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Editorial

This edited volume contains the selected papers presented at the International 
Symposium on Plastics Technology held in Aachen/Germany in March 2020. 
Lateral thinkers from all over the world have been invited to present their view 
on the future of plastics technology in an era of major societal and technological 
changes. On the one hand the growing expectations regarding sustainability and 
recyclability while keeping efficiency and functionality challenge researchers and 
industry. On the other hand, digitization and additive manufacturing are power-
ful drivers for even disruptive changes in processing and production, which offer 
huge opportunities in plastics technology and stimulate growing interest in both, 
plastics technology research and industry. The papers presented on the sympo-
sium offer a multi-perspective view on these opportunities. They provide scientific 
insights and knowledge, but as well intent to create awareness and to stimulate 
critical thinking. In consequence, the papers, which have primarily been written 
for research experts in industry and science, might as well be valuable for students.

Aachen, Germany  
November 2019

Christian Hopmann
Rainer Dahlmann
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Photoluminescent Tracer Effects 
on Thermoplastic Polymer Recycling

Jörg Woidasky1(*), Jannick Schmidt1, Maximilian Auer1, 
Immo Sander2, Alexander Schau2, Jochen Moesslein3, Pascal Wendler3, 
Daniel Kirchenbauer3, Dirk Wacker3, Guojun Gao3, Andrey Turshatov4, 

Bryce S. Richards4, Stefan Wiethoff5, and Claus Lang-Koetz1

1 Institute for Industrial Ecology, Pforzheim University, Tiefenbronner Straße 
65, 75175 Pforzheim, Germany

joerg.woidasky@hs-pforzheim.de
2 Werner & Mertz GmbH, Rheinallee 96, 55120 Mainz, Germany

3 Polysecure GmbH, Sankt Georgener Str. 19, 79111 Freiburg, Germany
4 Institute of Microstructure Technology, Karlsruhe Institute of Technology, 

Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
5 Der Grüne Punkt – Duales System Deutschland GmbH, Frankfurter Straße 

720–726, 51145 Köln, Germany

Abstract.  German packaging law demands an increase in the plastic pack-
aging recycling quota from 36% to 63% by 2022. Application of inorganic 
crystalline fluorescent substances for tracer-based sorting (TBS) provides 
an innovative approach to meet this recycling goal. TBS is already applied in 
industry to separate ground polyvinylchloride (PVC) window profiles with and 
without fiber reinforcement with a sorting capacity of 0.5–2.5 t/h. In Germany, 
a TBS recycling system for post consumer packaging is being developed, 
starting with bottles as a model product. More than 80% of end-of-life plas-
tic bottles from households show colors and transparency in favor of TBS. 
Selected trivalent lanthanide elements – erbium (Er3+), holmium (Ho3+), and 
thulium (Tm3+) – serve as effective tracer materials. These markers result in 
bright emission lines in green, red and near-infrared (NIR, at 800 nm) when 
excited with 980 nm laser light. This process of upconverting light – such that 
the energy of the emitted photons is greater than that of incident photons – is 
a unique anti-Stokes process. Tracer substances as a part of the printing ink 
used on labels or directly on the packaging were identified to be most efficient 
for industrial application. Mixtures of these tracer substances were applied on 
samples with a 100 μg/cm2 concentration. In total 15 samples were tested, and 
experiments demonstrated that 11 marker combinations out of the 15 can be 
identified, based on the ratio of the individual signals. Using tracers as addi-
tives in the ppm range renders products identifiable by optical identification 
regardless of the polymers’ physical or chemical properties, thus sorting for 
product properties becomes possible. Examples include distinguishing food 
from non-food packaging, or identification of hazardous goods, even if identi-
cal packaging materials are being used.

© Springer-Verlag GmbH Germany, part of Springer Nature 2020 
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Keywords:  Plastics sorting · Fluorescent marker materials · Recycling · 
Upconversion

1  Polymers in the European Circular Economy

The aim of the circular economy is the minimization both of raw materials and energy 
input as well as less waste generation in industrial systems by repeatedly using prod-
ucts or materials [1]. The circular economy is defined as a system keeping the value 
of products, materials and resources in the economy for as long as possible, with 
 minimal waste generation. This is regarded as an essential contribution to sustainabil-
ity [2], especially to the United Nations Sustainable Development Goals (UN SDG) 
with its goal 12 “Sustainable consumption and production” [3].

While polymers are an important material in the economy today, they are a signif-
icant source of waste as well. Global production of plastics amounted to 348 million 
metric tons (t) in 2017 [4], and it is expected to reach about 640 million t by 2035 
[5]. In Europe the total plastic converter demand was at 51.2 million tons of plastics 
in 2017 (Table 1), while 27.1 million tons of plastic waste were collected (2016 fig-
ure; [4]). This waste is mostly sent to landfill (27.3% or 7.4 million t), or incinerated 
(41.6% or 11.3 million t), meaning that a mere 31.1% of all plastic waste in Europe 
was collected for recycling (8.4 million t) [4].

Packaging is the most important industrial sector for plastics consumption in 
Europe. Out of the five most important polymers, four – high-density polyethylene 
(HDPE), low-density polyethylene (LDPE), polypropylene (PP), and polyethyl-
ene terephthalate (PET) – have their largest market volume in the packaging sector, 
while the largest polyvinylchloride (PVC) market is building and construction [6]. 
Consequently, the most important source of plastic waste in Europe is the packaging 
sector with its mainly short-lived products made from polyolefins (LDPE, HDPE and 
PP) and PET.

Table 1.  European plastic use in 2017 [4].

*EU 28 plus Norway and Switzerland

European data for 2017 Plastic converter demand

Total mass [t] 51.2 million*

Percentage share of industries

Packaging 39.7%

Building and construction 19.8%

Automotive 10.1%

Electronics 6.2%

Agriculture 3.4%

Household/Leisure/Sports 4.1%

Others 16.7%
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Although in Europe approximately 3000 companies are dealing with recycling, 
recycled plastics in Europe only cover 6% of the total plastic demand. About 100 
companies are processing recycled plastics [5]. The annual capacity of the European 
recycling industry in the early 2010 years was estimated to be 5 million t of mechan-
ical recycling, and 50,000 t for chemical recycling [7]. This corresponds to the 2016 
figures with 8.4 million tons of EU plastics recycled, with a share of domestic recy-
cling (inside EU) of 63% or 5.3 million t [4].

Unlike in other recycling businesses, legislation plays a pivotal role for business 
development for plastics recycling. For example, European Union (EU) legislation 
requires avoidance of waste in the first place, and then subsequently emphasises the 
re-use of polymer products [2], but, in the long run, all plastic products will be con-
verted into waste that has to be recycled, and eventually disposed of. Based on the 
2015 European Union (EU) Action plan for a circular economy [2], plastics were, 
amongst others, identified to be key priority material streams for a circular economy. 
In 2018, the EU Circular economy package was adopted by the European Commission, 
including a Europe-wide strategy for plastics in the circular economy. Key elements 
of this plastics circular economy include improvement of design to support recycling, 
separate collection to ensure quality inputs for recycling, modern and sufficient sorting 
and recycling plants and markets available for absorbing the recycled material [5].

