS presented a typical structure induced by single-beam irradiation of metallic
surfaces with ultrashort laser pulses characterized by a series of parallel ridges and valleys.
Distinct micro and nanoscale morphologies were observed in each case, allowing assessment
of the transfer effectiveness of both one and two-dimensional laser-induced features via
injection molding.

SEM images of injection-molded plastic samples produced with the same molds are presented
in Fig. 3. In the case of DLIP holes, the replicated surface morphology was a series of cones
with negative geometry compared to the mold used for its production (Fig. 2(a)). In the case
of LIPSS, the replicated surface morphology had similar characteristics to the mold used for
its production (Fig. 2(b)), with a series of parallel ridges and valleys. Individual defects such as
micro-burrs resulting from the injection-molding process and subsequent sample extraction
could be observed; however, these were relatively limited in extent. Qualitative analysis of
the plastic surface therefore confirmed the possibility of replicating micro and nanoscale
morphology on polypropylene via injection molding.
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Figure 2: Scanning electron images of molds with DLIP holes (mold B) (a) and LIPSS (mold C)
(b).

Flgure 3: SEM images of |nject|on kmoldedplastlc samples produced with mold B (a) and mold
C (b).

3.2 Topography analysis

Figure 4 shows representative 10 x 10 um? topography maps of all tested injection-molded
plastic samples together with the respective reference surfaces (Section 2.6). Areal surface
parameters derived from several ShFM scans over different areas of each sample are
summarized in Table 4. The expected features comprising cones, holes and ripples were
consistently transferred; however, defects were detected in the form of linear scratches,
micro holes and surface waviness, with consequent variations in average height.
Furthermore, features not often found on laser textured stainless steel surfaces were also
observed on plastic samples, including isolated protrusions exhibiting markedly greater height
than the average topography. These micro-burrs were likely to have resulted from the
injection-molding process itself and subsequent sample extraction.

420 nm

300

200

REFERENCE

100

420 nm

300

200

100

PLASTIC REPLICA

Figure 4: Representative 10 x 10 um? topography maps of all reference and injection-molded
plastic samples obtained via ShFM analysis.

Table 4: Areal surface roughness parameters derived for all injection-molded plastic samples.
The prominent periodicity was determined through 2D autocorrelation maps. Reported

Manuscript submitted to Journal of Manufacturing Processes



uncertainty intervals represent the dispersion of results obtained through statistical methods
based on several ShFM acquisitions performed over different areas of each sample.

Quantity Units Sample A | Sample B | Sample C | Sample D
Prom. periodicity A [um] 0.84 +0.02 0.84+0.02 | 0.90+0.02 | 0.89+0.02
Arithmetic mean Sq [nm] 49+4 52+3 48 +3 44 +5

height

RMS height Sq [nm] 61+6 664 61+4 58+5

Max. height S; [um] 0.42 +0.05 0.45+0.04 | 0.47+0.04 | 0.43+£0.04
Max. peak height Sp [um] 0.19+0.03 0.23+0.04 | 0.29+0.03 | 0.29+0.03

Max. pit height Sy [um] 0.22+0.03 0.21+0.04 | 0.18+0.02 | 0.14+0.02

3.3 Characterization of replication effectiveness

With the aim of showing a typical example of the replication effectiveness, Figure 5(a)
presents a detailed topography map of an area on plastic sample C exhibiting local
protrusions. The corresponding line profiles show that these features are superimposed on
the underlying texture, as their height is up to 100 nm above the average ripple height. Such
features were typically observed in regions where the surface texture was characterized by a
local irregularity such as the merging of two adjacent ripples. The features were also
irregularly shaped due to coalescence of several topography peaks. While attempts were
made to remove such features from the surface by using gentle cleaning procedures aimed
at preventing texture damage such as soft air blowing and brief immersion in ethanol, no
appreciable differences were observed. Taking into account their shape and spatial
distribution, a possible interpretation for their formation may be the presence of micro-burrs
resulting from detachment of the plastic substrate from the mold. While the extension of such
defects was relatively limited, their presence may have affected evaluation of the areal
surface parameters.
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Figure 5: Detailed topography map of plastic sample C showing isolated protrusions with line
profiles along the horizontal and vertical dashed segments (a); 40 x 40 um? topography map
of the same sample with blue spots representing micro-burrs identified with the grain
recognition algorithm (b).

