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1. Introduction

In the automotive industry, the expectations for plastic products are getting
higher and higher in terms of aesthetics, surface finish, dimensional accuracy and
increasing mechanical properties. Numerous raw material developments and special
processing technologies are being brought to light, thus keeping injection moulding
a constantly developing and leading sector in this segment of the industry.

Increased customer demand makes the quality of plastic parts an increasingly
important issue. [1] In injection moulding, the exact effect of processing parameters
and thermal phenomena on the filling of the desired micro surfaces is not known.
However, producing a quality product requires perfect knowledge of the cavity
filling process. [2]

Microstructures created on the surface of polymer products can not only have
an aesthetic but also a functional role. When creating stiffening rib-like
microstructures on the moulding surface, they can alter the shear stress during
injection moulding. The melt gets oriented on the area of the structures. The created
surfaces also increase the inertia of the product cross-section. Changing the
moulding surface can therefore affect the stiffness of the product due to its material
structure and geometry.

The aim of the research is to create functional surface structures on the
moulding surface of an injection moulding tool using femtosecond laser technology
(which is in the process of significant development in automotive applications) and
studied their effects. | performed two sequential series of experiments in which
microstructures were created on the moulding surface of test injection moulding
tools using laser. In the first series of experiments, | investigated the effect of the
orientation of the structures relative to the melt front, while in the second series |
investigated the effect of their depth.

The aim is to provide results of scientific and industrial value to demonstrate
the influence of the modified mould surface on the flow of the polymer melt - and
thus on the filling of the surfaces - and on the mechanical properties of the injection
moulded products. The raw materials used are automotive polypropylenes and their
recycled and carbon nanotube reinforced versions.
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2. Literature review

In my research, in accordance with the development trends of the automotive
industry, I used the most widely used production process, injection moulding, and
the most processed raw material in terms of volume, polypropylene (PP). However,
my aim was not to develop raw materials, but to investigate the relationship between

the moulding surface of the injection mould and the polymer melt. [3]

2.1. Creating surface microstructures in practice

The term microstructure according to the standard [4] is also used in polymer
technology, with a size range from 1 pm to 100 um according to the literature
available. However, B. Sha et al. in their study referred to microstructures as surface
area units below 200 pm. [5]

Structures can not only have an aesthetic function, but can also modify the
mechanical properties of the product. They can be created using numerous
manufacturing technologies. [6]

The use of femtosecond lasers can be advantageous in industrial environments
compared to other surface treatment processes because:

—  Micro-machining's biggest drawback, complex tool geometry design
and tool wear, is eliminated.

—  Compared to photochemical etching, it does not require chemicals
and other consumables thus does not produce hazardous waste.

— More favourable than other thermal processes, as the heat affected
zone is negligible.

—  Compared to micro-spark eroding, the machine time for the process

is significantly less. [7], [8]

In their research, Calabrese L. et al. showed that the process could be an alternative
to thermal energy-based manufacturing methods such as electro-erosion or chemical

energy lithography. [9]-[14]



2.2. The formation of microscopic surfaces

Injection moulding is also a key technology in the mass production of
microstructured parts, due to its low cost per product, thus allowing for industrial
scale volumes. The microstructures formed on the surface of polymer products are
created by mapping the moulding surfaces, thus we can talk about surface
replication. The quality of parts with structured surfaces can be affected by
numerous parameters.

In their research, Uffe Arle Theilade and Hans Nergaard Hansen found that
temperature is an important factor during replication, as increasing the temperature
of the melt increased the filling of microstructures by almost twofold. A similar
change in height is observed when the injection rate is increased. [17]

Attia U. et al. in a research summary pointed out the phenomenon that high tool
temperatures can reduce the thickness of the solidified layer and delay the cooling
of the cavity, allowing more material to enter the microstructures. Referring to
several published results, the researchers defined the term "material hesitation” to
refer to the effect where the melt enters the structured tool cavity at high velocity,
then skips the microstructures and "flows over" them. These unfilled areas could
only be mapped by the melt at the end of the injection phase, due to the backpressure.
[18]-[20]

B. Sha, S. Dimov, C. Griffiths and M.S. Packianather investigated the
formation of microscale shapes. PP base material has been found to form so-called
rings, which can be explained by the fact that the material "hesitates"”, i.e. stops
temporarily and fills the micro-surfaces only after the final cavity pressure is
reached. The phenomenon leads to solidification of the outer layer of the melt, while
the melt stream continues to flow inwards. Counterbalancing this by increasing the
injection rate and the melt temperature, they were able to inject more melt before
reaching the maximum cavity pressure. [5]

Chang H. and Young W. found that by changing the cooling time, the rate of
shrinkage can be significantly altered. [21]
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Yokoi H. et al. defined the TR (Transcription Ratio) factor as a measure of the
quality of filling in their study. The TR factor, which measures the goodness
(quality) of the moulding, essentially compares the depth of the structure formed on
the mould with the maximum height of the surface moulded on the product. In their
study, the researchers made the important finding that although previous results have
suggested that the significant factors in microstructure imaging are temperature-
related (melt and mould temperature), their hypothesis is limited by material
degradation and the fact that higher mould temperatures mean longer cooling times

and therefore longer cycle times.

2.3. The mechanical properties in realition to micro-surface

structures

In their research, Pantani R. et al. showed that during the injection moulding
process there is always some degree of molecular orientation, which varies in the
cross-section of the moulded product. [22] Yin J. et al. demonstrated with their
measurements that during injection moulding process, when polymer melt flows in
a closed cavity (mould insert), the velocity of the layers near the wall will be lower
than that of the layers in the centre of the cavity due to friction. [23]

In the scientific report of Belina K., he pointed out that, due to the velocity
profile, the orientation rate is higher near the wall than in the middle of the cavity.
In the process, layers are deposited on the mould wall, which cools further. The
layers next to the wall is elongately oriented. The shearing action between layers
that are still in the melt state and already solidified creates the sheared oriented layer,
and then, moving towards the middle of the product, we find less oriented or
unoriented layers. [2] Due to these effects, a complex shell-core structure is formed
in the injection moulded specimens, which can be adjusted by processing parameters

and influenced by surface structures. [24]



C. Gomik has also studied the flow conditions of injection moulding tools with
microstructured surfaces. In his work, he noted that the plug flow near the tool wall
results in highly oriented layers due to the higher shear rate. However, the formation
of layers can be affected by the influence of microstructures on the melt front. [25]