In Germany, higher recycling quotas for plastic packaging have already been 
implemented by the German packaging law [8], which demands the increase in the 
plastic packaging recycling quota from 36% to 63% by 2022. To meet this chal-
lenging recycling goal, new technologies will be needed to produce more secondary 
polymers with a sufficiently high quality for materials recycling. One of the promis-
ing options to support recycling is the use of inorganic crystalline fluorescent tracer 
substances, which provide identification and sorting options independently from the 
packaging materials’ properties.

2  Photoluminescent Tracers

Photoluminescence (PL) is triggered by the interaction of electromagnetic irradia-
tion (light) responding electronic excitation and relaxation processes. One important 
physical effect observed here is the down-shifting (DS) PL effect caused by internal 
conversion from a higher excited energy level to a lower emissive energy level (or 
shorter wavelength irradiation versus longer wavelength emission producing Stokes 
type emission). Down-shifting is one of the PL mechanisms depicted in Fig. 1(a).

However, it is actually the mechanism (b) in Fig. 1 that is predominantly used 
with the materials described here, whereby radiative excitation occurs twice via the 
intermediate level E1 in PL tracer substances, thus allowing the absorption of two 
photons with the same wavelength to reach the excited state E2. Relaxation is reached 
by radiative emission of only one high energy package to the ground state G. Due 
to that nature of converting lower to higher energy it is named up-conversion (UC). 
Up-conversion can thus be understood as photoexcitation at a longer wavelength in 
the near-infrared region (NIR) followed by an emission of a shorter wavelength in the 
visible region (VIS). As shown in Fig. 1(b), two NIR photons are needed to produce 
one VIS photon.
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The electronic states or levels to which excitation occurs should be stable so no 
immediate relaxation can ensue. Electrons involved in these transitions should there-
fore not be interacting with the host crystal. Lanthanide ions represent ideal candi-
dates with these qualities. This is because the 4f-electrons that are built up in this 
period of the table of elements are “inner electrons” that are efficiently shielded from 
their outer 5d-counterparts with which chemical bonding occurs so that electron-pho-
non coupling to f-f transitions is reduced. The f-levels of the trivalent lanthanide ions 
are very large in number stemming from a fine and hyper-fine structure resulting from 
mutual electrostatic and spin-orbit interaction.

Moreover, each transition between states of the single ion occurs with its specific 
probability that reflects in the value of the cross section. It may be entirely different 
and much more effective in another ion. Fortunately, there are a number of energy 
transfer processes that enable using an ion with a high cross section as a very effective 
absorber and transfer this energy to a very effective emitter. This is the reason why 
ytterbium (Yb3+) is used as the dopant to absorb irradiative light effectively and then 
transfer this energy once or multiple times to either erbium (Er3+) or holmium (Ho3+) 
or thulium (Tm3+) as co-dopant and effective emitter ions. The dopant is also called 
the activator and the co-dopant the sensitizer.

All dopant and co-dopant pairs were thoroughly investigated to find the optimal 
doping concentrations for a maximal emission signal. These inorganic compounds 
provide the basis for efficient tracer materials together with structural and particle 
morphology control by means of X-ray diffraction and electron microscopy.

3  Tracer Based Plastic Sorting Experiences and Challenges

Application of fluorescent markers which emit merely one distinct emission, or the 
application of substances emitting multiple distinct emission lines (“taggers”) for  
polymer sorting processes has been discussed since the 1990s [9]. Research on 

Fig. 1.  Basic fluorescence mechanisms in phosphors: a) Down-shifting or Stokes emission 
where the photon excitation energy is larger than the emission energy due to non-radiative 
relaxation processes in the host crystal; b) Up-conversion absorbs two photons of lower 
energies via level E1 as a stepping-stone and emits one photon at higher energy.
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polymer packaging and polymer particle sorting showed the applicability of tracers 
which can be excited by X-rays [10] both for macro-sorting (sorting of entire prod-
ucts such as bottles) and micro-sorting (sorting of smaller particles such as ground 
polymers), providing identification options for high speed identification and auto-
mated sorting even for black polymers. Tracer substances applied were based on rare 
earth oxides and used in concentrations below 1000 ppm. Fluorescent tracers which 
are excitable at 310–370 nm and emit in the visible spectrum (VIS) are commercially 
available, and they have been used for macro-sorting (bottle sorting) with conveyor 
speeds of up to 3.5 m/s with a sorting purity of up to 95% successfully [11]. Here, 
0.5–5 ppm of binary markers have been applied in the polymers.

Moreover, in a lab scale sorting plant micro-sorting with tracer substances in  
polymer flakes (POM, PBT, ASA) was carried out up to 300 kg/h and with even better 
sorting results (sensitivity of 99.4% and precision of 99.5%) [9]. In this case, both 
excitation and fluorescence signals were in the visible spectrum.

The key challenge of fluorescence tracer application for particle or product iden-
tification is to achieve a sufficient signal-to-noise ratio. Tracer concentration in the 
material should be minimal for economic and environmental reasons, so this will 
decrease the signal. As an alternative, UC PL has been identified to provide an excel-
lent signal-to-noise ratio, using excitation in the invisible infrared spectrum (IR, at 
980 nm), and generating emissions mainly in the visible spectrum. If applied in a 
dark environment without visible light, only the tracer substance will be visible, and 
an excellent signal-to-noise ratio can be achieved. This technology has neither been 
tested for nor applied to end-of-life polymer sorting yet, so it provides the technical 
basis for this contribution.

PL tracer substances are characterized by specific emission lines and lifetime (PL 
decay time) properties. Typical substances used to this end are organic molecules or 
lanthanide elements complexes using e.g. europium and terbium [9, 10]. Polymer 
tracers can only be detected on the product surface [10], and in polymers typically 
tracer substance concentrations are between 0.5 and 20 ppm. Minimum tracer con-
centrations between 25 and 100 ppm for UV tracers and from 100 to 1,000 ppm for 
X-ray excitable tracers have been reported for identification of black plastics [12]. 
Experiments with ABS showed no change in mechanical properties of the material 
as long as the fluorescence tracer concentration did not exceed 250 ppm [9], and no 
photo-degradation after UV irradiation exposure was observed in PP with 1000 ppm 
tracer concentration in the µm range [10].

4  Application: PVC Profiles from the Building Industry

In 2018, more than 33,000 t of used PVC building products such as window pro-
files, roller shutters and doors in Germany have been recycled into secondary prod-
ucts. Moreover, almost 65,000 t of PVC production waste have found their way into  
secondary applications [13].

