UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Effects of mould wear on hydrophobic polymer
surfaces replicated using plasma-treated and laser-
textured stainless steel inserts

Romano, Jean-Michel; Sarasa, Jorge; Concheso, Carlos ; Gulcur, Mert; Dashtbozorg,
Behnam; Garcia Giron, Antonio; Penchev, Pavel; Dong, Hanshan; Whiteside, Ben ; Dimov,
Stefan

DOI:
10.1080/17515831.2020.1785234

License:
None: All rights reserved

Document Version
Peer reviewed version

Citation for published version (Harvard):

Romano, J-M, Sarasa, J, Concheso, C, Gulcur, M, Dashtbozorg, B, Garcia Giron, A, Penchev, P, Dong, H,
Whiteside, B & Dimov, S 2020, 'Effects of mould wear on hydrophobic polymer surfaces replicated using
plasma-treated and laser-textured stainless steel inserts', Tribology - Materials, Surfaces and Interfaces, vol. 14,
no. 4, pp. 240-252. https://doi.org/10.1080/17515831.2020.1785234

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
This is an Accepted Manuscript of an article published by Taylor & Francis in Tribology: Materials, Surfaces and Interfaces on 12 July 2020,
available online: http://www.tandfonline.com/10.1080/17515831.2020.1785234

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 27. Apr. 2024


https://doi.org/10.1080/17515831.2020.1785234
https://doi.org/10.1080/17515831.2020.1785234
https://birmingham.elsevierpure.com/en/publications/62400ba5-629b-4e3b-b5cd-430525e8899c

Effects of mould wear on hydrophobic polymer surfaces
replicated using plasmatreated and laser-textured stainless
steel inserts

Jean-Michel Romano (1)*, Jorge Fantova Sarasa (2), Carlos Concheso (2), Mert Gulcur
(3), Behnam Dashtbozorg (4), Antonio Garcia-Giron (1), Pavel Penchev (1), Hanshan
Dong (4), Ben R. Whiteside (3), Stefan Dimov (1)

(1) School of Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

(2) Center for Corporate Technology and Innovation Spain, BSH Electrodomésticos Espafia,
S.A., 50016 Zaragoza, Spain

(3) Centre for Polymer Micro & Nano Technology, Faculty of Engineering and Informatics,
School of Engineering, University of Bradford, Bradford BD7 1DJ, UK

(4) School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham
B15 2TT, UK

* Contact: jean-michel.romano@gadz.org



Abstract

The mass production of polymeric parts with functional surfaces requires economically viable
manufacturing routes. Injection moulding is a very attractive option however wear and surface
damage can be detrimental to the lifespan of replication masters. In this research, the
replication of superhydrophobic surfaces is investigated by employing a process chain that
integrates surface hardening, laser texturing and injection moulding. Austenitic stainless steel
inserts were hardened by low temperature plasma carburising and three different micro and
nano scale surface textures were laser fabricated, i.e. submicron triangular Laser-Induced
Periodic Surface Structures (LIPSS), micro grooves and Lotus-leaf like topographies. Then, a
commonly available talc-loaded polypropylene was used to produce 5000 replicas to
investigate the evolution of surface textures on both inserts and replicas together with their
functional response. Any wear or surface damage progressively built up on the inserts during
the injection moulding process had a clear impact on surface roughness and peak-to-peak
topographies of the replicas. In general, the polymer replicas produced with the carburised
inserts retained the wetting properties of their textured surfaces for longer periods compared
with those produced with untreated replication masters.
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1. Introduction

The fabrication of products that incorporate surfaces with tailored wetting properties has
attracted significant interest recently’=3. Inspired by water-repellent surfaces observed in
nature, surface structures mimicking the Lotus-leaf*, Rose petal® or Springtail cuticle®’ effects,
among others, have been studied. An analytical description of wetting regimes was originally
proposed by Wenzel® and Cassi-Baxter® and then used by many researchers to explain the
response of various micro and nano scale structured/textured surfaces!®*3. One of the
technologies widely used to fabricate multi scale surface structures is ultra-short pulsed laser
processing. In particular, the technology can be applied to produce Laser-Induced Periodic
Surface Structures (LIPSS)*1® with superhydrophobic properties on metals?#516-1% or
polymers by direct laser writing?>? or by replication?-24,

As aresult of its cost-effectiveness, injection moulding has become a very attractive replication
technology for the mass production of polymer components?®. One of the polymers widely
used to produce engineering parts is polypropylene, which has found industrial applications in
automotive, aerospace and home appliances products as a result of its desirable mechanical
and thermal properties?®. In some cases, polymeric parts are reinforced by adding glass fibers
in the blend. However, this comes in expense of increased mould wear and a reduced tool
lifespan?. In other cases, fillers are added to the blend to reduce the material cost?, but their
effect on the mould lifespan is still to be assessed.