Porfyrakis K. et al. investigated the relationship between processing
parameters, microstructured mould surface and mechanical properties in
poly(methyl methacrylate) (PMMA) based test specimens. It has been found that
due to the surface microstructures (“ridges"), the material flow pressure and shear
stress increases. The injected material is oriented on the face of the surface
structures. The change in the shaping surface has affected the flow pattern of the
melt, and the larger surface area allows more heat to be introduced into the system
through the heated mould, resulting in less solidification along the cavity. [26]

In a scientific publication, Solomon N. and his research colleagues investigated
the filling of automotive parts with a structured surface (leather effect) made of PP
material by injection moulding using a complex experimental design. Out of all the
factors studied, the injection rate had the greatest effect on the quality of the filling,
followed by about half the influence of the mould temperature and the change in the
temperature of the molten plastic. [27]

In all of the literature sources detailed, researchers have used unrecycled, so-
called original material. Recycling causes a significant change in the morphological
structure of the material. It is generally the molecular chain or the crystalline
structure that is damaged. Their negative effect is the deterioration of mechanical
properties. [28], [29] To restore the physical properties of the original material as
indicated in its data sheet, the automotive industry is increasingly using carbon
nanotubes (CNTSs) in addition to glass and carbon fibre alloys to produce

nanocomposites.



2.4. Effect of carbon nanotubes in PP/CNT nanocomposites

In their research, Grimmer C. and Dharan C. combined the reinforcing phases,
a glass fibre reinforced PP base material with an additional 1 m/m% CNT content.
Upon testing the fatigue of the specimens, they found at least 60% improvement due
to the carbon nanotube reinforcement. [30]

In a study by Ashok Gandhi R. and colleagues, the effect of CNT content on
the hardness of PP/CNT composites is described. In their research they investigated
the properties of PP/CNT composites containing 1, 3, 5 and 7 m/m% of CNT.
Hardness is an important mechanical property that determines the applicability of
polymer composites. Based on the researchers' results, the hardness of the PP/CNT
composite increases significantly with increasing CNT ratio in the PP matrix. It is
worth pointing out the high CNT weight ratio, which in this case also resulted in a
considerable increase in costs. [31]

Zhang et al. found in their publication that the MFI of raw feedstock decreased
dramatically from 33 g/10 min to 0.84 g/10 min with the addition of 5 wt% CNT,
and then stagnated with further increase in the weight percentage of the reinforcing
phase. It is worth noting that, based on the curve plotted according to the standard,
the change in MFI below 1 m/m% CNT was still negligible. Recyclation led to chain
breakage, degradation of the material, and thus an increase in MFI: 14-fold
recyclation resulted in a nearly threefold increase in MFI to 90 g/10 min in
comparison to the original material. In contrast, recycling the 3 m/m% CNT
feedstock 14 times has taken the feedstock to its original value of about 33 g/10 min.

With regard to the impact strength, it was found that the original raw material
and the 3 m/m% PP/CNT composite showed almost identical values up to 10-fold
recyclation. Recycling over 10 times, however, has significantly degraded the raw
polymer, while the reinforced specimens still yielded the previous values. Based on
this phenomenon, carbon nanotubes in the polymer matrix not only increase the

mechanical properties but also improve the recycling resistance. [32], [33]



2.5. Critical Evaluation of the Literature

Based on the literature review, it can be said that, the available scientific results
discuss:

1. Micromachining of the moulding surfaces with femtosecond lasers might be
preferable in comparison to other structuring processes in industrial
environments. [14], [34]-[36]

2. The quality of surface structures on injection moulded products is
influenced by process parameters. [5], [25], [26], [37]-[39]

— The extent of their effect is not consistent in the literature.

— Technology recommendations in this field are needed.
3. Surface structures can change the number and proportion of orientation layers

in the injection moulded product. [23], [24], [26]

— However, the scientific results on the relationship between
mechanical properties and micro-surface structures are incomplete.
4. The presence and position of micro-surfaces influence the flow of the melt

front and, through this, the quality of the end product. [40], [41]

—  The quality of the infill can be described by the TR-factor.

— The effect of the orientation of the micro-surfaces relative to the
melt front on the mapping of the end product requires knowledge of
the infill.

— Knowledge of the influence of structure depth and orientation on the
behaviour of mechanical properties is lacking in scientific results.

5. There is a scarcity of scientific results on the effect of recycling and the

changes in flow index and mechanical properties caused during the
reinforcement phase in CNT-reinforced polypropylene nanocomposites.
[32], [33], [42]

—  However, the relationship between the microstructures formed on
the shaping surfaces and the carbon nanotube reinforced materials in
terms of neither filling nor mechanical property changes is not
defined in the literature.



3. Aim of research

Based on the literature review, the hypotheses that the orientation and depth
of microstructures made of polypropylene material that replicated laser surface
treatment influences the flow of the melt. The increased mould surface area affects
the cooling and heat transfer conditions and can change the proportion of oriented
layers in polymer products. The mechanical properties of plastic products can be
caused by the influence of microstructures on the core-shell structure.

As aresult, it can be assumed that:

— The mapping of structured surfaces can be significantly increased by
optimally adjusting the significant factors. [5], [25], [26], [37], [38]

— Process parameters of injection moulding and correlation of
microstructures formed on the surface have varying influence on the
flexural strength and impact strength.

Test specimens moulded from recycled carbon nanotube reinforced
polypropylene material affect the flow properties of the melt in proportion to the
weight percentage of the reinforcing phase. The surface area increased by the
structures affects the cooling and heat transfer conditions and may change the ratio
of layers with different orientations.

As a consequence, it can be assumed that:

—  Products with structured surfaces made from recycled PP base material
containing CNTs can have their fill factor increased by optimum
adjustment of the significant factors. The filling factor is influenced by
the change of the flow index and the mass percentage of the reinforcing
phase. [25], [37], [38]

— Recycled polypropylene reinforced with low wt% (0.1 - 0.5 wt%) carbon
nanotubes, during injection moulding, the shaping surfaces influence the

storage modulus values measured on the finished product. [32], [33], [42]



3.1. Research plan and objectives

As noted in the hypotheses, two closely related trends appear somewhat
separate (Figure 1). The solution of these problems was also carried out successively
over time due to the complexity of the research area. As a result, two series of

experiments were carried out, focusing on the following areas:

1. series of experiments: the effect of microstructure orientation on the
formation and mechanical properties of specimens made from a high flow
polypropylene combined with random copolymer.