An example of the results of the developed recognition algorithm for identification of micro-
burrs can be seen in Fig. 5(b) for sample C over an area of 40 x 40 um?, with protrusions
identified as blue grains. The micro-burrs covered approximately 10-15% of the investigated
region. It was observed that the micro-burrs were often distributed in stripes, possibly
reflecting local inhomogeneities in injection-molding parameters such as temperature,
pressure and composition. Corrected roughness data excluding the identified micro-burrs are
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presented in Table 5, together with data from reference metallic samples. In this case, the
average surface roughness of the plastic samples decreased by about 20%.

Assessment of the texture replication effectiveness was performed by comparing the areal
surface roughness parameters of injection-molded plastic samples with those of the laser-
textured molds used for their production. Reference data for molds A and B were obtained
from a previous study using similar process parameters [33], while reference data relating to
molds C and D were measured directly from mold C, which was produced with the same laser
parameters as mold D. Table 5 reports a comparison of the measured roughness parameters
for the reference samples and corrected values for the corresponding injection-molded
plastic samples, where the effects of micro-burrs were removed. Discrepancies between the
values for the mold and corrected values for the replicated plastic samples were limited in all
cases, with differences typically within the range of experimental error.

Table 5: Comparison of corrected roughness data for injection-molded plastic samples and
reference laser-textured steel surfaces. Reported uncertainty intervals represent the
dispersion of results obtained through statistical methods based on several ShFM acquisitions
performed over different areas of each sample.

Quantit Units Correct. Ref. Correct. Ref. Correct. Correct. Ref. Mold
¥ Sample A | Mold A | Sample B | Mold B | Sample C | Sample D Cc/D
Arthmetic | o\l 4244 | 5543 | 4143 | 67£3 | 37+4 | 3445 3846
mean height
RMS height | Sq [nm] 516 61t4 52+4 795 434 415 437
0.38 % 0.42 + 0.36% 0.54 034+ 032+
i +

Max. height | S; [um] |5 o 0.04 0.04 0.04 0.04 0.04 | 044012

The arithmetic mean height (Sq) of the corrected surface profiles of plastic samples A, B, Cand
D were 76%, 61%, 97% and 89% of the corresponding reference samples, respectively.
Excluding the influence of micro-burrs, discussed previously, these results indicate that
greatest replication effectiveness was achieved with LIPSS oriented parallel to the injection
direction (sample C), followed by LIPSS oriented perpendicular to the injection direction
(sample D), DLIP cones (sample A) and DLIP holes (sample B). This outcome is likely linked to
polymer flow with respect to the textured mold surface morphology during the injection-
molding processes. Micro and nanoscale structures exhibiting simple vertical features parallel
to polymer flow facilitate effective replication, while more complex surface morphology or
the presence of features perpendicular to the flow direction lead to a reduction in replication
effectiveness. This outcome has important implications for the design of replicated functional
surfaces, which must take into consideration both the required functionality and replication
process.

Figure 6 compares the Power Spectral Density (PSD) calculated along the horizontal direction
of ShFM topography maps of mold C and the corresponding replicated plastic sample. In this
case, maps were averaged over 20 um in the vertical direction. Further to other features
stemming from waviness and large-scale features, peaks were clearly observed in both
spectra. Taking into account their position, corresponding to a spatial frequency of k =
2m/x = 6.9 um?, in agreement with ripple-like features with spacing A = 0.9 um, their
occurrence can be attributed to the transferred texture. The peak height, representative of
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the overall regularity of the textured patterns, was slightly lower for the replica sample
suggesting a slightly higher degree of disorder.
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Figure 6: PSD calculated in the horizontal direction of ShFM topography maps for mold C (a)
and the replicated polymer sample (b).