The circular economy of PVC window profiles is one of the use cases for tracer- 
based sorting, as some window profiles are made from a combination of different 
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PVC types which are partly reinforced with glass fibers. After the products use phase 
both PVC types have to be separated, for proper recycling, as glass fiber reinforced 
polymers have different processing and abrasion properties than unfilled resins. 
The co-extruded product shows a material fit, i.e. dismantling it is not an option for  
separation of reinforced from glass-fiber free portions of the profiles. The PVC pro-
files are ground to a particle size of 3–15 mm. No distinction can be made between 
reinforced and glass-fiber free PVC in current near infrared (NIR) sorting systems, 
as this identification method relies on the polymer matrix properties only. To solve 
this challenge, the glass fiber reinforced PVC was provided with fluorescent tracers 
(Fig. 2). A tracer concentration of 100 ppm proved sufficient to exceed the threshold 
of the noise of the camera used for identification, so this is the lower limit of tracer 
concentration in this case.

The sorting process in this application is binary, i.e. it is only examined if a tracer 
substance is present. The PVC sorting machine which was specifically designed and 
built for PVC particle sorting uses fanned-out laser beams to excite the tracer sub-
stances in the PVC particles. It detects the fluorescent particles through a camera 
system and separates them from the unmarked particles by means of compressed air 
pulses. The throughput of the machine lies between 0.5 and 2.5 t/h, with a conveyor 
speed for the flakes of 3 m/s. The purity of the sorted PVC material lies beyond 99%.

Fig. 2.  PVC Profile with fluorescent tracer.
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5  Application: Polymer Packaging

Post-consumer plastic bottles have been selected as model products for the tracer- 
based sorting application in waste management. To provide detailed information on 
end-of-life plastic bottle packaging, a total of 35 randomly selected households from 
Baden-Wuerttemberg/Germany was asked to provide their end-of-life plastic bottles 
which they discarded during one week in June 2018. The total mass of material col-
lected was 9.86 kg, with 8.4 kg of bottles, along with miscellaneous bottle closures 
weighing 1.338 g. In total 236 bottles were collected and characterized amongst oth-
ers for their contents, their materials (both the bottle and the caps), or their color. 
Visual inspection using a reference chart with RAL colors was used for color iden-
tification. Material identification (Table 2) was based on packaging marking and on 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) meas-
urements using a Bruker Alpha FTIR with Bruker Optics ATR-Polymer Library.

As a result, clear material or light colors that are advantageous for tracer iden-
tification (crystal clear and RAL Deutsches Institut für Gütesicherung und 
Kennzeichnung colors 1000–3000 and 9000), amount to 87.2% of all bottles.

Besides adding tracer substances to the packaging material, other options for 
tracer application exist such as applying a tracer as a coating or on labels. Expert 
judgement was made on these options, and a tracer substance application in the label 
print was identified to be the most advantageous approach.

Currently, experiments on re-recycling of tracers containing PE and PET are being 
carried out, to quantify the effects both on tracer and resin performance.

6  Tracer Substances Regime

If only one tracer substance in the polymer matrix is used, this will result in binary 
information only, but a combination of miscellaneous tracer substances will enable 
multiple codes. These codes may be used for identification of several products or 
substances in parallel, such as e.g. combinations of colors with food- or non-food 
applications.

Table 2.  End-of-life polymer bottle properties from households.

Product Total packaging
Mass share  
[%]

Material Bottles only
Mass share 
[%]

Caps&Closures only
Mass share  
[%]

Food applications 42.0 PE-HD 27.7 16.7

Non-food: PE-LD 2.2 2.8

Cleaning agent 9.7 PET 57.9 –

Washing agent 8.9 PP 10.0 78.9

Sanitary products 28.5 Others 2.2 1.5

Others 10.9 Not identifiable – 0.1
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To this end, experiments with tracer substances on a support material (like on 
packaging labels) with a total concentration of 100 μg/cm2 (for material efficiency 
reasons) were carried out to determine how many fractions of plastic waste can be 
separated if multiple tracer substances are applied. As this value translates into a 
tracer concentration of about 6000 ppm in the material, a sufficient PL signal could be 
expected here. The total concentration of 6000 ppm was distributed to different indi-
vidual tracer substances: depending on the combination of tracers, individual emission 
line combinations were obtained. The sum of all tracers on the label never exceeded 
6000 ppm. A maximum tracer concentration of 500 μg/cm2 was found to be the upper 
limit for this application for economic reasons.

The emission lines of the tracers were between 400 nm (blue) and 800 nm (IR). 
As the blue emission line exhibited a low intensity, only three different tracer sub-
stances with their specific emission lines (green, red and IR) proved applicable for 
combinatory experiments (Fig. 3). The tracers used are marker 1 (green PL), marker 
2 (red PL) and marker 3 (IR PL). Figure 3 shows that the tracers often emit several 
colors. Although other UC tracers may be synthesized from other atoms or host lat-
tices, the peaks in green, red or IR will remain in the same places of the spectrum.

In the next step a combination of these tracers in percentage increments was 
undertaken, for example combining 25% of marker 1 with 25% of marker 2 and 50% 
of marker 3. Depending on these increments, a theoretical number of combinations 
can be obtained as shown in Table 3. It was decided to use the 25% increment with 
the three tracers identified above (bold formatting in Table 3) for the first experiments, 
resulting in a maximum of 15 tracer combinations. With three tracers and a 12.5% 
increment, 45 tracer combinations would have been possible.

The tracers were mixed with commercially available white wall paint. This paint 
was applied on metal sheets with a concentration of 100 μg/cm2 in a 125 μm layer. 

Fig. 3.  Emission spectra of the green, red, and IR tracers.
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1 cm2 pieces were cut as samples from these coated metal sheets. These samples were 
rotated by a motor in a measurement chamber to simulate movement during the iden-
tification step, such as being moved on a belt with a speed of up to 3 m/s, or free 
falling. Excitation was achieved by a line laser, with a power density on the tracers 
at approximately 35 mW/mm2. The signal was measured with three photodiodes 
equipped with filters to measure the individual signals in green, red and IR only. The 
laser irradiation was filtered in all three cases, but not measured. The distance between 
tracer and photodiode was adjusted to 30 cm.

Figure 4 shows the signal of two selected tracer samples, each combining two or 
three individual tracer substances as identified in the figure. Due to the experimen-
tal setup the two samples were measured in parallel and rotated through the identi-
fication (sensor) area, producing signals of one tracer combination from 30 to 60 ms 

Table 3.  Tracer combination options.

%- increments 12,5% 20% 25% 33,33% 50%

↓Number of tracer substances Potential combinations = Number of potential sorting 
fractions

2 9 6 5 4 3

3 45 21 15 10 6

4 165 56 35 20 10

5 495 126 70 35 15

6 1287 252 126 56 21

Fig. 4.  Measurement results for two selected tracer combination samples.
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(duplicated at 160–195 ms) of the reading period, and from 100 to 125 ms (restart-
ing at 235 ms) of the second tracer sample. The signal difference between minimum 
and maximum of the individual signals was used for evaluation. In the given case, 
for “marker 1: 25% + marker 2: 75%” the results were green = 0.82, red = 0.368, 
IR = 0.14. As the absolute signal readings depend on the geometrical conditions of 
the measurement such as the distance (length) between tracer and the photodiodes 
the ratios of the individual readings are used for the differentiation of the tracers i.e. 
green/red, green/IR and red/IR. It would be green/red = 0.82/0.368 = 2.23 in the 
experiment shown.