2. series of experiments: the effect of microstructure depth on the
formation and mechanical properties of the produced specimens using
polypropylene block copolymer and recycled PP/CNT nanocomposite

materials.

The test pieces are manufactured using a special experimental injection
moulding tools, the products of which have standard shapes. On the mould surface,
| create surface structures in specific directions and at different depths according to
the orientation of the melt flow. The structures are formed using a femtosecond laser.

Following micro-surface structuring, | use mould inserts to produce
experimental test specimens using injection moulding with automotive grade
materials. | begin the tests (to determine the base values) by analysing the structures
created on the tool inserts. Thereafter, using the moulding inserts specified by the
complex experimental plan, the evaluation of the formation quality of the structures
on the surface of the test specimens, drawing conclusions based on the
measurements and making industrial recommendations will be carried out.

Since the topology of the moulding surface has a significant influence on the
filling and the efficiency of heat transfer, it can be assumed that the core-shell
structure is altered, thus changing the mechanical properties of the products. [23],
[24], [26] Following the geometrical investigations, | will evaluate the
measurements of the mechanical properties of the products, and make conclusions

and observations based on the results, and propose industrial applications.
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4. Experimental materials, equipment and procedures

The research involved two series of experiments, built on each other. This
chapter discusses the technological conditions and necessary details used in the
experimental series. The surface structure of the tool insert was formed using a
Coherent Monaco 1035-80-40 femtosecond laser. [43]

4.1. The structured insert used for the first set of experiments
In the first set of experiments, | carried out an impact assessment of the
moulding surface for my self designed and manufactured injection moulding tool.

Based on the literature available, the experiments focus on the following areas:

"Influence of microstructure orientation on the replication and mechanical
properties of test specimens manufactured from a high flow polypropylene random
copolymer.™
Parallel and perpendicular groove geometries (micro-grooves) have been created.

Models illustrating the geometries are shown in Figure 2.

. ) b.)
a.) 10
F-a
frjr:miﬁﬂ - B -:‘
T e § o I
| it 1 I ey 120 ym
.. 3 5 < .
[ L2 | Lis /gy s ) (
==
| 19 -005 J 4 \ 60um 60 pm /
Structured surfaces: 15x110 (2x) [ )

Figure 2. The structured insert designed for the first set of experiments a.)

and its product b.)

As a reference, the stationary side insert was also produced with a grinded
surface without laser surface treatment. With a surface roughness of Ra=0,4 um.
The grinding was done on a TOS BM102 tool grinder, the surface was measured on
a SV-C3000 contour measuring machine. The parameters of the femtosecond laser

used for structuring are given in Table 1.
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Table 1. Parameters for femtosecond laser surface treatment

Average performance 15 W (25%)
Energy 20 W
Frequency 188 kHz
Wavelength 1035+ 5 nm
Pulse length 277 fs
Mode TEMoo, (M?2<1,2)
Scanning speed 5m/s
Scanning repetitions 30 x
Applied surface treatment strategy point (10 pulses/point)

4.2. The structured insert used for the second set of

experiments
In the second series of experiments, | investigated the filling of mould surfaces
and the change in mechanical properties of the test specimens using automotive-
grade polypropylene and its recycled and carbon nanotube reinforced versions.
Therefore, the focus of the second series of experiments is:

"Influence of microstructure depth on the deposition and mechanical properties
of manufactured specimens from polypropylene block copolymer and recycled
PP/CNT nanocomposite materials."”

The specimens were manufactured using a standard tensile test piece injection
moulding tool modified to suit the research. During the modification, | designed
additional inserts for the tool in the B-side mould cavity (Figure 7).
Three types of inserts were made:
— Ground inserts without laser surface treatment (2 pcs),
— 20 pm deep micro grooved inserts with parallel flow lines (2 pcs.),

— 100 pm deep micro grooved inserts with parallel flow lines (2 pcs.).

12



The injection moulding cavity (Figure 3) contained two temperature and pressure

sensors in the A-side, at the inlet section of the cavity. [44]

Figure 3. Moulding insert (a.) and moulding product (b.) designed for the

second set of experiments

In the first set of experiments, the laser surface treatment took longer than
expected, so in order to make the pattern creation more applicable to industrial
applications, 1 changed the technological parameters in the second set of
experiments, which are shown in Table 2.

Table 2. Parameters of the femtosecond laser surface treatment used in the

second set of experiments

Average performance 24 W (40%)
Energy 32 uJ (at 750 kHz)
Frequency 750 kHz
Wavelength 1035+ 5 nm
Pulse length 277 fs
Mode TEMoo, (M?<1,2)
Scanning speed 5m/s
Scanning repetitions (20 pm) 100 x
Scanning repetitions (100 pm) 500 x
Applied surface treatment strategy line

13



4.3. Material used for the first set of experiments
In the first series of trials, the test samples were made from a product developed
by MOL Petrochemicals and SLOVNAFT, called TATREN RM 85 82 CLEAR.
Polypropylene random copolymer base material suitable for filling products with
microstructured surfaces, as it is characterised by a high melt flow index (MFI) and
excellent processing stability. [45]

4.4. Materials used for the second set of experiments

In the second series of experiments, in order to make the results applicable to
the automotive industry, | used a specially developed Tipplen K 499 block
copolymer polypropylene [46] as a raw material, as well as a carbon nanotube
(PLASTICYLTM PP2001 MWCNT) [47] reinforced, recycled version of the same
polypropylene with different weight percentages of reinforcement phase. The base
polypropylene without CNT reinforcement phase, which has not yet been recycled,
is referred to as the original raw material. The blend is 5-fold thermomechanically

stressed a recycled nanocomposite containing 0.1 m/m% and 0.5 m/m% CNT.

4.5. Production of test specimens based on DOE

I used a Wittmann Battenfeld Ecopower 55 machine for the injection moulding

of the test specimens in both sets of experiments. [48]

The special injection mould produced for the first series of experiments
contains two symmetrically positioned mould cavities. In the Taguchi experimental
design, | used three variables (so-called factors) which, according to the literature,
have a significant effect on both the filling and the structure of the final product.