Figure 7 presents a schematic showing application of the watershed segmentation algorithm
employed to evaluate the transfer effectiveness based on the Filling Volume Fraction (FVF),
together with ShFM maps of mold C and the corresponding plastic sample highlighting the
identified patterns in red and blue, respectively. FVF values were generally above 75% for all
investigated samples, depending on the portion of the surface that was analyzed. For
sample C, achieving the highest FVF, analysis was carried out over the same areas of both
the mold and plastic samples. The complete scanned surfaces, around 10* um? in area, were
divided into square 20 x 20 um? portions over which statistical methods were applied to
accurately evaluate the FVF data and determine uncertainty. In terms of projected area, the
patterns identified by the algorithm occupied similar fractions of the scanned mold (62+5%)
and plastic sample (58+7%), indicating similarity between the spatial distribution of surface
features on the two surfaces. Through calculation of the filling volume for the scanned mold
and plastic sample within the identified regions, the FVF was determined as 86+9%.

Mold
(a) \

"y

Plastic sample

Figure 7: Schematic showing the cross section of the identified pattern volumes as shaded
areas for calculation of the FVF (a); examples of patterns identified by the watershed
segmentation algorithm, represented by red and blue areas in topography maps of mold C
(b) and the corresponding plastic sample (c).

3.4 Detailed analysis of replication effectiveness

Mold C and the respective plastic samples were chosen for detailed analysis of replication
effectiveness as LIPSS oriented parallel to the injection direction exhibited greatest
macroscopic transfer effectiveness in terms of surface roughness parameters and FVF. Direct
comparison of the topography in selected regions of the mold and samples was performed
through closer inspection of surface features on the plastic samples and the same regions of
the mold based on the presence of defects that were transferred to the plastic. Positioning
accuracy in the direction normal to the LIPSS was <200 nm, while accuracy parallel to the
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LIPSS was limited by the optical positioning system and was therefore approximately 2 um.
Line profile data were filtered with a low-pass filter with a cut-off spatial period of 4 um to
remove waviness observed on length scales larger than the texture periodicity. Furthermore,
data pertaining to the replicated sample were inverted to match hills and valleys on the mold
and replicated surface. The outcome of this analysis is shown in Fig. 8, where it can be
observed that the ripple width was similar in both cases, with differences in the order of the
measurement resolution, approximately 40 nm. The depth of the replicated features was
somewhat variable, allowing direct assessment of the vertical transfer effectiveness of
individual features.

— MoldC

—— Plastic sample C

(b) —— Mold-plastic deviation

At
T st e

Height [nm]

—r 7T T 7T T L e e T
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Figure 8: Comparison of selected line profiles for mold C and the corresponding injection-
molded plastic sample (a) and point-to-point deviation between the two topography profiles

(b).

Detailed analysis of the topography in the same region of the mold and replicated samples
provided important insight into the accuracy with which individual surface structures could
be replicated. While the spatial wavelength and average surface feature height were similar
for both the mold and corresponding plastic surfaces, confirming findings relating to
macroscopic characterization of replication effectiveness, it is clear from Fig. 8 that the
transfer effectiveness of individual features exhibited significant local variability. While LIPSS
on the mold surface were essentially regular, the replicated plastic surface exhibited regions
of limited texture transfer, as well as regions in which the presence of defects led to greater
peak-to-valley elevation than the original mold surface.

The implications of such local variations in the replication of micro and nano-scale defects
must be carefully considered in relation to the specific functional surface under consideration.
For modification of wettability, the presence of such defects is likely to enhance the
hydrophilic or hydrophobic nature of the surface by increasing the Wenzel roughness factor
[38]. For optical components, however, the presence of local variations and defects is likely
to inhibit performance by reducing the ordered nature of surface features required to
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produce optical gratings and waveguides. Effects on bacterial retention and biofilm formation
are instead expected to depend on the size of variations or defects in relation to the micro-
organism in question. Features smaller than the cell size enhance antibacterial and
antibiofouling properties by limiting the available cell-substrate contact area, while those
larger in size lead to the opposite effect by providing shelter from hydrodynamic turbulence
[15]. The ability to identify the type, size and distribution of defects deriving from the
replication process itself therefore represents an important tool in predicting and verifying
surface functionality, for which further investigation into this aspect is required.