Experiments showed so far that eleven out of 15 tracer combinations can be iden-
tified, while the remaining four combinations are too similar to be distinguished. In 
the experiment discussed, “marker 1: 75% + marker 2: 25%” is indistinguishable from 
“marker 1: 50% + marker 2: 50%”. The reason is that marker 2 generates both a red 
and a green signal, and these signals are subject to some natural variation. Moreover, 
matrix effects and effects of sample preparation might play a role here. Future  
experiments are planned to demonstrate that the distinction of up to 45 tracer combi-
nations is possible. Potential improvements are expected from new tracer substances 
that have less mixed signals, and improvements of the measurement technique.

7  Implementation of Tracer Based Sorting in Industry

The importance of stakeholder involvement in R&D activities and innovation man-
agement has been recognized as crucial [14, 15]. Numerous stakeholders from tracer 
producers to brand owners have both to be involved for the implementation of tra cer-
based sorting in industry and need to be convinced. The consideration of the future 
value chain of the innovation is highly relevant, too. However, stakeholder involve-
ment goes beyond this, and it allows one to comprehensively record and map possible 
chances and barriers of any new technology.

In the current project, stakeholders were first examined in a methodologically 
structured analysis and the relevant organizations and their interaction were visualized 
from a life cycle perspective. Especially brand representatives and distributors, waste 
management companies and recyclers are seen as important partners in the implemen-
tation process of the technology. They amongst others were involved in an interactive 
workshop. In this way, the perspectives of relevant interest groups have been embed-
ded in the innovation process of the project at an early stage. Based on this interac-
tion and its results, optimization proposals were generated in parallel to the technical 
research and development work, to adjust the technical development focus and addi-
tional aspects of work (cf. [16]).

As of today, the most important barriers are seen in the three areas “process/facil-
ities”, “markers” and “benefit distribution via various stakeholders”. From the stake-
holders’ point of view, the most important drivers can be found in the three thematic 
areas “quality/recycled goods quality”, “process/facilities” and “regulation/legal frame-
work”. Regarding regulation, especially increased recycling rates stipulated by regula-
tions are seen as a key driver. It is interesting to note that “process/facilities”, i.e. the 
integration of the process into the current sorting process, on the one hand is seen as 
the strongest barrier, but on the other was also identified to be a strong driver, too [17].



Photoluminescent Tracer Effects on Thermoplastic Polymer    11

The implementation of tracer-based sorting requires the collaboration of numer-
ous stakeholders and will lead to a shift in value creation in packaging recycling. 
Consequently, the development of concrete business models is currently an important 
focus of the project. The individual business interests of all stakeholders have to be 
sufficiently accommodated. Business model development is thus an important compo-
nent in providing the technologically promising innovation with actual opportunities 
for implementation. It renders business model development to be a core element in the 
implementation of innovation.

8  Summary

In the research project “MaReK” (“Markerbasiertes Sortier- und Recyclingsystem 
für Kunststoffverpackungen”), industry and universities are cooperating under 
a grant of the German Federal Ministry for Education and Research (BMBF) to 
develop a  tracer-based sorting and recycling system for packaging, in order to sup-
port high-quality material recycling. This research is motivated by the low portion of 
plastic (packaging) materials recycled in Europe and Germany. The main findings and 
current conclusions of the research include:

• Application of tracers for waste management purposes: The research consortium 
is the first to apply up-conversion tracer materials for post-consumer packaging 
recycling and to publish experimental results. Using tracers as additives in the ppm 
range renders products identifiable by optical identification processes regardless 
of the physical or chemical properties of the packaging material, whereas current 
packaging sorting relies on packaging material chemistry and geometrical proper-
ties only.

• Development of anti-Stokes photoluminescence (PL) tracer substances: Materials 
such as doped gadolinium oxysulfide micro-phosphors provide distinct emission 
lines of different colors in the visible spectrum. Three substances emitting in green 
and red and infrared are available for application as of today, and more substances 
are currently under development.

• Excellent signal-to-noise ratio: IR is used to excite the anti-Stokes PL, resulting in 
distinct visible PL signals that are both well applicable for product sorting and also 
do not suffer from auto-fluorescence. If applied in a dark environment, only the 
tracer emission signals are visible.

• Modifications of tracer-oriented packaging design: Highest tracer material effi-
ciency can be achieved when tracer substances are used as additives in printing ink 
on labels or on the packaging surface directly. Tracer concentrations of 100 μg/cm2 
on the packaging surface are more than sufficient for identification. As of today, 
already about 80% of all recyclable packaging bottles are compatible with tracer 
application requirements.

• Sorting code development: Tracer combinations and their performance for identifi-
cation of moving objects was measured and proved sufficient to distinguish eleven 
tracer combinations. Both the number of tracer combinations and the sensor tech-
nique applied will be subject to further research. Tracer concentration far below the 
1000 ppm range will become possible for technical applications.



12    J. Woidasky et al.

Consequently, tracer materials provide new opportunities for polymer product iden-
tification and marking. This technological approach goes beyond current NIR sorting 
capabilities, as it allows distinguishing product properties, e.g. distinguishing food 
from non-food packaging, even if identical polymers are being used for packaging. 
Moreover, identification of numerous products in parallel, i.e. in only one sorting 
step becomes possible, so from a technical point of view the current, multi-step sort-
ing processes may be replaced. A single-step pilot identification facility using trac-
er-based sorting for experimental purposes has been in operation in Freiburg/Germany 
since September 2019.
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Abstract.  Plastic is one of the materials mostly used in many industrial sec-
tors, as those of packaging, construction, agriculture, etc. Furthermore, poly-
mers are also extensively used in electrical and electronic equipment (EEE) 
manufacturing.

Plastic waste originating from EEE (WEEE) is a challenge for recycling 
due to presence of various hazardous elements (i.e. additives) representing a 
polluting source for the environment and a risk factor for the human health. 
Among these, there are those containing brominated flame retardants (BFRs), 
largely utilized to increase fire resistance, avoiding or delaying the flames, 
thus allowing to the plastics-based-manufactured-products to respect safety 
requirements. However, plastics with high BFRs levels cannot be recycled and 
therefore must be removed from the recycling stream. In a circular economy 
perspective, it is thus necessary to develop a system able to efficiently sepa-
rate plastic waste into homogeneous fractions based on the BFRs content. To 
improve the circularity of plastics, it is thus essential to recover and recycle 
bromine-free plastics to avoid the loss of available secondary raw materials.