This research investigates the durability of stainless steel mould inserts used to produce talc-
loaded polypropylene parts with hydrophobic surface properties. Especially, the surface
functionality of replicas can be directly impacted as a result of any damage on injection
moulds?’~2°, Therefore, material properties of replication masters, e.g. wear and corrosion
resistance, become critical considerations?>*°. Surface treatments, such as DLC coatings®! or
low temperature plasma treatments®? can potentially be used to extend the lifespan of moulds
by improving their wear, damage and corrosion resistance. To investigate the benefit of
surface hardening, part of the inserts was carburised using a low temperature plasma
treatment. Different surface textures were laser-fabricated on the mould inserts, with surface
features in the range from several 100 nm to several 10s of microns. The evolution of surface
damage to the mould with the increase of moulding cycles, up to 5000 shots, have been
studied and discussed together with the respective wetting properties of the replicas.

2. Materials and methods

The process chain used in this research to produce polymeric parts with textured surfaces is
presented in Fig. 1. The manufacturing route employed includes: i) machining of metallic
inserts to the dimensions of the moulding cavity; ii) surface hardening through plasma
carburisation; iii) fabrication of micro and nano scale surface structures using an ultra short
pulsed laser; and finally, iv) the replication of the surface textures by injection moulding. In this
section, these process stages together with the used characterisation techniques are
described.
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Figure 1. The process chain used in this research to produce polymer parts with textured
surfaces.

2.1 Low temperature plasma carburising

Feasibility trials were conducted to determine if plasma carburasing could be applied after the
laser texturing. They showed that applying this plasma treatment after the laser processing
led to inhomogeneous diffusion of carbon in the sub surface and also to some madification of
surface structures. Therefore, low temperature plasma carburising was perform only before
the laser texturing operations.

First, the inserts were machined from 304L grade austenitic stainless steel to the dimensions
of the moulding cavity, in particular a rectangular plate with dimensions of 60 mm x 40 mm. A
surface alloying plasma treatment was utilised to diffuse carbon into the surfaces of the inserts.
Since surface oxides can act as a dense barrier to plasma treatment, samples were freshly
grounded down to #1200 grit size prior to plasma treatments. Additionally, samples were also
ultrasonically cleaned using Teepol and acetone in order to remove any dust, grease or
contaminants on surfaces.

The inserts were then DC plasma carburised (DC Klockner lonon 40 kVA plasma furnace) in
a working gas mixture of 98.5% H, : 1.5% CH. at a pressure of 3 mbars (see Fig. 2a). The
samples were treated at 400°C for 30 h. Following this treatment, the inserts were gently
polished using 1 um diamond suspension in order to remove any loose sputtered material left
over from the treatment.

2.2 Laser texturing

The treated stainless steel inserts were laser textured using a circular-polarised ultra-short
pulsed laser (Amplitude Systemes Satsuma) with a wavelength of 1032 nm, 310 fs pulse
duration and a repetition rate of 250 kHz. The beam delivery system used in this research is
illustrated in Fig. 2b. In particular, a 100 mm focal length telecentric lens (QiOptiq LINOS) is
integrated to focus the beam to a spot size of ~ 35 ym diameter at 1/e? while a scan head
(Newson RTA A2G) was utilised to steer the beam over the insert surface.
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Figure 2. Diagrams depicting the plasma carburising and laser texturing setups used in the
research, i.e. a) DC plasma carburising at 400°C in a gas pressure of 3 mbars; b) ultra-short

laser processing in the near-infrared regime with beam spot of ~ 35 um and surface
scanning with a pulse-to-pulse distance d and hatch distance h.

Laser settings, i.e. the number of scans, fluence per pulse and hatch distance, were adjusted
for producing three different surface textures and they are shown in Table 1. For each texture,
the same process settings were used both on as-received stainless steel (S) and plasma
carburised plates (C). The first topography was produced by parallel scan lines with a spatial
displacement of 100 um. The second one, with Lotus-leaf like structures was made by
intersecting perpendicular scan lines with spatial displacement equal to the laser spot size,
i.e. 35 um. The third texture was generated using a single scan of close parallel lines at low
fluence per pulse, enabling the LIPSS formation.