The factors tested are the injection rate (56, 80, 104 cm?/s), the backpressure
(245, 350, 455 bar) and the cooling time (20, 30, 40 s). The experimental design was
created using Minitab software.

14



The tool used in the second series of experiments was equipped with a special
sensor system, which allowed the determination of a stable range of injection
velocities (90 cm3/s). Other constants were mould temperature 40°C, cooling time
40 s, as recommended in the original material's data sheet (Tipplen K 499 PP) [46].

Since the definition of the melt temperature was also specified in the datasheet
asarange (190 — 230°C), | defined the melt temperature as a range of three variables
(190, 210 230°C). The value of the backpressure was also specified as a variable at
three levels (200, 500, 800 bar), as recommended in the literature, thus creating a

two-factor three-level experimental design for the second set of experiments.

4.6. Description of examination procedures
After production, the specimens were subjected to geometrical and mechanical-
strength characterisation in the laboratories of the John von Neumann University.
4.6.1. Microscopic examinations
During the geometric tests | measured the surface of the mould insert and the
injection moulded specimens using conventional and confocal microscopes. | used
an Olympus GX41 as a conventional light microscope to set up the laser surface
treatment technology. Using the Olympus LEXT5100 confocal microscope [49], my
aim is to investigate the results of laser surface treatment on the moulding surface
of the injection moulding tool and the TR (“transcription ratio™) of the polymer
specimens produced with the mould. [41] With the confocal microscope used, the
accuracy required for the analyses was feasible. The 3D point clouds measured by
the microscope were compared with the designed geometry using Autodesk Inventor
software. To represent the 3D topology, | used a freeware tool called Gwyddion.
4.6.2. Determination of the melt flow index (MFI)
Melt flow index (MFI) was determined according to 1SO1133 using an Instron
CEAST MF20 Modular Melt Flow Index Meter. The applied load according to the
standard is 2,16 kg.
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4.6.3. Three-point bending test
The three-point bending was carried out on an Instron 3366 universal
mechanical materials testing machine in compliance with MSZ EN ISO 178. | set
the distance between the supports to 64 mm. The crosshead speed was 5 mm/min.
The maximum deflection was set at 15 mm, where the specimens had not yet broken.
4.6.4. Charpy impact test
I conducted the impact tests in the first series of experiments on the test
specimens. The Charpy impactor used is an Instron Ceast Impactor 1l materials
testing instrument, on which a 5 J impact hammer was used for the measurements.
Using an Instron Ceast motor-driven notching machine, V-shaped notches of 1 mm
depth were made on the test specimens.
4.6.5. Tensile test
The tensile test was carried out with specimens with a structured surface
prepared for the second series of experiments according to MSZ EN 1SO 527.
Tensile testing was carried out on the Instron 3366 material testing machine, also
used for bending, with sliding vises. Crosshead speed was set to 50 mm/min.
4.6.6. Dynamic Mechanical Analysis - DMA test
Test method for dynamic mechanical analysis with the TA Instruments Q800:
three-point bending, set frequency 1 Hz, bending aplitude 15 pum, test temperature
-10 - 100°C.
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5. Results and evaluation

I examined the results of the two sets of experiments separately, component by
component. The presentation of the results is the same for both sets of experiments:
first the geometric measurement of the mould insert, then the quality of the
moulding, and then the impact of the surface structures on the mechanical properties

were evaluated.

5.1. Evaluation of the result of the first set of experiments

In the first set of experiments, | investigated the effect of the directions of the
microstructures relative to the melt front. During the tests, the measured values of
the structured polymer products were compared with the measured values of the
specimens representing the surface of the ground tool insert. In the first step, |
evaluated the exact geometry of the surface to be replicated, against which the
quality of the filling of the moulded products could be measured. | then evaluated
the quality of the replication and the effect of the surface structures on the bending
and impact strength.

5.1.1. Results of laser surface treatment on the mould insert

The laser machining parameters were the same for the production of micro-
slots formed parallel and perpendicular to the flow of the polymer melt. The depth
of the designed structures was 100 pm, however, the depth of the actual measured
geometry is the relevant depth for moulding. The 3D topologies generated in
Gwyddyon from the data set captured by the microscope are shown in Figure 4.
With the help of the software, it was possible to determine the actual (average) depth
of the grooves made in the mould insert. In practice, the grooves with a planned
depth of 100 um were found to have an average depth of 79 um for parallel
structures and 73 pm for perpendicular structures. This provided the baseline for the
filling investigation in the first set of experiments. The formed macro- and micro-
geometrical features (the structure profile) were influenced by the laser beam source.
The laser beam used a TEMgo mode, which causes the intensity distribution of the

beam to follow a Gaussian distribution. This is also visible in the geometries formed.
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Figure 4. 3D topology of a tool insert structured with parallel (a.) and

perpendicular (b.) grooves created in Gwyddion software

The difference in size (5 pum on average) and quality between the two surface
treatments was caused by heat build-up, i.e. the laser beam spent more time in a
small area of the insert due to the short paths when producing perpendicularly
structured surfaces, so heat dissipation could not be as fast. In contrast, for parallel
(longitudinal) paths, heat dissipation was more consistent.

As presented in the literature [41], the moulding goodness factor TR essentially
compares the depth of the tool groove to the maximum height of the moulded
surface. To do this, I used a cross-sectional sketch of the model to create the surface
profile of the insertsSince the perpendicular and parallel structures showed different
depths, the amount of residual material caused variations in the surface area of the
insert and, through it, the manufactured product (Figure 5). The perpendicularly
structured insert increased the surface area of the part produced with it by

33%, the parallel one by 36%.
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a.) removed material b.) removed material

excess material removal excess material removal

100 pm

\parallel / ; ‘perpendicular i / 4
designed surface structure designed surface structure-//

rest material rest material
Figure 5. Differences between designed and machined surfaces: for parallel (a.)

and perpendicular (b.) structured surface

5.1.2. Results of injection moulded specimen replication

In the mapping tests of the moulding inserts, | used the TR-factor to assess the
quality of the maoulding according to the literature. The better the TR factor, the
closer the height of the ridge formed on the polymer product approximates the depth
of the structure on the insert. The TR-factor is expressed in percentage to make it
easier to understand. By fitting a trend line to the point set and then plotting its
equation, a mathematical model approximating the filling can be formulated. The
measurement points are well approximated by linear trend lines (R2>90%),

illustrated in Figure 6.
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Figure 6. Quality of filling of structured products
19



As a result of the experimental study, it can be concluded that by increasing
the injection moulding rate when using PP as a base material, which is used in large
quantities in the automotive industry, the deposition can be significantly increased
for the structures investigated.