The aim of this study was to develop an efficient, reliable and sustaina-
ble approach based on hyperspectral imaging (HSI) operating in SWIR range 
(1000–2500 nm) coupled with chemometrics, specifically addressed to iden-
tify plastics containing BFRs. In order to investigate the possibility of reliable 
sorting, plastic scraps from cathode ray tube with different contents of BFRs 
were investigated. The concentration of bromine per scrap was preliminary 
measured by X-ray fluorescence in order to validate the results obtained by 
HSI. The recyclable low-bromine fraction was successfully identified using the 
developed strategy based on HSI.
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imaging
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1  Introduction

The world plastic production almost reached 350 million tonnes in 2017 [1]. The 
large productions of plastic materials lead to a constant increase in the waste that must 
be managed. The European Union is promoting the transition to a circular economy 
approach. This represents a more sustainable alternative to the traditional linear econ-
omy based on a take-make-consume-throwaway. Through the circular economy, waste 
prevention and reuse of products is promoted. Alternatively, waste can be recycled or 
used (i.e. final waste not economically feasible to be recovered with the actual availa-
ble technologies) to generate energy [2].

In the perspective of the circular economy, the recycling of plastics can reduce 
the environmental impact, the depletion of resources and therefore the use of 
energy and materials per unit of output. Recycling is the final result of the interme-
diate stages of collection, sorting and processing of polymers. The sorting phase is 
fundamental to identify the type of polymer and the possible presence of additives 
[3]. Furthermore, the presence of substances deliberately added in plastic products 
(e.g. plasticizers, stabilizers, pigments and flame retardants) affect the recovery per-
formance that can be obtained by recycling processes [4]. In particular, brominated 
flame retardants (BFRs) are added to many plastic products and electrical/electronic 
equipment to make them less flammable [5]. There are about 75 different commercial 
BFRs [6], characterized specific properties and uses. Five classes can be identified: i) 
Polybrominated diphenyl ethers (PBDEs: C12H(10−x)BrxO (x = 1, 2, …, 10 = m + n)) 
used in plastics, textiles, electronic castings, circuitry; ii) Hexabromocyclododecanes 
(HBCDDs: C12H18Br6) used in thermal insulation in the building industry; iii) 
Tetrabromobisphenol A (TBBPA: C15H16−xBrxO2 where x = 1–4) and other phenols 
used in printed circuit boards, thermoplastics (mainly in TVs); iv) Polybrominated 
biphenyls (PBBs: C12H(10−n−m)Br(n+m) where n + m = 1–10) formerly used in appli-
ances, textiles, plastic foams and v) other brominated flame retardants [7].

Due to their toxicity, the European Union has limited and/or banned some BFRs. 
They have potential to cause endocrine disruption (i.e. TBBPA), can dramatically alter 
liver enzymes and thyroid homeostasis (i.e. HBCDDs) and are associated with devel-
opmental, reproductive and neuro-toxicity (i.e. PBDEs). These substances must be 
replaced with safe or safer materials to ensure a significant reduction in health and 
environmental risks [8].

Even if plastic waste from electrical and electronic equipment (WEEE) are col-
lected separately and submitted to recycling processes, its content of BFRs would 
be likely to pose risks to health or environment, especially when their preliminary 
handling (i.e. collection, storage, hand sorting, etc.) and the further processing (i.e. 
automatic sorting/separation strategies definition) are not correctly implemented and/
or carried out [9]. Restricting the use of these dangerous substances in new products 
is the present way but the legacy of these substances in previously produced items, 
in a circular economy perspective, imposes to manage these wastes by removing the 



16    G. Bonifazi et al.

fraction containing dangerous substances from the waste flow addressed to recycling. 
Plastic materials with high BFR levels should be identified and separated from other 
recycling materials, for this purpose, effective methods for the identification of BFR 
are necessary. In order to quantify bromine content in WEEE, several studies, imple-
menting different detection strategies, have been carried out. The BFRs present in the 
WEEE polymeric fractions were analyzed by Raman spectroscopy [10] and by chro-
matography [11]. Television sets and personal computer monitors were studied using 
a portable X-ray fluorescence device (XRF) [12].

In facilities bath density separation (typically density >1.1 kg/l), and X-ray trans-
mission density separation (typically Br concentration >15,000 mg/kg) are used [13]. 
Nevertheless, depending on WEEE category, about 30% of the dense scraps contain 
less than 1000 mg Br/kg, due to other (non-hazardous) additives [14]. As the bromi-
nated plastics are landfilled or burnt, this fraction is lost for recycling. Additionally, 
the sorting of light insulation material (expanded polystyrene and polyurethane foam) 
cannot be done by density, despite they can contain HBCDD [15, 16]. HSI approach 
can represent a solution for identification and quality control of different plastic waste 
[17–19]. It could be used for primary sorting, or in a second sorting step, to recover 
the fraction of dense plastics that are not brominated.

The aim of this study was to develop and evaluate the efficiency and reliability of 
HSI for identifying WEEE plastic with BFRs, at laboratory scale. For this purpose, a 
two-classes model (high Br > 2000 mg/kg and low Br < 2000 mg/kg) was performed 
based on European Committee for Electrotechnical Standardization (CENELEC) 
standards on WEEE treatment. The CENELEC standard sets a requirement of maxi-
mum 2000 mg/kg of bromine in the plastics that are sent for recycling [20].

2  Materials and Methods

2.1  Materials

Dense plastic scraps from cathode ray tubes devoted to industrial incineration were 
supplied by a company handling hazardous waste. 350 individual scraps were ana-
lyzed for total bromine by portable X-ray fluorimeter (XRF). From this set, 55 scraps 
chosen randomly with sizes between 2 and 10 cm and characterized by different color, 
thickness, weight were used for HSI investigation. To build the classification model, 
the scraps were divided in two datasets: 30 scraps for training and 25 scraps for vali-
dation. An example of some of the plastic waste particles selected inside the two sam-
ple sets is reported in Fig. 1.
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Fig. 1.  Example of the reference plastic waste particles of shredded shells of cathode ray tubes 
(television apparatus), adopted to define the training (a) and the validation dataset (b).
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2.2  Methods

Portable X-Ray Fluorimeter. A hand-held XRF Niton XL2 with benchtop stand and 
software dedicated for plastics (with automatic thickness correction) was used for Br 
measurements. Measurement time was 1 min. Independent measurement of plastic 
(PE and PS) reference material of 4 mm thickness (JSM P711-1 and JSAC 0651 to 
0655) showed consistency of the measurement.

The analysis of the Br content was useful to divide the samples into training and 
validation datasets and to compare the results obtained by HSI based on Partial Least-
Squares Discriminant Analysis (PLS-DA) classification. More in details, these anal-
yses are necessary for the spectra training phase which requires samples with known 
composition.

Hyperspectral Imaging. The samples were acquired by hyperspectral imaging 
using SISU Chema XLTM Chemical Imaging Workstation (Specim, Finland) equipped 
with ImSpectorTM N25E imaging spectrograph, working in the SWIR range (1000–
2500 nm). A 31 mm lens with a field of view of 50 mm was adopted, the spectral 
resolution was 6.3 nm. The hyperspectral image of a sample is collected in the form 
of a three-dimensional data set (called a hypercube of data) which has two spatial 
dimensions and a spectral dimension [21].