Table 1: List of laser processing parameters

Topography Description Number Fluence per Hatch Pulse-to-pulse
Nr. of scans pulse distance distance
() (mJ/em?) h (um) d (um)
S0 and CO Untextured - - - -
Sland C1 Grooves 100 950 100 2
S2 and C2 Lotus 1250 950 35 35
S3 and C3 LIPSS 1 92 2 2

Notes: SO to S3 and CO to C3 denote as received and plasma carburised inserts, respectively.

After the laser processing, the inserts were ultrasonically cleaned in ethanol for 15 minutes,
rinsed and dried with compressed air.

2.3 Injection moulding of polymeric parts

The untextured and textured inserts were integrated into an injection moulding machine
(Arburg Allrounder 170) which is schematically depicted in Fig. 3a. A polypropylene (PP)
homopolymer compound containing 30 wt% talc-based mineral fillers (LyondellBasell
Hostacom HKC 182L W92607) was selected due to its common use in producing polymer
parts of home appliances and other engineering applications. The temperatures of the 3-zone
extrusion screw and nozzle were set at 225, 230, 230 and 235 °C from the hopper to the
nozzle respectively while the mould temperature was set at 80 °C. The heating profile was
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chosen based on the material datasheets and preliminary trials. The ranges of other important
process variables, i.e. the flow rate from 20 to 45 cm?/s, injection pressure from 350 to 650
bar and holding pressure from 350 to 750 bar were identified by conducting moulding trials
using the laser-textured insert S1 (see Table 2). During the preliminary trials, the injection
moulding parameters were chosen to maximise the peak-to-peak height of replicated surface
structures on the PP samples while monitoring the demoulding and ejection conditions and
also for presence of flashes. The duration of one injection moulding cycle was ~ 30 s and its
stages i.e. mould closure, injection, holding, cooling , mould opening and ejection of the plastic
part, are depicted in Fig. 3b. No demoulding agents were used to preserve the surface
chemistry and also to prevent altering the tribological contact.

The final polymer parts are denoted throughout the text with a prefix ‘R’ for replicas that is
followed by the designation of the insert material and texture number.

_Feeder hopper 80°c
Extrusion -
screw N 235°C Closmg InJectlon

Mould
—Insert

T|e bar
Opening and %

ejection

225°C 230°C 230°C

a)

Figure 3. Schematic representations of injection moulding machine and moulding stages: a)
the injection moulding setup used to fabricate the polypropylene parts; b) the stages of the
injection moulding cycle.

Table 2: List of injection moulding parameters

Parameters Units Values
Screw temperature profile °C 225, 230, 230
Nozzle temperature °C 235
Mould temperature °C 80
Injection flow rate cmd/s 42
Volume injected cm? 10 with 3 of cushion
Injection pressure bar 450
Back pressure bar 80
Holding pressure bar 550, 500, 450, for 1, 3, 2 s respectively
Holding time S 6
Cooling time s 15
Full cycle time S ~30

2.4 Material characterisation

The resulting carburised layer was characterised by employing destructive techniques.
Composition-depth profiles were obtained using a glow-discharge optical emission
spectrometer (Spectruma GDA 650HR). Microhardness was measured using a Mitutoyo MVK-
H1 equipped with a Vickers indenter. Also, cross section characterisation was performed on
the inserts following mirror-finish polishing and chemical etching (50% HCI : 25% HNO3 : 25%
H.0) to reveal the microstructure.



A focus variation microscope (Alicona G5, objective 50x) was used to measure the arithmetical
mean (Sa) and maximum peak-to-valley (A;) heights of the structured surfaces. The average
values of nine measurements were used. Topographical datasets were acquired for areas of
800x800 um? with vertical and lateral resolutions of 100 nm and 1.00 um, respectively.

Also, the surfaces were inspected with a field emission gun scanning electron microscope
(JEOL 7000F FEG-SEM). The polymer replicas were examined following a sputter coating of
a thin gold layer and 10keV accelerating voltage was used to minimise any damage from the
electron beam. The spatial periodicity of LIPSS were analysed using 2D Fast Fourier
Transform (FFT) tools of the Gwyddion 2.51 software. The height of the LIPSS was measured
using an atomic force microscope (Bruker Dimension 3100) equipped with tapping-mode
probes (Nanosensors, PPP-Rt-NCHR).