The orientation of the formed micro-slots with respect to the melt front had an
opposite effect on the filling: in all the experiments studied, the TR coefficients of
the specimens having parallel and perpendicular structures the former showed the
higher values in all cases. Comparing the infill factors of parallel and perpendicular
structures produced at 56 cm?®/s injection rate and 245 bar backpressure, it can be
seen that parallel structures show 25% better infill. At an injection rate of 104 cm3/s
and an backpressure of 455 bar, this value is already 28%.

5.1.3. Determination of geometric stiffness due to microstructures

The microstructured surface formed on the polymer products increases the
cross-section of the product, thus modifying the "mechanical structure”. By
calculating the change in inertia of structured products due to excess material using
an elementary sample (Figure 7.), the change in mechanical properties can be
decomposed into a (quantifiable) component consisting of a change in geometric

stiffness and a change in material structure.
Scheme of the elementary sample: P
- -_ . o Replicated product
N .\ ¥ ]

The intensity of the laser used:
1,0

50 um 60 pm (
[

m — thickness of the specimen

Intensity [W/cm?]

e
=]

Distance [mm)]

Figure 7. Elementary model used to calculate the change in inertia
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Equation to quantify the geometric stiffness (inertia) gain due to the structure:

s1v = (22 -100) - 100 [%] (1)

X1

5.1.4. Assessment of the bending test results
The experimental plan showed that the injection rate had the greatest effect on
the value of the bending forces, so of the 27 experiments (Figure 8) | have shown

those where its value varies, while the other two factors are constant.

Experiment #7 Experiment #16 Experiment #25
200 200 200
150 150 150
Z ;z':” - Z / z
g 100 i = < 100 9 100
=} j o] S
- ) —
50 50 50 /
[
[
¢
0 , 0! 0 ‘."l
0 5 10 15 0 5 10 15 0 5 10 15
Deflection [mm] Deflection [mm] Deflection [mm]
-~~~ Parallel ---- Perpendicular -==-- Grinded

-8 - Max. load (Parallel) -4- Max. load (Perpendicular) --- Max. load (Grinded)

Figure 8. Bending test experiments #7, #16 and #25

In the case of the tested injection moulding parameters, the injection rate and
the cooling time reduced the measured maximum bending forces and, through this,
the bending strength values. In contrast, the backpressure increased the measured
values, which can be explained by the better infill of the product. Products
manufactured with different mould surfaces (ground, parallelly structured and
perpendicularly structured) produced different bending strength values for the same

manufacturing parameters, so the structures have an effect on these mechanical

properties of the products.
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An increase in flexural strength can be derived from the microstructured surface:

o from the geometric stiffness (inertia) and

e the structural modification of the material.

Based on the relationship in the previous subsection (1), using the structure
heights of the products at the time of filling, the percentage form of inertia change
and the geometric stiffness gain resulting from their presence can be calculated. The
values are given in Table 3:

Table 3. Geometric stiffness gain of parallel and perpendicular structured

products
Parallel structured product Vertically structured
replicated 79 pm deep mould product replicated 73 pm
cavity deep mould cavity
Exp. Exp. Exp. Exp. Exp. Exp.
#71 #16 #25 #7 #16 #25
Height of the
structure formed 43.3 59.5 70.5 28.7 36.7 44.8
[rm]
TR factor [%] 54.9 75.5 89.5 39.3 50.3 61.3
Change in inertia
(Geometric 1.2% 1.5% 1.7% 0.8% 1% 1.2%
stiffness surplus)

* The accuracy of the confocal microscope (£0.79 um) affects the measured
values, with a resulting variation of only £0.02% in percentage terms.

The flexural strength values calculated from the equation in EN ISO 178 and
the percentage differences between them are then summarised in Table 4.
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Table 4. Variation of flexural strength values for specimens with different

surfaces in 3 experiments

Flexural Flexural Flexural Difference
strength strength strength due to
Exp. #7 Exp.#16 | Exp.#25 [echnological
[MPa] [MPa] [MPa] | Parameters
Manufactured with o
a ground insert 34.0 33.5 33.1 2.7% i
Manufactured with o |
perpendicular structure 351 34,2 33.8 3.8% °°
Manufactured with o | S
parallel structure 36.2 35,5 35.3 2.5% | =
Flexural strength increase 6.5% 6.1% 6.8%
due to Perpendicular
structure [%] average: 6,5%
Flexural strength increase 3.29% 2204 2204
due to Parallel
structure [%] average: 2.5%

From Table 3, it can be observed that the increase in geometric stiffness due to
inertia compared to the products representing the ground surface is up to 1.7% for
specimens with parallel structures and 1.2% for those with perpendicular structures.
According to the measurements in Table 4, the change in flexural stiffness with
parallel microstructures compared to the ground products is on average 6.5%, while
for perpendicular structures it is less than half of the latter, on average 2.5%. These
results show that the increased flexural strength is influenced not only by the
geometrical stiffness (inertia) due to the excess material, but also by the changes in
material structure caused by microstructures that modify the flow of the melt. The
bending strength was influenced more by the more efficient heat transfer (presence

of structures) due to the increased moulding surface area than by the injection rate.
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5.1.5. Assessment of the impact test results
The specimens with ground, perpendicular and parallel surface structures are
shown in separate diagrams. The diagrams in Figure 9 contain 3 - 3 curves, and each
curve shows the results of three different experiments.