3.5 Replication quality control in an industrial production environment

An angular dispersion measurement obtained with the scatterometry setup employed for
industrial replication quality control is illustrated in Fig. 9. Specifically, the diffracted intensity
was computed as a function of the observation angle based on the Fraunhofer formula [39].
The topography pattern derived from ShFM line profiles of sample C was used as the
diffraction source in the calculation, leading to the spectrum shown as a blue line in Fig. 9. For
comparison, the spectrum obtained from a theoretically regular pattern of form sin?(kx)
with height comparable to the experimental S; is reported as a green line in the same figure,
exhibiting features purely due to diffraction. The occurrence of defects and the lower pattern
regularity for the plastic sample resulted in a decrease in height of the main peak, along with
a slight shift in diffraction angle and the presence of an unstructured background.
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Figure 9: Computed diffraction intensity for a pattern derived from the ShFM line profile of
sample C together with a theoretically regular pattern.

Figure 10 shows the acquired diffraction signal maps for plastic samples produced with molds
C and D. The signal was not constant on the length scale considered, with variations in the
order of 4-5x recorded between maximum and minimum values, suggesting some
inhomogeneity in the replication process. This may have been due to local variations in
process parameters or waviness of the molds themselves. On the other hand, a diffraction
signal was observed on all of the investigated surfaces, demonstrating that the expected
surface morphology was nonetheless transferred over a large area. By comparing the
diffraction signal maps for both samples produced with molds characterized by LIPSS, it is
interesting to note that despite the lower transfer effectiveness of sample D, exhibiting a
lower diffraction signal intensity, the signal itself was more homogeneous over the entire
surface implying a more uniform replication process for LIPSS oriented perpendicular to the
injection direction than for LIPSS oriented parallel to the injection direction. The implications
of this outcome again depend on the intended surface functionality. Although the method is

Manuscript submitted to Journal of Manufacturing Processes



unable to discriminate between different effects that are possibly involved in lowering the
diffracted power of the pattern, it represents a viable approach for a rapid and non-obtrusive
investigation at a macroscale and therefore provides an effective approach for rapidly
assessing the quality of replication over large surfaces in an industrial production
environment. Further investigation is now required into discriminating factors affecting the
diffracted power, particularly in relation to comparing the same local regions of molds and
replicated samples.

Plastic sample C Plastic sample D

[arb. un.]
5

4

Figure 10: Diffraction signal maps for samples C and D.

4 Conclusion

Injection molding of 60 mm x 40 mm x 2 mm polypropylene samples has been performed
using laser-textured molds with the aim of providing more comprehensive insight into
replication effectiveness over an area of 2400 mm? based on analysis of the resulting
topography based on ShFM. While replication of laser generated DLIP cones, DLIP holes and
LIPSS oriented both parallel and perpendicular to the injection direction was demonstrated
over the considered areas, differences in replication effectiveness were observed between
the various surface morphologies, while local variations were observed between individual
surface features on a given mold and plastic sample. Through comparison of areal roughness
parameters and the FVF, best transfer effectiveness was achieved for LIPSS oriented parallel
to the injection direction, following by LIPSS oriented perpendicular to the injection direction,
DLIP cones and DLIP holes. In the first case, the arithmetic mean height of plastic samples (Sq
=37 + 4 nm) was 97% of the corresponding value for the mold (S, = 38 £ 6 nm), the average
FVF was 8619% and PSD measurements indicated ripple-like features with a spacing of 1 =~
0.9 um on both the mold and plastic sample. Detailed analysis of replication effectiveness
through direct comparison of the topography in selected regions of the same mold and
sample, however, highlighted local variability in the transfer effectiveness of individual
surface features. Scatterometry based on angular dispersion measurements confirmed
transfer effectiveness over large areas, indicating lower transfer effectiveness but greater
homogeneity for LIPSS oriented perpendicular to the injection direction compared to LIPSS
oriented parallel to the injection direction. While it is clear from the comprehensive analysis
carried out that that effective replication of micro and nanoscale morphology from laser-
textured molds to injection-molded polypropylene samples can be achieved over relatively
large areas, the implications of local variations in replication effectiveness and micro and
nano-scale defects must now be careful considered for further optimization and development
of specific polymeric functional surfaces.
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