Finally, the average values of static contact angles were obtained from nine measurements
with an optical tensiometer (Biolin Scientific Attension Theta T2000-Basic+) by dispensing 6
pl of milli Q water in ambient conditions.

3. Results and discussion
3.1 Carburising and laser texturing of stainless steel inserts

The first step in producing the injection moulding inserts was the surface hardening of the
304L stainless steel workpieces. The composition-depth profiles of untreated and treated
workpieces are provided in Fig. 4a-b. The profiles confirmed the oxygen content at the surface
of untreated stainless steel samples, i.e. 9.0 wt%, while there were no traces of oxidation in
the carburised ones. As a result of the plasma carburising treatment, the carbon content at
the surface increased to 9.8 wt% compared with the 1.3 wt% of the untreated samples. The
surface carbon content on untreated samples exhibits a sudden drop in concentrations,
showing that they are very likely as a result of surface contaminations rather than carbon
diffusion (see Fig. 4a). On the other hand, significant carbon content could still be seen in the
composition profiles up to a depth of approximately 15 pm (see Fig. 4b). After the chemical
etching of the cross section, a homogeneous layer could be clearly seen at the surface of the
treated samples on top of underlying bulk filled with some inclusion holes (see Fig. 4c).
Intrinsically, the dissolution of carbon atoms within the surface led to the expansion of the
austenitic lattice®. This interstitial intercalation was associated with high compressive residual
stresses®, confirmed by an increase of the microhardness from 184 to 495 HVos , i.e. for a
load of 50 gf (see Fig. 4d). The load bearing capacity was examined, too, by increasing further
the indentation load and it was found that there was still a 40% hardness enhancement even
under a load of 500 gf.
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Figure 4. Composition-depth profiles of a) untreated (S0) and b) carburised (C0) inserts, ¢) a
micrograph of the carbon expanded austenite layer and d) Vickers microhardness of
untreated and carburised inserts.

The next step in producing the injection moulding inserts was surface texturing employing an
ultrashort laser source. The three topographies that were investigated in this research are
shown in Fig. 5. The laser processing parameters used to produce them are provided in
Section 2.2. The first topography was parallel grooves with a 100 ym spacing that had a
Gaussian-shaped profile with width and depth of approximately 39 and 65 ym, respectively
(see Fig. 5a-b). The Lotus-leaf like structure included an array of holes with 37 um diameter
and approximately 60 ym depth (see Fig. 5c-d). The third topography consisted of Laser-
Induced Periodic Surface Structures (LIPSS)®*+¢ that covered homogeneously a 6 x 12 mm?
area. An example of the submicron surface structures is provided in Fig. 5e-f.



Figure 5. 3D views and SEM micrographs of the three investigated surface textures in this
research, i.e. a-b) Grooves (S1), c-d) Lotus-leaf like (S2) and e-f) LIPSS (S3).

Note: The images in b) and d) are viewed at 45° angle.

The same process settings were used to texture both untreated and carburised stainless steel
inserts and there were no significant differences in resulting topographies (see Fig. 6). In
particular, the fabricated grooves (see Fig. 6a-b) and holes (see Fig. 6¢-d) of the first two
textures had similar depths and widths/diameters. Ultrashort laser processing with a polarised
beam can simultaneously result in the creation of micro-scale features covered with LIPSS or
some roughness®. In this research, submicron ripples covered the grooves and Lotus-leaf like
textures and thus dual-scale surface structures were produced while the ablated material and
nanoparticles were deposited around the processed areas'®. A follow up ultrasonic cleaning
did not allow the redeposited material and particles to be detached and removed and they
could be clearly seen along the grooves (see Fig. 6a-b) and around the holes on unprocessed
areas (see Fig. 6¢-d).

Submicro-scale LIPSS textures both on treated and untreated inserts (C3 and S3,
respectively) were triangular in shape and the FFTs indicated a clear hexagonal arrangement
(see Fig. 6e-f). Ripple-like LIPSS fabricated on nitrided stainless steel by using femtosecond
pulses was already reported®” together with complex triangular LIPSS on stainless steel®. The
spatial distance between the ripples was 10 to 20 % smaller into the nitrided layer compared
with that on untreated samples and this was attributed to the compressive residual stresses
in the plasma treated layer®’.In this research, the LIPSS generation on carburised stainless
steel is demonstrated and the results have shown that this surface treatment made little
difference on the LIPSS morphology (see Fig. 6e-f). In particular, the generated LIPSS on
treated and untreated inserts had an average spatial periodicity of approximately 900 nm while
the peak-to-valley distance varied between 80 and 200 nm.