Ground Perpendicular Parallel
10
7,80 7,86
8 7,08 7.12
5 B 6,16 i"ﬂ-- 6,34 L‘--‘ 6,50
2 N LA .12 [ S
3 - o D 501 B
: 6 i--.,_ % §'=::- i i"":;_-..
5 “*-:;S_.:== 4,27 H:&.::‘ 4,34 6,15 ~.§.:h‘ 4,55
g . 5,77 -9 517 e 5,37 ®
(73]
4 fass
o
E 2
0
56 80 104 56 80 104 56 80 104
Tnjection rate [cm?/s] Injection rate [cm?/s] Injection rate [cm?/s]
-~ -o- -e-
Exp. #1: 205 - 245 MPa Exp. #10: 20 s - 350 MPa Exp. #19:20 s - 455 MPa

Figure 9. Impact test results for products with ground surface, perpendicular

and parallel structured tool inserts

Looking at the diagrams, for all three surface designs, it can be seen that the
increase in injection rate is accompanied by a proportional decrease in the impact
stregth. Furthermore, it was observed that the highest impact strength values were
obtained on the specimens with parallel patterns and the lowest on the specimens
with ground surfaces. The percentage differences between the measured values are
shown in Table 5.
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Table 5. Variation of impact strength values for specimens with different

surfaces in 3 experiments

Impact strength | Impact strength |Impact strength| Difference due to
Experiment #1 | Experiment #10 |Experiment #19| technological

_ [kd/m?] [kd/m? [k/m?] parameters
el 7.54 6.79 616 Joaane|
i o
e | 712 | 650 |aoow|
Impact strength due to 3.4% 4.3% 2.9%

Perpendicular structure [%0]

average: 3.5%

Impact strength due to 4.2% 4.9% 5.5%
Parallel structure [%6]

average: 5%

A comparison of the measured results shows that, in contrast to the bending
strength, the technological process parameters of the injection moulding process had
a significantly greater effect on the impact strength than the presence of
microstructures. The slightly higher impact strength of parallel structures compared
to perpendicular structures, similarly to the bending strength is explained by the
quality of their infill.

The changes in material structure caused by the geometric stiffness due to the
excess material and the change in the flow relationship due to the presence of
microstructures in the surface boundary layer increased the impact work by an
average of 5% for the parallel-formed structures. Increasing the value of the
injection rate resulted in a more rigid behaviour of the specimens, which reduced
the impact energy values by 22% on average over the investigated range. The impact
energy due to changes in inertia and material structure resulting from the geometry
of the surface structures was therefore significantly less than the increase in rigidity

caused by increasing the injection rate.
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5.2. Assessment of the results of the second set of experiments
In the second set of experiments | investigated the effect of the depth of the
structures and started to evaluate the results under the microscope of the prepared
moulding inserts. This was followed by an analysis of the surface structures and the
effect of the carbon nanotube PP base material on the infill and mechanical
properties.
5.2.1. Results of laser surface treatment on the mould inserts
Structures designed to 100 pm were measured to an average depth of 101 pm
after production. Structures designed to 20 pm were finished to an average of 22 pm
after manufacturing (Figure 10).

a.) 104 ym

Figure 10. 3D topology of tool inserts with 100 um (a) and 20 um (b) deep
grooves. Created in Gwyddion software.

The micro-grooves on the inserts increase the mould surface area, and thus
the heat transfer surface area, by 21 + 0.5% at a depth of 100 pm and by 4.6 £
0.5% at a depth of 20 pm. A comparison of the design and the fabricated surface
model, and thus the difference between the two, is illustrated in a cross-section in

Figure 11.
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b.)

a.)
excess material removal excess material removal

/ removed material
— rest material rest material
‘r / ‘ ; removed material
designed surface structure ’ designed surface stru:turef

Figure 11. Differences between designed and machined surfaces on tool inserts

structured with 100 um (a) and 20 um (b) grooves

20 pm

' 100 pm

5.2.2. Results of injection moulded specimen replication
When polypropylene is combined with CNT, the MFI value decreases with
increasing reinforcing material mass percentage, which may cause a deterioration of
the infill quality. However, in the PP/CNT nanocomposite, recyclation leads to chain
unwinding, i.e. degradation, resulting in a decrease in the melt viscosity of the
material: the MFI increases. Because of these two opposing effects, | determined the

MFI values of the raw materials at the temperatures used before testing the TR

factor, which is illustrated in Figure 12.
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Figure 12. Effect of recycling and CNT content on the MFI values of the

original PP raw material and its composites at the investigated temperatures
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Based on the main effect analysis of the formation using the microstructured
mould insert with 100 pm grooves, the melt temperature on the infill is
significantly. Furthermore, recyclation and reinforcement phase negatively affect
the infill. Shifts in effect lines vary with CNT content. Based on this, when the 100
pum deep structures were formed, the infill was affected differently by CNT content
and recycling (Figure 13).
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Figure 13. Filling quality of the products of the second set of experiments

with 100 um structures for the three materials tested

From the measurements, it can be concluded that increasing the values of the
investigated factors, the infill rate of the recycled CNT-reinforced materials
approaches the infill rate of the original material. 0.1 m/m% of carbon nanotubes on
average results in a 5% difference and 0.5 m/m% of carbon nanotubes in a 7%
difference in the TR factor. The rate of infill further decreases as the mass percentage
of the reinforcing phase increases. In Figure 12, the characteristics of the curves
plotted on experimental line measurements showing the change in infill compared
to the characteristics of the MFI measurements for CNT-enhanced products show a
relationship, with the change in flow rates correlating with the infill of structures

even in the presence of the reinforcement phase.
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A main effect analysis of the moulding of the microstructured mould insert
with 20 pm grooves showed that both the melt temperature and the backpressure
significantly influenced the infill. As a consequence, the interaction of the
investigated factors in the experiments is significant.

In contrast to the insert with the 100 pm deep structures, at the 20 pm depth,
the lines of action of the recycled CNT-reinforced products are not consistently
shifted with respect to the main effect of the original base material. Since the
variance is not proportional to the reinforcing phase amount (Figure 13), | concluded
that the infill for these materials is more affected by recycling (change in MFI
values) than by CNT content.
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Figure 14. Filling quality of the products of the second series of experiments

with 20 um structures for the three materials tested

The flow properties of the recycled nanocomposite were negatively affected by
the reinforcement phase content. The infill rate further decreased with increasing the
mass percentage of reinforcement phase. The change in the flow rates due to
recyclation is also related to the infill of the structures in the presence of the
reinforcement phase.
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Increasing the melt temperature and the backpressure can increase the
replication. For structures with a depth of 100 um, the recycled nanocomposite base
material could only approach the TR factor values of the original base material with
the factors tested. However, the infill quality of the 20 pm deep surface pattern using
the recycled nanocomposite base material at 230°C melt temperature and 800 bar
backpressure reached 0.5 m/m% CNT and exceeded the infill quality of the original
base material at 0.1 m/m%.