Spectral data were analyzed using PLS-Toolbox™ (Eigenvector Research, Inc.) 
running into the Matlab® environment (The Mathworks, Inc.). Hyperspectral imag-
ing acquisitions were performed at RawMaLab of the Department of Chemical 
Engineering, Materials and Environment (Sapienza – University of Rome, Italy).

Spectral Signatures and Principal Component Analysis (PCA). On each plastic 
 sample, Regions of Interest (ROI) were tracked in order to acquire the raw spectra 
embedding particles spectral signatures. This preliminary analysis is useful to identify 
the type of polymer present in the training and validation dataset and, especially for 
this study, to attempt the recognition of brominated plastics. The spectra of the dif-
ferent plastics were preprocessed using scatter correction methods and spectral deriv-
atives. Raw SWIR spectral data preprocessing was applied [22] in order to highlight 
the differences between the classes. More in details, in order to decrease the effect of 
light scattering, Standard Normal Variate (SNV) was used. 1st Derivative can elimi-
nate both additive and multiplicative effects in the spectra. Derivation technique uses 
smoothing in order to not reduce the signal-to-noise ratio and, therefore, to emphasize 
spectral ranges [23]. Finally, the data is centered with respect to their average through 
Mean Centering (MC). This method eliminates the data offset not important for the 
analysis.

Principal Component Analysis (PCA) was then applied on the preprocessed hyper-
cubes. PCA is a data matrix processing whose purpose is to represent the variation 
occurring in a set of variables using a smaller number of “principal” components [24]. 
The principal components are linear combinations of the original variables and are 
calculated to express the maximum variance contained in the data set. The multivar-
iate nature of the data is represented by a new space with a small number of dimen-
sions [25, 26].
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Through the PCA it is possible to detect similarities between the samples; in par-
ticular samples characterized by similar spectral features are grouped in the score plot. 
Therefore, through the PCA, it is possible to verify and to obtain the distribution in 
subgroups of the data set, without knowing the nature of the samples.

Partial Least-Squares Discriminant Analysis (PLS-DA). Partial Least-Squares 
Discriminant Analysis (PLS-DA) is utilized to develop a classification model: a clas-
sification rule is built by selecting samples (training set) whose classification is known 
[27]. The classification rule is then validated using an independent data set. The dis-
criminating method classifies the samples in one of the available classes following the 
Bayes rule, i.e. assigning the sample to the class corresponding to the highest proba-
bility [28].

To measure the efficiency of the model, it is statistically validated using the sen-
sitivity, specificity and class error for calibration (Cal) and for cross-validation (CV). 
More in details, sensitivity, specificity and class error are expressed as [29]:

Where the true positive (TP) and the true negative (TN) indicate the pixels that were 
appropriately assigned as belonging (TP), or not belonging (TN), to a precise class. 
FP and FN represent false positives and false negatives, respectively, indicating the 
pixels that were erroneously assigned as belonging (FP), or not belonging (FN), to 
a precise class. Sensitivity (the fraction of particles of positive exact classification) 
and specificity (the fraction of particles of negative exact classification) take values 
between 0 (poor classification) and 1 (perfect classification). The class error is the 
global fraction of particles with inexact classification.

Venetian Blinds was used as a cross-validation method for estimating the per-
formance of a predictive model and to select the number of Latent Variables (LVs). 
Cross-validation was carried out by grouping the samples. Each cross-validation 
group is taken out from the training set, one at a time. Each time, the model is cal-
ibrated on the remaining training samples and then used to predict samples of the 
cross-validation group [28]. In the Venetian Blinds methods, each test set is deter-
mined by selecting every sth object in the data set (s is the number of data splits, 

(1)Sensitivity =
TP

TP + FN

(2)Specificity =
TN

TN+ FP

(3)Class error = 1−

(

Sensitivity + Specificity

2

)
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which must be less than half of the total number of objects in the data set), starting at 
objects numbered 1 onwards [30].

3  Results

3.1  X-Ray Fluorescence

The main characteristics of the analyzed plastic samples, in terms of Br  content, 
are shown in Tables 1 and 2, with reference to the training and validation sets, 
respectively.

The results clearly outlined the great difference of composition, with regards to 
Br presence in the samples. More in details, in the training dataset there are 10 plastic 
waste samples with high bromine content (from 65041 to 151836 mg/kg) and 20 sam-
ples with low content (from 4 to 149 mg/kg). Instead, in the validation dataset there 
are 6 samples with high bromine content (from 118633 to 83885 mg/kg) and 19 with 
low content (from 3 to 309 mg/kg).

Table 1.  Br content measured by XRF for plastic waste samples used as a training set.

ID Color Thickness
(mm)

Weight
(g)

Br
(mg/kg)

ID Color Thickness
(mm)

Weight
(g)

Br
(mg/kg)

Br 6 Grey 2 2.84 151836 I 15 Grey 5 2.59 5

Br 9 Grey 3 3.45 114398 I 17 Grey 2 14.36 8

Br 13 Grey 1 1.06 65041 I 18 Grey 2 3.56 6

Br 18 Blue 4 4.19 111693 I 19 Grey 1 2.88 8

Br 1 White 2 1.95 100733 I 20 Grey 2 2.45 5

Br 8 Grey 2 1.03 88251 I 21 Grey 2 5.05 5

Br 96 White 2 3.12 108079 N Br 13 White 3 3.83 7

Br 98 Grey 2 4.61 135483 N Br 14 Grey 3 3.8 14

Br 106 White 3 1.29 78048 N Br 17 Brown 2 7.11 11

Br 119 White 2 1.44 83674 N Br 19 Grey 3 8.84 9

I 4 Grey 2 6.15 6 N Br 20 Grey 2 2.68 14

I 11 Grey 2 4.5 4 N Br 21 Grey 1 1.22 12

I 12 Grey 1 5.4 6 N Br 22 Grey 2 4.86 11

I 13 Grey 2 7.84 4 N Br 24 Grey 3 8.47 9

I 14 Grey 3 1.29 4 N Br 26 Grey 3 11.29 149
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3.2  Hyperspectral Imaging

Spectral Signatures and Principal Component Analysis (PCA). Starting from the 
results obtained by X-Ray Fluorescence, the samples were divided into two classes 
based on the bromine content (high Br > 2000 mg/kg and low Br < 2000 mg/kg), this 
concentration limit being recommended in [20].

The average raw reflectance spectra of the two classes of plastics characterized 
by high and low bromine content are reported in Fig. 2. The spectral features of the 
investigated plastic samples indicate that they are all constituted by polystyrene (PS); 
the absorption of C–H2 and C–H in the third region of harmonics (1043, 1151, 1214, 
1308 nm), of C–H2 and δC–H2 in the second harmonic region (1352, 1415, 1648 nm) 
and of C–H group in the first combination region (1817, 1868, 1918, 2012, 2074 nm) 
were identified [31].