Figure 6. SEM micrographs of resulting topographies on untreated and carburised inserts,
i.e.;a) S1, b) C1, ¢) S2,d) C2, e) S3, f) C3.

Notes: 1) the textures on untreated and carburised stainless steel are shown on top and
bottom rows, respectively; 2) Grooves, Lotus-leaf like and LIPSS textures are shown from
left to right; 3) the insets in ) and f) depict the respective 2D-FFTs of the S3 and C3 inserts.

Finally, it is worth mentioning that the carburised layer is inherently a metastable phase [32],
i.e. an exposure to high temperatures could trigger the precipitation of carbides, and thus to
alter dramatically the corrosion resistance. Laser texturing typically introduces a thermal load
onto the surface with some associated negative side effects, especially when nanosecond
laser pulses are employed [29,33]. Especially, a heat affected zone around the laser
processed area can be observed, i.e. recasts and oxidation of the expanded layer, that leads
to morphology, structure and mechanical properties modifications. By deploying femtosecond
pulses, the laser-material interaction time is drastically shortened to a few picoseconds [34],
and therefore the laser processing could be considered athermal [14]. This could be especially
beneficial when processing metastable materials. Therefore, in this research, no thermal
damage, such as cracking or subsurface precipitation, was observed after processing the
carburised layer with femtosecond pulses with a repetition rate of 250 kHz. However, further
investigations are required to characterize better the laser-matter interactions with the
carburised layer.

3.2 Injection moulding of polymer replicas

The laser-textured inserts were mounted into the injection moulding modular tool and polymer
replicas were produced with the process settings described in Section 2.3. The replicas of
grooves and Lotus-leaf like textures were protruding structures with height of approximately
35 um as shown in Figs 7a and 7b. The generation of textures with higher aspect ratios were
attempted, too, and heights up to 48 um were achieved, however, the demoulding
performance was drastically reduced, i.e. the replicas could not be readily released from the
inserts. Therefore, it was more appropriate in the context of this research to use textures with
a lower aspect ratios and thus to achieve a replication efficiency of at least 55%.

Both micro- and submicron textures, especially with dual and single scales’ features, were
replicated simultaneously. For instance, the base and the walls of the micro features replicated
from the grooves onto the inserts were covered with LIPSS, while their tops were smooth (see
Fig. 7a). Similarly, denser surface topographies were produced with the Lotus-leaf like
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textured inserts and again LIPSS were observed around the resulting protrusions (see Fig.
7b). The triangular LIPSS were also successfully replicated, with the resulting textures being
negative copies in a clear hexagonal arrangement (see Fig. 7c). The peak-to-valley heights of
the replicated submicron features were in the range of 40 to 140 nm while the replication
efficiency was higher (up to 70-80%).

Figure 7. Top view SEM micrographs of the textured PP replicas: a) Grooves (RS1), b)
Lotus-leaf like (RS2) and c¢) LIPSS (RS3).

Notes: The images in the insets a) and b) were viewed at 45° angle and the black arrows
point out some mineral fillers.

The mineral fillers are visible on the planar surface of the moulded parts and also on the
replicated surface structures (see insets in Fig. 7a-b). The filler-matrix interface was analysed
by cryogenically fracturing the PP parts in liquid nitrogen. The layers of fillers and platelet talc
particles with sizes from half a micron up to dozens of microns could be seen in the polymer
matrix. The fillers had a random-in-plane alignment in the polymer bulk and an orientation
parallel to the flow direction in the replicas’ skin layers due to combination of elongation forces
and shear flow around the melt front**%°, as shown in Fig. 8a. Also, the replicated groove-
structures, depicted in Fig. 8b, illustrate how the polymer fills the cavities. The talc platelets
inside the surface structures follow the cavity profile and thus a more complex alignment is
formed.

At the same time, the laser processing debris that remained after ultrasonic cleaning were
transferred to the replicas during the initial injection moulding cycles (see Fig. 8c). Therefore,
it is a common practice to discard the initial moulded parts*, and instead begin analysing the
replicas when the injection moulding process can be considered stable and performing as
intended. In this research, the replicated topographies and their functional characteristics were
studied after the first 50 injection moulding shots.