5.2.3. Assessment of the tensile test results
I used the tensile test (Figure 15) to select the factors and structures that |

analysed using the DMA test.
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Figure 15. Evolution of elastic modulus values according to experimental

settings and surface structures

Significant differences compared to the ground surface (mainly at 190°C melt
temperature) were found in the elastic modulus values of the specimens only for
structures up to 100 um. Taking these facts into account, the DMA measurements
were carried out only with the change of the melt temperature, while the maximum
backpressure was kept constant, for products that have been made using the ground

and 100 um deep grooved inserts.
30



5.2.4.

Assessment of the DMA test results

DMA measurements were used to determine the temperature dependence of

the storage modulus (E') and the loss modulus (E™). The storage modulus (the real

modulus of elasticity) is the fraction of the test specimen deforming under dynamic

loads proportional to the elastically stored energy. In Figure 15, a relaxation

indicates the range of phase transitions, (Tg), between 0-20°C.

Loss factor (tand)

0.14

0.04

Temperature [°C]

y +3500 T 160
 Original (K 499 PP) Experiment #3 1 1
13000 - 140
[ ~ )
¥ \ 12500 = 120
T ] =¥
: ] 2, 100 —
[ ) 4
¥ \ E - 80 =
i f 1500 & E
i . o 160 3
1292 MPa ] ) ]
~ 11000 140 &
- 2 T40 g
J -
. 1500 | t20 |
AN I Lo .10
T T T T —T1 T T T LI T 1 17 L 717
-40 =20 0 20 40 60 80

Figure 16. Representation of the loss factor (tand) derived from the storage and

loss modulus and notation of the glass transition temperature Ty

For rigid solids, the complex modulus is determined primarily by the storage

modulus. If tan 8 < 0.1, then the storage modulus is >99% of the complex modulus

of elasticity. In this case, the storage modulus from the DMA and the elastic modulus

from the static test may be correlated. According to the data sheet for the K 499 PP

block copolymer, the tensile modulus of elasticity for this material is 1300 MPa. In

Figure 46, it can be observed that the storage modulus value at room temperature is
1292 MPa, which is only 0.6% different from the value given in the data sheet. [46]

representing microstructures was determined (Table 6)
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Table 6. Geometric stiffness gain of structured products

Original (K 499 PP)
replicated 100 pm deep

0,5 m/m% CNT + 5x rec.
replicated 100 pm deep

cavity cavity

#3 #6 #9 #3 #6 #9
Heightofformed | o521 | g574 | 9078 | 7225 | 79.09 | 8421
structure [pm]
TR factor [%] 82.70 | 84,71 | 89.68 71.38 78.13 | 83.19
Change in inertia
(Geometric stiffness 24% | 2.5% 2.6% 2.2% 23% | 2.4%
surplus)

Figure 17. shows a comparison of the storage modulus curves (G") of specimens

with ground and 100 um microstructured surfaces in relation to temperature. The

measured data validates the tensile test result that the modulus values decrease with

increasing melt temperature. This can be explained by the fact that as the

temperature increases, the energy content of the molecules increases, intermolecular

forces weaken, and as a result, polymer chains are able to move more freely and can

assume different conformations. The phenomenon reduces the elastic modulus of

the product.
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Figure 17. Storage modulus curves (E") of specimens made from the original

material, ground (a) and 100 um structured (b)
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According to Figure 17 a.) diagram, it can be observed that the storage modulus
values for specimens manufactured and ground at three different melt temperatures
varied over a wide range (Figure 17 a.) diagram: mean range 183 MPa) between
10°C and 55°C (marked in green in Figure 17). In contrast, the storage modulus of
specimens moulded with a 100 pm structured surface varied significantly over a
smaller range (Figure 17 b.) diagram: mean range of 68 MPa) at the investigated
melt temperatures. This is because the structured surfaces increase the stiffness of
the product over the range investigated thus having a cross effect on the melt
temperature. The presence of the structures therefore increases the storage modulus
of the specimens, reducing the mean range by 63%.

In order to illustrate the phenomenon more clearly, DMA measurements of
specimens with 100 pm surface structures and unstructured specimens at 25°C are

compared in Figure 18.
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Figure 18. Variation of storage modulus values at 25°C for specimens made of

original material, ground and 100 um structured surface
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Based on the plotted values, it can be concluded that, for the same
manufacturing parameters, specimens with structure always have a higher storage
modulus than specimens with a ground surface (unstructured). At 25°C, it was also
observed that structured products resulted in a higher storage modulus even at lower
temperatures than their ground counterparts. The presence of 100 um structures
therefore had a greater effect on the change in storage modulus than the values of
the melt temperature used in the experiments.

Figure 19 shows the storage modulus curves (e") as a function of temperature
for ground and 100 um structured specimens manufactured from regranulate
reinforced with 0.5 m/m% CNT. In Figure 19 (a) diagram, specimens reinforced
with CNTs formed on the ground surface varied their storage modulus values over
a temperature range between 10°C and 55°C (temperature range of the high elastic
state), with a wider average range (Figure 19 (a) diagram: average range 154 MPa)
similar to the original material. In contrast, the storage modulus value of specimens
with a 100 pm structured surface reinforced with 0.5 m/m% CNT varied in a
significantly smaller average range (Figure 19 (b) diagram: average range 65 MPa)

at the investigated melt temperatures. The average range has narrowed down by 58%

5500 0,5 m/m% CNT + 5x rec. - Ground - Experiment #3 (190°C) 5800 0,5 m/n% ONT + $x rec. - 100 jum - Experiment #3 (190°C)
- ==-0.5 m/m® CNT + 5x rec. - Ground - Experiment #6 (210°C) - -=-0.5 mm®% CNT + 5 rec. - 100 jum - Experiment #6 (210°C)
2400 '\ 0,5 m/m®% CNT + 5x rec. - Ground - Experiment £9 (230°C) 2400 £, =-0,5 m/m* CNT + 5% rec. - 100 jum - Experiment #9 (230°C)
—_ . _ .,
£ a.) ] N b.)
S 2 = \,
S 2000 = 2000
=] @ K?
= 1600 % 1600 A
= max. diff:: 207 MPa (31°C) 1 R max. diff.: 82 MPa (30°C)
E 1200 avg. diff: 154 MPa (10 - 55°C) E 1200 % | avg. diff.: 65 MPa (10 - 55°C)
o - o L
= = -
& @ X
g 800 S 80 S
a & ey
400 s 400 e
0 T 0 ' IR Pt
S0 0 10 20 30 40 S0 60 70 80 90 21000 10 20 30 40 50 60 70 80 90
Temperature [°C] Temperature [°C)

