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Abstract

During the research, functional microstructures were created on the cavity surface of the injection moulding tool using femtosecond 

laser technology. Automotive-grade polypropylene (PP), as well as its recycled and carbon nanotube-reinforced composites, were used 

as the raw materials. The replicated structures were examined using confocal microscopy. It is expected that by optimizing the process 

parameters, the filling of the structured cavity surface with nanocomposite materials can reach a quality level comparable to plastic 

specimens made from non-reinforced raw materials. 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 injection moulded products.
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1 Introduction
The global automotive plastics market was valued at 
USD 29.50 billion in 2022. It is expected to grow at a com-
pound annual growth rate (CAGR) of 5% between 2023 
and 2030. A low- to mid-range passenger car comprises 
6% to 10% plastics, with a total weight of over 110–120 kg. 
Reducing vehicle weight and drawing increased attention 
to emission control are key factors to boost the growth of 
the high-performance plastics market. In terms of manu-
facturing technology, injection moulding accounted for the 
largest share of over 56% of all processes in 2022, yet in 
terms of raw material processed, polypropylene (PP) and 
its recycled version led the automotive plastics market 
with a 32% share [1]. Designers use simulation software to 
increase the inertia of parts in key directions at the design 
stage by using ribs, which are surface features that are con-
sidered in the macro-region. The definition of microstruc-
ture is also used in polymer technology according to the 
standard [2, 3], B. Sha et al. referred to microstructures as 
surface area units below 200 µm in their study [4]. These 
structures, in addition to serving aesthetic purposes, mod-
ify the mechanical properties of the product. In this case, 

the design of the micro-ribs (microstructures) can have a 
specific strength-enhancing effect due to geometrical (iner-
tia) and material structural changes (filling process) [5‒7]. 

Theilade and Hansen found that temperature is an import-
ant factor in replication, as increasing the temperature of 
the melt nearly doubled the filling of microstructures [8]. A 
similar change in height is observed when the injection rate 
is increased. Sha et al. also studied the replication of micro 
geometry and observed the formation of so-called rings in 
PP base material, which they explained by the material "hes-
itating", i.e. temporarily stopping and filling the micro-sur-
face only after reaching the final cavity pressure [4]. Zhang 
et al. reported [9] that the MFI of unfilled base material 
decreased drastically with adding 5 w/w% CNT, but further 
increasing the ratio of the reinforcing agent did not modify 
the MFI. This phenomenon has been confirmed by Attia et 
al. [10] in their research that was conducted on low-viscos-
ity materials. They reported that high mould temperatures 
can reduce the thickness of the solidified layer and delay the 
cooling of the cavity, allowing more material to enter the 
structures. The term has been used to describe the effect 
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where low-viscosity fluid enters the structured die cavity at 
high velocity and then bypasses and "flows over" the micro-
structures. This effect can be more significant in the pres-
ence of a reinforcing phase, which influences the viscosity 
of the material. The connection between the filling of the 
microstructures and the CNT reinforcing phase is less dis-
cussed in the literature [11‒14].

In line with the development trends in the automotive 
industry, PP and its recycled and reinforced versions were 
investigated as raw materials. Numerous scientific stud-
ies have shown that CNT reinforcement results in a deg-
radation of the flow properties of polymers [15‒17] and 
that the quality of the mould surface has an additional sig-
nificant effect on the filling of the mould cavity and the 
cooling efficiency [18‒22]. With the growth of nano-rein-
forced polymer composites, the relationship between pro-
cessing parameters, reinforcement content and the filling 
of micro-ribs formed on the tool surface has become an 
increasingly important area of research [23‒29].

The present research aims to study the relationship 
between the femtosecond laser-treated cavity of the injec-
tion mould and the melt containing the reinforcing (CNT) 
phase. The goal is to investigate the relationship between 
the surface micro-ribs (functional microstructures) and 
different processing parameters (Fig. 1).

2 Materials and methods
2.1 Materials
The original PP co-polymer raw material used is the 
Tipplen K499 block co-polymer produced by MOL 
Petrochemicals. It is applied in the automotive indus-
try to make interior supports, coolants, window washer 
tanks and battery housings. The carbon nanotubes used 
are Plasticyl PP2001, a PP-based granulate produced by 
Nanocyl, containing 20 w/w%. The application of the 
reinforcing phase is justified by the fact that, compared 
to glass fibre, it deteriorates the life cycle of the tool much 
less, and it can exert its effect with a smaller weight ratio. 