The corresponding pre-processed spectra of two classes after the application on 
Standard Normal Variate (SNV), 1st Derivative and Mean Center (MC) algorithms, 
are shown in Fig. 3.

After pre-processing, PCA was applied on the calibration dataset. The PCA results 
(PC1-PC3 score plot) are reported in Fig. 4. PC1 and PC 3 explain 33% and 17% of 
the total variance, respectively. The spectral data of the polymer samples are dividend 
in two groups based on their bromine content. More in detail, the PC3 negative values 
identifies the samples with high content while the PC3 positive values those with low 
bromine content.

Fig. 2.  Average raw reflectance spectra of the plastic waste samples acquired by HSI in the 
wavelength range 1000–2500 nm, representative of the two classes characterized by high 
(Br > 2000 mg/kg) and low (Br < 2000 mg/kg) brominated flame retardants content.
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Fig. 3.  Average pre-processed reflectance spectra of plastic waste samples acquired by HSI in 
the wavelength range 1000–2500 nm, representative of the two classes characterized by high 
(Br > 2000 mg/kg) and low (Br < 2000 mg/kg) brominated flame retardants content. Applied 
preprocessing are: Standard Normal Variate (SNV), 1st Derivative and Mean Center (MC) 
algorithms.

Fig. 4.  PC1-PC3 score plot of the training waste plastic samples characterized by the presence 
of high (Br > 2000 mg/kg) or low (Br < 2000 mg/kg) brominated flame retardants content.
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Partial Least-Squares Discriminant Analysis (PLS-DA). After setting class 
by PCA, the PLS-DA classification model was utilized to classify plastic samples 
belonging to the validation dataset. The classification results are reported in Fig. 5.

The two-classes model (class 1: plastic with high Br > 2000 mg/kg and class 
2: plastic with low Br < 2000 mg/kg) gave very good results: 22 samples out of 25 
were correctly classified. 2 samples with high Br (Br 110: 110272 mg/kg and Br 115: 
83885 mg/kg) are classified as low Br, and 1 sample with low Br (N Br 110: 8 mg/
kg) is classified as high Br. The three incorrectly classified samples have a flat and 
noisy spectrum, with very low reflectance levels (maximum 0.13). This class of sam-
ples, characterized by a dark color, could constitute a third class to be introduced in a 
further study. For high Br, 4 scraps are correctly identified and 2 scrap is incorrectly 
identified; for low Br, 18 scraps are correctly identified and 1 scraps are incorrectly 
identified.

The sensitivity and specificity values range from 0.98 to 0.99 and the class error 
values, lower than 0.01 (Table 3), confirm the quality of the model. So, the frequency 
of correct classification of all the pixels is higher than 98%, with an equivalence 
between the values obtained for calibration and cross-validation, indicating that the 
models are not under or over-fitted.

Fig. 5.  Prediction map obtained after the application of the PLS-DA two-classes model. The 
classes are: high Br (Br > 2000 mg/kg) and low Br (Br < 2000 mg/kg) plastics, reported in the 
figure in red and green, respectively. Samples circled in yellow are incorrectly identified: the 
samples with high Br content (Br 110 and Br 115) are classified as low Br while sample with 
low Br (N Br 110) is classified as high Br.



An Efficient Strategy Based on Hyperspectral Imaging    25

4  Conclusion

The EU strategy for plastics containing BFRs, in the circular economy, requires that 
they must be sorted and separately managed. This study investigated the possibility to 
apply a HSI sensing architecture to identify plastics with high and low bromine con-
tent. Starting from the acquired spectra of the different samples, a full chemometric 
recognition approach, based on PLS-DA classification and modelling, was developed. 
A two-classes model was carried out, to identify plastics with high (Br > 2000 mg/
kg) and low (Br < 2000 mg/kg) Br content. Classification results were very good, with 
95% of non-brominated particles identified without error.

The proposed approach can be used as a primary or complementary detection 
engine inside a waste plastic recycling plant to sort plastics with BRFs, according to 
concentration limits required by law. The study also shows the need to introduce a 
third class constituted by samples characterized by darker colors. Additionally, this 
method could be used for expanded polystyrene (EPS) or polyurethane foam (PUF) 
from construction and demolition waste that cannot be sorted for bromine by density.
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Abstract.  Cellulose fibers are advantageous reinforcing materials for bio-
based composites because of their availability and good mechanical proper-
ties. Several chemical processes have been developed to turn the native fibers 
into micro- (MFC) or nanofibrillated (NFC) cellulose fibers. These nanocom-
ponents are believed to even have stronger reinforcing capacity because of 
surface interaction effects at the nanoscale and formation of a fine web struc-
ture. During further processing of fibrillated cellulose in combination with a 
biopolymer matrix, however, there is evidence of agglomeration due to the 
hydrophilic nature of the fibers and incompatibility with the polymer matrix. In 
our approach, surface modification of the micro- and nanofibrillated cellulose 
is done by the in-situ deposition of hydrophobic nanoparticles onto the fiber 
surface, allowing to tune the required hydrophobicity of the cellulose additives 
and to make them compatible with extrusion applications, as demonstrated for 
PLA biopolymers.

Keywords:  Biopolymers · Nanocellulose · Melt-blending

1  Introduction

Cellulose fibers are advantageous reinforcing materials for the formulation of bio-
based composites because of their availability and good mechanical properties. The 
hierarchical structure of macro-scale cellulose fibers organized in the plant cell walls 
contains multiple bundles of cellulose microfibrils that have alternative amorphous 
and crystalline domains. Several chemical processes have been developed to turn the 
native fibers into micro- (MFC) or nanofibrillated (NFC) cellulose fibers [1]. These 
nanofibers are believed to even have stronger reinforcing capacity than native cellu-
lose fibers because of surface interaction effects at the nanoscale and formation of a 
fine web structure. During processing of fibrillated cellulose in combination with a 
hydrophobic biopolymer matrix, however, there is evidence of agglomeration due to 
the highly hydrophilic nature of the fibers leading to incompatibility with the  polymer 
matrix. Several methods have been developed for the surface hydrophobization of 
 cellulose fibers [2] and nanofibers [3].
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In view of replacing petroleum-based products with bioplastics, especially 
poly(lactic acid) (PLA) and polyhydroxyalkanoates (PHB) are of interest. However, 
those biopolymers do not have suitable mechanical properties that allow them 
to compete directly with the main-stream plastics such as PE, PP, PS, and PVC. 
Plasticizers already exist to tailor the flexibility of biopolymers and to meet a vari-
ety of application requirements, but this mostly comes at the cost of strength and 
stiffness. Recently, different approaches such as copolymerization, blending, and 
addition of filler materials have been tried to achieve the flexibility and toughness 
of PLA, but the main focus has been centralized on blending with low molecular 
weight and low glass transition temperature polymers such as polyethylene gly-
col (PEG), polypropylene glycol (PPG), polyhydroxybutyrate to improve flexi-
bility [4]. However, plasticizers have many limitations such as a huge decrement 
of the glass transition temperature Tg that may affect the processing and molding 
[5]. More recently, there is a remarkable interest using MFC/NFC into polymer 
matrices to produce nanocomposites due to significant property enhancements by 
incorporation of only a few weight percent of the NFC/MFC. With use of nano-
fillers like MFC/NFC, cellulose nanowhiskers (CNWs) or clay, the remarkable 
property enhancements make their nanocomposites superior candidates for mate-
rials application in the food packaging, electronics, and automotive industries [6]. 
The nanocomposite properties depend on the quality of nanoparticles dispersion in 
a polymer matrix [7]. However, the relationship between mechanical properties of 
nanocomposites and nanoparticle dispersion still remains unresolved and is often 
difficult to control [8].