Figure 8. SEM views of fractured PP replicas along the flow direction of injection moulded
samples with d) untextured (RS0) and e) Grooves (RS1) inserts. f) Optical images of the first
four RS1 parts.

Notes: The images in €) and in the insets a) and b) were viewed at 45° angle and the black
arrows point out some mineral fillers.
11



3.3 Effects of in-process mould wear on surface topographies

5000 replicas were produced using the 30 wt% talc-loaded polypropylene from each insert.
The surfaces of the inserts were analysed before and after the 5000 injection moulding cycles.
Inspections revealed that the laser processing debris were removed after the moulding cycles
(also observed on the first moulded replicas, such as on Fig. 8c) and that some pits and
scuffings were formed, despite the fact that the inserts were hardened. Such surface damages
could be attributed to mould wear arising from shear and frictional forces occurring between
the insert surface and the flow of the highly viscous molten polymer combined with fillers
during the injection and demoulding stages®2%3!, The damages are mainly found on the
surface of the inserts but not inside the micro-scale grooves or pillars, as shown for example
on C1 on Fig. 9a. In particular, adhesive wear on inserts’ surfaces induced the formation of
pits of various sizes and can be explained as a combined effect of adhesive and corrosion
wear. An example of underlying mechanism of pit formation, as shown in Fig. 9b, is the
removal of any inclusions present on the surface of the inserts, followed by a corrosive
damage of the exposed material. Moreover, it is worth mentioning that abrasive wear was not
directly observed in this work. The scratches and plough marks seen on carburised inserts
(such as on Fig. 9b) are due to the gentle post-polishing step after the plasma treatment, as
described in Section 2.1. Traces of polypropylene could be found entrapped in the formed pits
(see Fig. 9c). Overall, further research would be needed to understand the underlaying
mechanism of the types of surface damages and their evolutions along the injection moulding
cycles. Such surface damage or polymer entrapment could have detrimental effects on the
functional response of replicated surfaces, and therefore should be minimised.

Figure 9. SEM micrographs of carburised inserts after 5000 injection cycles: a) C1 and b)
CO0. c) Cross section of a representative surface damage/wear on S0, exhibiting traces of
PP.

Further inspections of the inserts revealed the presence of redeposited material along the
grooves, on both carburised and untreated stainless steel as shown in Fig. 10a-b. Through a
closer look at the side walls it is possible to distinguish LIPSS inside the grooves (see Fig.
10b). Therefore, following the injection cycles, the redeposited material found at the edge of
the grooves was removed due to physical delamination and wear (see Fig. 10c-d). At the same
time some micro cracks into the carburised layer had been initiated near the interface with the
bulk material (see Fig. 10d). Such failure mode has been previously reported for laser-textured
nitrided stainless steel?® or plastic injection moulding®!, however, it is unlikely for carburised
samples where the treated layer is usually much thicker and with a superior load bearing
capacity.

Regarding the Lotus-leaf like structures, the redeposited material formed bulges around the
holes, with no signs of any delamination (see Fig. 10e). The observed differences in
comparison to the groove structures, can be attributed to the different laser processing
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conditions or wear mechanisms present during the injection moulding cycles. Lastly, the
submicron textures, especially LIPSS, were still visible after the 5000 injections, with
approximate aspect ratios between 1:5 and 1:10 on both untreated and carburised stainless
steel as shown in Fig. 10h-i.

Figure 10. SEM top views and cross sections of the laser-textured inserts after 5000
injection moulding cycles: a,c) S1, b,d) C1, e) S2, f) SO, g) CO, h) S3, i) C3.

Note: the inset in ) was viewed at 45° angle.

As a result of abrasion and friction phenomena, the surface finish of the inserts was only
slightly altered. Notably, the roughness of untreated inserts increased marginally after 5000
injection moulding cycles while it decreased slightly on the carburised ones. However, the Sa
values remained of a similar magnitude, from 60 to 100 nm, with a maximum variation of + 3
% and - 10 % (see Fig. 11a). In comparison with other inserts a lower roughness variation was
observed on the LIPSS surfaces. On the other two textured inserts, the depth of the grooves
and the holes was almost the same after the 5000 moulding cycles while the peak-to-valley
height of the laser textures varied up to - 12 % (see Fig. 11b) due to the removal of debris
from the surface and, eventually, the general wear of the top surface.