From the results of differential scanning calorimetry 
(DSC) measurements, it can be concluded that the crys-
tallization temperatures of PP/CNT composites and the 
recycled varied between 162–164 °C. The effect of CNT 
caused a minimal increase in the melting temperature. 
The crystalline fractions of PP/CNT composites are 
8–10% higher than that of the pure PP matrix. The initial 
crystallization temperatures of PP/CNT composites and 
their recycled versions showed an increase of 6–8 °C, and 
8–10 °C in the peak crystallization temperature compared 
to the neat PP material depending on the CNT content.

2.2 Methods
Following the selection of the matrix and the reinforcing 
phase, the nanocomposite was produced. To ensure proper 
homogenization, the mixing process was conducted using 
a Labtech Scientific twin screw extruder in two steps. 
Two mixtures were prepared containing 0.1 w/w% and 
0.5 w/w% CNT. In the automotive industry and the pres-
ent research, the effect of recycling is an important aspect, 
so the mixtures were first used to produce test specimens, 
which were then ground and reprocessed.

This process was repeated five times to obtain recy-
cled nanocomposites containing 0.1 w/w% and 0.5 w/w% 
CNTs subjected to thermomechanical stress [27, 30].

The melt flow index (MFI) was measured using an 
Instron CEAST MF20 modular flow index meter at 190, 
210 and 230 °C with a load of 2.16 kg. The height of the ribs 
measured on the test specimens was measured in 3 sec-
tions, and 3 measurements were taken in each section:

• 10 mm from the starting point of the structures,
• in the middle of the structured section and
• 10 mm from the end of the structured section.

The surface structure (micro-ribs) on the tool insert 
was created using a Coherent Monaco 1035-80-40 femto-
second laser. Although the focus of the research was not 
the optimization of the surface treatment with the laser, 
the machining speed of the technology and the quality of 
the surface created were important for industrial applica-
bility [31]. The optimal settings for laser structuring after 
surface treatment tests are shown in Table 1. The size of 
the structured surface was 78 × 10 mm. Digital models of 
the designed injection moulding insert (Fig. 2(a)) and its 
product (Fig. 2(b)) are shown in Fig. 2.

The 3D topologies of the surface structures were ana-
lyzed using an Olympus LEXT5100 confocal microscope. Fig. 1 Steps of the research process in infographic
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The accuracy of the instrument in the Z direction is 
0.15 µm + L/100, where L is the length of the measured 
section. The measurement accuracy in the Z direction is 
therefore 0.79 µm for 64 µm long sections. The resolu-
tion in the X-Y direction is 1 nm. For all three directions, 
the repeatability with the objective used is 0.03 µm. The 
depth of the structured surfaces was only ±5 µm com-
pared to the planned 100 µm. The 3D topology (Fig. 3(a)) 
was created in Gwyddion software.

A Gaussian filter was employed to mitigate measure-
ment noise, without impacting the average of the mea-
sured values. The confocal microscope measurements 
were used to generate the surface profile of the inserts 
shown in Fig. 3(b). The measurements were performed 

on three sections per experimental specimen, with three 
groove depths. Although the manufactured groove depths 
were within ±5 µm of the design, the rest material was 
generated from the laser beam intensity distribution.

The micro-geometrical features and the structure pro-
files shown in Fig. 3(a) were influenced by the laser source. 
The shape of the intensity distribution can be observed in 
the cross-section of the surface-treated cavity. The laser 
beam is in TEM00 mode, and the beam intensity distribu-
tion follows a Gaussian distribution as shown in Fig. 4(b).

After the injection moulding, the insert was structured 
and inspected, and polymer specimens were manufactured. 
The tool was equipped with a special sensor technology, 
which allowed a stable range of injection rates to be mea-
sured. During the test, the viscosity could be determined 
by continuously increasing the injection rate and measur-
ing cavity and injection pressure. In the stable range, where 
viscosity no longer decreases significantly, the injection 
rate was 90 cm3/s, so this value was recorded as a con-
stant in the series of experiments. Other constants were the 
mould temperature of 40 °C and the cooling time of 40 s. 
Since the determination of the melt temperature was also 
recorded in a range (190‒230 °C), it was also included as 
a three-level variable in the experiment. The backpressure 
value was also tested as a variable at three levels, creating a 
two-factor three-level experimental design (Table 2).