Figure 19. Storage modulus curves (E") of specimens made of PP/CNT

composite with ground (a) and 100 um structured (b) surfaces
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As with the original material, I also highlighted the 20-55°C temperature range
for the nanocomposite specimens and presented the DMA measurements of the

structured and unstructured specimens (Figure 20).
1500 = ” = r S

= =+0,5 m/m% CNT + 5x rec. - Ground - Experiment #3 (190°C)

+5% ===+0,5 m/m% CNT + 5x rec. - Ground - Experiment #6 (210°C)
0,5 m/m% CNT + 5x rec. - Ground - Experiment #9 (230°C)
==+0,5 m/m% CNT + 5x rec. - 100 um - Experiment #3 (190°C)
==+0,5 m/m% CNT + 5x rec. - 100 pm - Experiment #6 (210°C)

1250 ==+0,5 m/m% CNT + 5x rec. - 100 pm - Experiment #9 (230°C)

1000

Storage modulus [MPa]

750 Mo TN

Temperature [°C]
Figure 20. Variation of storage modulus values of specimens made of PP/CNT

composite, ground and 100 um structured surface at 25°C

The increase in modulus values for structured specimens can be explained by
the fact that the mapping of microstructures formed on the moulded specimen
represents an inertia advantage for the finished product. Furthermore, the structures
of the mould surface have an effect on the flow of the polymer melt and, as a
consequence of the increased surface area, on the heat transfer ratio. While the
former effect may influence the proportion of oriented layers, the latter may
influence the proportion of shell structure close to the mould wall and may also
affect the crystalline fraction. The exact effect of microstructures on the material
structure is very complex due to the above mentioned phenomena, however, from
the differences in modulus observed in the measurement results, their presence can

be determined by knowing the inertia excess values.
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The effect of the microstructure is summarised in Table 7, which shows the variation
of the structured surface specimens compared to the ground surface specimens for

both the original and the composite in percentage form.

Table 7. Effect of microstructure on mechanical properties
Original (K 499 PP) 0,5 m/m% CNT + 5x rec.

9 — 3[%]

Experiment 3.
Experiment 9.
Experiment 6.
Experiment 3.

Experiment 9.
Experiment 6
9 — 3 [%]

Storage modulus of
ground surface specimens | 1049 | 1208 | 1292 | 23 | 1062|1198 | 1265 19
25 °C-on [MPa]

Storage modulus of
specimens with a 100 pm
deep structured surface at
25 °C [MPa]

1252 (1292 | 1346 | 7,5 | 1246 | 1246 | 1326 | 6

Storage modulus change

0 0 0 0 o )
[%6] 19% | 7% | 4% 17% | 4% | 5%

The table illustrates the effect on the storage modulus of microstructures parallel to
the flow of the melt.:

—  Ata melt temperature of 230°C, the storage modulus of both the
unreinforced and the reinforced, reciklated specimens was significantly
(17 — 19%) increased.

—  The storage modulus of microstructured specimens produced at 230°C
melt temperature is only 1.5-3% lower than that of specimens produced at
190°C.

— Replication of the structures at 190°C melt temperature for both
unreinforced and reinforced-recycled specimens increased the storage

modulus values by 4 — 5%, respectively.
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6. Theses - New scientific results

Thesis 1: ,,1 have determined that the filling factor (TR factor) of microstructures
formed on the surface of polypropylene random copolymer products using a test
injection moulding tool in experiments can be significantly increased by increasing
the injection rate. However, the value of the fill factor depends on the orientation
of the microstructures relative to the direction of the flow front for the same process
parameters. | have shown that at an injection rate of 56 cm®/s and a backpressure of
245 bar, the filling factor of surfaces structured parallel to the direction to the flow
front is 24% better than that of surfaces structured perpendicularly. When tested at
an injection rate of 104 cm®/s and an afterpressure of 455 bar, a difference of 28%
is observed. This phenomenon can be explained by the more favourable flow
conditions.” [S1-S3, S6, S9, S10, S13, S14]

Thesis 2: ,,I have determined that during injection moulding, microstructures
replicating on the surface of a random polypropylene copolymer specimen parallel
to the direction of the flow front can increase the flexural strength. | have verified
by measurements and calculation that the increase is due to the geometric stiffness
(inertia) resulting from the excess material and to the changes in material structure

caused by microstructures affecting the flow of the melt.” [S1, S3, S6, S13]

Thesis 3: ,,I have determined that the specific impact strength of injection moulded
polypropylene random copolymer specimens was less affected by the presence of
microstructures on the moulding surface of the injection mould than by the more
brittle behaviour with increasing injection rate. |1 have shown that, at the process
parameters used (injection rate: 104 cm®/s, backpressure: 455 bar), microstructures
formed parallel to the direction of the flow front increase the specific impact strength
of the specimen by an average of 5% compared to the specimen without structures.
In contrast, increasing the injection rate (from 56 cm®/s to 104 cm®/s) reduces the

specific impact strength by 22% on average.” [S1, S3, S6, S13]
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Thesis 4: .1 have determined that the replication of microstructures formed parallel
to the direction of the flow front in injection moulding of recycled polypropylene
nanocomposite containing carbon nanotubes is differently influenced by the mass
fraction of the reinforcing phase and the depth of the structures. | have shown that
the variation of the melt flow index of recycled polypropylene nanocomposites
containing 0.1 m/m% and 0.5 m/m% carbon nanotubes correlates with the filling
factor (TR factor) of the microstructures formed on the surface of the products
manufactured at the investigated melt temperatures (190°C, 210°C, 230°C).”
[S1-S3, S5-S6, S9-10, S13-S14]

Thesis 5: ,,I have determined that microstructures replicated on the surface of
injection-moulded polypropylene block copolymer and recycled nanocomposite
specimens parallel to the direction of the flow front increase the storage modulus
values of the product. | have shown that the storage modulus of specimens with 100
pm deep structured surfaces at 25°C, manufactured at 230°C melt temperature, is
19% higher for polypropylene block copolymer and 17% higher for recycled
polypropylene with 0.5 m/m% carbon nanotube content than for specimens without
structures. This phenomenon can be explained by a combination of geometric
stiffness and material structure changes caused by microstructures.”

[S1, S3, S6, S8, S12].
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