The topography evolution of the PP replicas with the increase of injection moulding cycles was
also analysed. Arithmetical mean roughness (Sa) and maximum peak-to-valley heights (A;)
were measured on LIPSS (see Fig. 11c,e) and groove (see Fig. 11d,f) structures after 50, 200,
500, 1000, 2000, 3000, 4000 and 5000 cycles. On LIPSS replicas the roughness varied in the
range from 184 to 272 nm without any specific trends. However, the height of the grooves
decreased after the first 100 cycles and then increased marginally from 31 to 34 ym on replicas
from both untreated and carburised inserts. Overall, the standard deviation values of
roughness were smaller on replicas produced with the carburised inserts and this can be
attributed to their higher hardness and wear resistance.
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Figure 11. The evolution of surface roughness on inserts and replicas with the increase of
injection moulding cycles. Arithmetical mean height measurements (top row) and maximum
peak-to-valley heights (bottom row) obtained on inserts, i.e. a) S0, CO, S3, C3 and b) S1,
C1, S2, C2; and PP replicas, i.e. ¢) RS3, d) RS1, e) RC3 and f) RC1.

The topographies of replicated grooves from both treated and untreated inserts were similar
(see Fig. 12a-d). After 5000 injection moulding cycles, the walls were still covered with a

submicron roughness and the top of the groove remained smooth, with sporadic talc platelets
visible. However, micro-scale defects were apparent on replicated topographies, e.g. some

portions of the grooves or the holes were missing, as shown in Fig. 12e-f. This can be

explained with polymer or wear debris clogging the insert topographies. Regarding the LIPSS

inserts, the submicron features seemed to have been damaged after the first 200 mouldings
as shown in Fig. 12g. Such small replication defects can appear following wear damage on
the inserts. After 5000 mouldings, damages such as scratches and wear tracks were much
more apparent across the surfaces (see Fig. 12h). Additionally, the wear pits were replicated
forming micro-scale bumps on the PP surfaces.
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Figure 12. SEM top views of moulded PP samples: RS1 and RC1 surfaces, after 200
mouldings a) and c), and after 5000 mouldings b) and d), respectively. Magnified views of
RS1 and RS2 surfaces after 5000 injections in €) and f), correspondingly. Defects on RC3

after 200 and 5000 mouldings in g) and h), respectively.

3.4 Effects of in-process wear on surface functionality

The replicated PP surfaces exhibited different wetting properties, ranging from hydrophobic to
superhydrophobic as shown in Fig. 13a-b. The water contact angles measured on untextured
PP samples (RSO, RC0O) were between 105° and 110°. Single-scale submicron texturing
(LIPSS) increased the initial contact angles to approximately 130° for RS3 and RC3. The PP
replicas with grooves (RS1, RC1) and Lotus-leaf like (RS2, RC2) textures were
superhydrophobic, initially, with contact angles of approximately 155° and low rolling-off
angles.

Without surface texturing, the wetting properties were relatively stable even after 5000 cycles.
However, the hydrophobicity of all investigated topographies was effected, especially
decreased significantly with the increase of moulding cycles, as shown in Fig. 13b.

For the replicas with LIPSS textures, the decrease of contact angle was progressive from 132°
to 114° with the increase of the moulding cycles and the spread of the measurements
remained low, approximately +/- 4° (see Fig. 13c). Marginal changes were observed when
using the carburised insert (see Fig. 13e). However, in some cases, sharp variations in contact
angles were observed, presumably due to the presence of wear defects where the water drops
would pin and spread.

Regarding dual micro/nano-scale textures, the contact angles decreased from more than 150°
to approximately 125°, 140°, 135° and 140° on RS1, RC1, RS2 and RC2 samples,
respectively. Overall, the PP replicas produced with the dual micro/nano-textured carburised
inserts (RC1 and RC2) retained higher contact angles after 5000 mouldings (see Fig. 13b).
This can be attributed to their higher hardness and wear resistance when replicating micro-
textured surfaces with talc-loaded polymer compound. In particular, following the 5000
moulding cycles, the highest contact angle of almost 140° was obtained on the groove-
textured PP replicas (RC1) produced with the carburised insert in comparison to the bigger
CA decrease on other three surface topographies investigated in this research.