Fig. 2 Microstructured insert (a) and the moulded product (b)

Table 1 The technical parameters of the femtosecond laser

Applied technical specification

Average power 24 W (40%)

Energy 32 μJ (on 750 kHz)

Frequency 750 kHz

Wave length 1035 ± 5 nm

Pulse length 277 fs

Mode TEM00, (M
2 < 1.2)

Scanning speed 0.5 m/s

Fig. 3 3D topological image of the laser surface-treated moulding insert 
(a) and a cross-sectional profile of the microstructured insert (b)

Table 2 Experimental design used to produce moulded specimens

Experiment Melt temperature [°C] Backpressure [bar]

1. 190 200

2. 190 500

3. 190 800

4. 210 200

5. 210 500

6. 210 800

7. 230 200

8. 230 500

9. 230 800

Fig. 4 Geometric features of the laser-formed moulding tool (a) and the 
intensity of the laser beam used (b)
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The test specimens were injection moulded on a 
Wittmann Battenfeld Ecopower 55 injection moulding 
machine. The moulding quality of the moulding inserts can 
be assessed by using the TR-factor according to the liter-
ature. The higher the TR-factor, the better the replication. 
In this case, the greater the rib height formed on the poly-
mer product and the closer to the depth of the structure on 
the insert, the closer the value of the TR-factor is to 1 [32].

3 Results and discussion
When combined with PP, the carbon nanotubes can form 
a physical cross-linking mesh, thus inhibiting the mobility 
of the molecules. As the ratio of the reinforcing material 
increases, the MFI decreases, which may lead to a dete-
rioration of the filling quality. At the same time, recy-
clization in PP/CNT nanocomposite leads to chain degra-
dation [9, 14, 16]. Therefore, the viscosity of the original 
(base) material decreases, the MFI value increases, so bet-
ter filling, i.e. more accurate mapping of surface patterns, 
can be expected. Due to these two opposing effects, the 
MFI of the raw materials was determined at the tempera-
tures used (Fig. 5) before evaluating the TR-factor results.

The MFI value of the original material according to 
the data sheet at 230 °C is 6.5 g/10 min, confirmed by the 
measurements. The viscosity decreases with increasing 
temperature. At a lower CNT content of 0.1 w/w%, the 
melt flow index at 210 °C is almost the same as that of the 
original base material.

The Taguchi experimental design calculates signal-to-
noise ratios (SN) that can filter out the increase or decrease 
in variance caused by the average. The shape of the SN used 
depends on the nature of the qualitative characteristic. Based 
on the experimental design, a main effect diagram (Fig. 6) 
can be generated in Minitab software to determine how pro-
cess parameters and surface structures affect the replication 
(TR-factor). The evaluation aimed to determine the influence 
of certain factors on microstructure replication and variance. 
Since the aim was to improve the fill-in as a quality aspect, 
the "Larger is Better" Eq. (1) was used for the evaluation.

SN
y

nL i
i

� �
�

�
�

�

�
�

�

�
��

�

�
��10

1
2

log / ,�  (1)

where:
• y: value measured in an experimental setting,
• n: number of measured values.

The main effect analysis of the 100 µm structure depth 
tool insert showed that the melt temperature was significant 
for the filling, and the TR-factor was mainly influenced by 
this process parameter. By increasing the melt temperature, 
the filling improved. The enhancement of backpressure had 
a similar positive effect on the deposition, but the magnitude 
of the influence was approximately half [32].

It is observed that the TR-factor is lower for products 
made from carbon nanotube-reinforced base material 
using the same technology, and the filling rate decreases 
with increasing ratio of the reinforcing phase. This is con-
firmed by the Delta values illustrated in Table 3.

Fig. 5 The MFI values of the original PP raw material and its recycled 
and CNT reinforced composites at the examined melt temperatures

Fig. 6 Filling of the 100 µm deep cavity structures: main effects of 
process parameters
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Based on the main effects plot (Fig. 6), a combination 
of appropriate manufacturing parameters can result in 
improved infill in favour of nanocomposite test specimens 
manufactured from recycled raw material compared to 
the original raw material. Fig. 6 also shows that the recy-
cling and reinforcing phases deteriorated the filling. The 
shift in the lines of influence varies with the CNT content 
but not with its percentage.

It can be concluded that for the replication of structures 
with a depth of 100 µm, the filling was influenced differ-
ently by CNT content and recycling. 3D topological images 
were also taken of the pattern formed on the surface of the 
moulded products (Fig. 7) so that the filling is more clearly 
visible. The replication of the specimen manufactured with 
the highest variable parameters above 80% is observed, as 
well as the uniform shape tracking of the micro geometries.

The data measured on the confocal microscope profiles 
were used to plot the TR-factor values of the microstruc-
tures with the three material types. The results are plotted 
on a 3D surface within the range of variables investigated 
in Fig. 7, which shows that both the increase in the melt 
temperature and the increase in the back-pressure values 
have a positive effect on the filling. The TR-factor is more 
affected by the melt temperature, which can be observed 
from the formation of the surfaces.

Based on the results, a technological and industrial rec-
ommendation for the evolution of the replication (TR-factor) 
was made using a mathematical model. Analysis of vari-
ance (ANOVA) was used to evaluate the experimental data 
for quality variables. The response surfaces (Fig. 8) are 
suitable to provide a solution to the objective function by 
specifying the technological variables. When applied, the 
zone of expected values can be selected by linking the cho-
sen values of the technology settings on the vertical and 
horizontal axes. To solve the regression equations, it was 
necessary to code the process parameters of different mag-
nitudes into units between −1 and +1 using Minitab soft-
ware. In that way, the interactions could be compared.

Fig. 8 illustrates that the increase in the examined fac-
tors corresponds to the filling rate with the recycled car-
bon nanotube-reinforced materials, reaching parity with 
the filling rate of the original material.

Elevating the melt temperature to 230 °C (at 800 bar 
backpressure) resulted in better filling of the ribs. 
The material with a carbon nanotube content of 0.1 w/w% 
shows an average reduction of 5% compared to the orig-
inal material. Similarly, at a 0.5 w/w% carbon nanotube 
content, the height of the micro-ribs displayed an average 
reduction of 7%. Inference can be drawn that the adverse 
impact of the reinforcing phase on filling can be compen-
sated by increasing the melt temperature.

Table 3 Ranking of factors influencing the TR-factor

Original (K 499 PP)

Level Melt temperature Backpressure

1 0.778 0.803

2 0.823 0.821

3 0.879 0.857

Delta 0.101 0.055

Rank 1 2

0.1 w/w% CNT + 5x rec.

Level Melt temperature Backpressure

1 0.695 0.752

2 0.786 0.764

3 0.833 0.797

Delta 0.138 0.045

Rank 1 2

0.5 w/w% CNT + 5x rec.

Level Melt temperature Backpressure

1 0.664 0.713

2 0.747 0.738

3 0.815 0.776

Delta 0.151 0.062

Rank 1 2

Fig. 7 3D topology of a PP product with 0.5 w/w% CNT content 
replicated the 100 µm deep cavity structures, produced according to 

experiment number 9
Fig. 8 Filling of microstructures as a function of backpressure and melt 

temperature
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4 Conclusions
It has been found in various papers [30−32] that func-
tional microstructures are created to increase mechanical 
properties. In injection moulding, the effect of micro-ribs 
on the melt front can lead to structural modifications of 
the material. Even the closed-loop recycled polymers will 
lose strength, despite the specifications on the datasheet. 
Recycling reduces the molecular weight of the polymer raw 
material, and its distribution and degrades the length of the 
molecular chains. These cause a negative effect in terms of 
mechanical properties, but the broken molecular chain leads 
to a decrease in viscosity. This phenomenon can be compen-
sated by reinforcing phases, but at the same time, the fill-
ing quality of the micro-structures is reduced. Sustainability 
can be ensured using an expensive reinforcing phase at a 
low ratio. The viscosity of the recycled nanocomposite was 
negatively affected by the reinforcing phase content. The 
replication of the microstructures in the mould cavity was 

further reduced by increasing the ratio of the reinforcing 
agent. The processing parameters significantly influenced 
the value of TR-factors, which provide information on the 
quality of the infill. By increasing the melt temperature and 
the backpressure, the quality of replication can be enhanced.

However, it is not only dependent on the technological 
parameters and the number of reinforcing phases, but also 
on the number of recycling cycles and the geometry of the 
moulded parts. The research results suggest that, thanks to 
controlled, sensor-monitored conditions and appropriate 
processing parameters, the replication quality of microfi-
brils in nanocomposite products can be equivalent to that 
of the original materials. This will bring significant indus-
trial benefits by enabling the production of sustainable and 
high-quality products at lower cost and with less environ-
mental impact. The research results may offer valuable 
insights to enhance the quality of the filling procedure.
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