In case of the samples with the grooves (RS1 and RC1), it should also be noted that an
average contact angle above 150° was maintained after 1000 and 3000 mouldings,
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respectively (see Fig. 13d,f). This clearly demonstrated a three-fold increase in durability of
the grooves’ functional properties of the replicas produced with the plasma carburised inserts,
i.e. their hydrophobicity, in comparisons to those produced with as-received steel inserts.

As reported by Wenzel, for a hydrophobic flat substrate, an increase of surface roughness
leads to a higher hydrophobicity®. A further increase of surface roughness and area ratio could
lead to even higher contact angles, sometimes above 150°, due to trapped air®. However,
there was no apparent correlation between the roughness variations and the contact angles
in this research. For untextured or submicron topographies, the roughness of LIPSS samples
(RS3, RC3) did not significantly varied before and after the injection moulding cycles, but the
contact angles decreased progressively. It is worth noting that the areal parametrers, S, or A,
used in this research to study the surface topography evolution on replicas, were not affected
by any localised damage on injection mouldings. Therefore, these areal parameters were
selected to analyse the surface topography and not S, and S, that were used in another
research to investigate dependences between surface roughness and superhydrophobicity on
injection moulded parts?, Thus, the use of S, or A; could explain the reduction of
hydrophobicity with the development of surface defects and the increase of roughness values,
as discussed in Section 3.2. Especially, any localised defects as a result of the mould wear
may breach the quasi-static equilibrium of the droplet, spreading the liquid drop and thus
decreasing the contact angle. Further research is necessary to determine the specific effects
of mould wear on replicas with the increase of moulding cycles and also what areal parameters
could be used to judge indirectly about the wetting properties of injection moulded parts.
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Figure 13. Wetting properties of textured PP replicas: a) 6 yl water drops on surfaces
replicated using untreated stainless steel inserts after 50 and 5000 mouldings; b)
comparison of contact angles obtained on replicas using all 8 inserts, after 50 and 5000
injection moulding cycles; and the evolution of contact angles on c) RS3, d) RS1, e) RC3
and f) RC1, after 50, 200, 500, 1000, 2000, 3000, 4000 and 5000 mouldings.
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4. Conclusion

In this research, a process chain for replicating superhydrophobic thermoplastic surfaces was
investigated. The process chain included, firstly low temperature plasma carburising of
austenitic stainless steel to increase its hardness, followed by laser texturing to produce
replication masters and finally thermoplastic replication through injection moulding. Ultrashort
laser pulses were used to texture the surface of plasma treated inserts, by producing three
different functional topographies: microscale grooves, holes and sub-microscale LIPSS. Then,
a commercially available talc-loaded PP was used to fabricate 5000 moulded parts with the
carburised laser-textured inserts. The surface structures on inserts were replicated on PP
parts with an efficiency of approximately 55% and 70-80% for microscale and submicron
textures, respectively. Replicas of submicron LIPSS led to an increase in water contact angle
from 110 to 130°, while dual-scale topographies (micro-scale structures covered with LIPSS)
exhibited superhydrophobic properties, i.e. water contact angles higher than 150° and low
rolling-off angles.

The inspection of the inserts revealed that debris from the laser processing step were removed
after initial injection moulding cycles and clear signs of wear and surface damages were
observed after 5000 mouldings. Also, the carburised layer exhibited some cracks at the
interface with the bulk material, which should be further investigated, especially its effects on
mould durability.

The evolution of surface topographies with the increase of injection moulding cycles were
analysed together with their wettability, both on inserts and replicas. Any wear or damage on
inserts as a result of the increasing moulding cycles, were replicated onto the PP surfaces and
had a clear impact on their topographies, i.e. arithmetical mean roughness (S.) and maximum
peak-to-valley heights (A;). These two standardized areal parameters could be used to
monitoring the level of wear defects and surface damages that impact the functional textures
on replicas and thus indirectly the intended surface response on thermoplastic replicas.

Superhydrophobicity was retained on PP replicas for longer, approximately 3000 cycles, when
the groove-structured carburised insert was used, whereas, only 1000 parts with similar
wetting properties were produced with its respective untreated counterpart. Regarding the
submicron LIPSS textures, the contact angles of replicas decreased after 5000 injections from
132°to 114°, close to the values obtained on untextured PP replica. In general, the PP replicas
produced with the carburised inserts retained higher contact angles after 5000 cycles. This is
a clear evidence of the plasma treatment beneficial effects on replication masters, especially
on inserts’ wear resistance and through this the wetting properties of textured thermoplastic
replicas were retained for longer.
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