As a main challenge, the MFC/NFC nanofillers fail to disperse and remain 
aggregated into the polymer matrix. In case of aggregation of nanofillers, the mod-
ulus and strength of the nanocomposite could be comparable to those of the pure 
polymer but toughness and elongation could even get worse [9]. Therefore, the 
dispersibility of MFC/NFC on a nanoscopic or molecular level has been noticed 
as the critical issue in nanocomposite science and technology. In recent work, the 
hydrophobic-modified NFC was obtained by grafting hydrophobic monomers on 
NFC to improve the compatibility between NFC and the biopolymer during blend-
ing and improve its dispersiblity. However, most approaches are based on the use 
of solvent casting techniques in order to produce nanocomposites, while it remains 
more challenging to incorporate the nanofillers during continuous melt-processing 
steps. In order to achieve these goals, understanding of thermodynamic behavior 
of PLA and its composites requires quantitative thermal and molecular mobility 
analysis [10]. Moreover, the rheological behavior and thermal properties can be 
significantly altered by stereo-sequence distribution, architecture and molecular 
weight [11].

In contrast with traditional chemical surface modification, the hydrophobiza-
tion of micro- and nanofibrillated cellulose in this study is done by deposition of 
hydrophobic nanoparticles, allowing to tune the required hydrophobicity of the 
cellulose additives and to make them compatible with PLA for, e.g., extrusion 
applications. In order to get more fundamental insight in the melt-blending char-
acteristics of the surface-modified MFC/NFC and the PLA, rheological measure-
ments were done.
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2  Materials and Methods

Different morphologies of micro- and nanofibrillared cellulose were produced from 
hardwood pulp in a Microfluidizer M-110EH (Microfluidics) using different geom-
etries of the interaction chamber (200 and 87 µm) under various pressures (350–
1700 bars) and number of passages (5–50). As such, 2% fiber suspensions with 
gradually decreasing fiber diameter of 500 nm to 50 nm were obtained, including 
both microfibrillated cellulose (MFC) and nanofibrillated cellulose (NFC) grades. A 
commercial grade of PLA (3001D) was delivered by NatureWorks LLC (USA) with 
MFI = 22 at 210 °C and density of 1.24 g/cm3. The polymer pellets were first grained 
in a Hellweg table granulator M 50/80 and subsequently dried for 24 h at constant 
temperature of 80 °C before further processing or characterization.

The fibrillated cellulose fibers have been hydrophobized by an in-situ reaction for 
synthesis of organic nanoparticles of poly(styrene-co-maleimide) or SMI, in analogy 
with a previously reported protocol [12]. The fibers were loaded as separate batches 
in an autoclave reactor together with poly(styrene-co-maleic anhydride) precursor 
copolymer at weight ratio (maleic anhydride)/fiber = 1/1 and ammonium hydrox-
ide at weight ratio NH3/(maleic anhydride) = 1.01. During imidization, the nano-
particles were formed and immediately deposited onto the fiber surface by chemical 
interaction. The native MFC/NFC fibers and modified MFC fibers (mMFC) were 
freeze-dried for further processing.

The PLA nanocomposites with three types of nanocellulose fibers were made 
by melt-processing. The blending was done by using a lab-scale parallel co-rotating 
twin-screw compounder (Process 11, Thermo Scientific, Germany), by premixing the 
required material fractions as dry powders and subsequent feeding to the hopper. The 
temperature profile in different compartments of the compounder was optimized during 
preliminary processing of the native PLA, ranging between 195 °C (feeding zone) and 
215 °C (near die). The obtained blends were subsequently compression molded into 
films on a hydraulically heated press (LaboPress P 200 S, Vogt Maschinenbau GmbH).

Characterization was done through rheological measurements on the aqueous 
suspensions of single MFC/NFC fibers before and after surface-modification, and 
on the molten polymer blends with different fiber concentrations between 0 and 20 
wt.-%. The thermal characteristics were evaluated through differential scanning cal-
orimetry (Q200 TA Instruments). The mechanical properties were determined from 
a stress-strain experiment on a standard mechanical test bench (Zwick, Germany). 
Morphologies were studied on a tabletop TM3000 scanning electron microscope 
(Hitachi, Germany).

3  Results and Discussion

3.1  Morphology

The morphology of cross-sections taken from cryogenically fractured films with dif-
ferent fiber percentages is shown in Fig. 1, for pure PLA and PLA nanocellulose bio-
composites. The native material is obviously prone to rather brittle type of fracture 
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with clearly aligned fracture surfaces and flat surface morphology. It is found that the 
unmodified MFC fibers can be homogeneously dispersed into the matrix up to 1 wt.-
%, the unmodified NFC fibers up to 2 wt.-% and the modified MFC fibers up to 5 wt.-
%. The unmodified MFC fibers are prone to poor adhesion and fiber pull-out at higher 
concentrations. The occurrence of smooth fracture surfaces and formation of a single 
fiber network of the modified mMFC ensures good dispersive and distributive mixing 
and provides best mechanical performance. The role of the single NFC fibers is less 
visible, but the performance depends more on a good dispersion and high density of 
the fiber network, resulting in a more ductile aspect of the fracture surface.

3.2  Melt-Rheology

The rheological properties of neat PLA and PLA nanocomposites loaded with unmod-
ified and modified MFC/NFC were measured to study the visco-elastic behavior and 
viscosity of molten nanocomposites at 180 °C. As an example, the rheological data for 
PLA and NFC/PLA blends is shown in Figs. 2 and 3 to illustrate the evolution of loss 
moduli and storage moduli over a given strain and frequency range.

The strain sweep test (Fig. 2) was done at constant frequency 1 Hz to find out the 
response of nanocomposites at different strain and region of linear behavior. Based on 

a b

c d

Fig. 1.  SEM micrographs on fractured surfaces illustrating morphology of (a) PLA, (b) 
PLA + 1% MFC, (c) PLA + 5% mMFC, (d) PLA + 2% NFC



32    P. Samyn and H. Taheri

this test, the rheological behavior of nanocomposites loaded with low concentration 
of unmodified or modified MFC/NFC shows a linear behavior with G″ > G′ for the 
whole range of strain. This linear behavior with G″ > G′ can also be observed for neat 
PLA, but the overall G′ and G″ trends for 0.25 wt.-% unmodified and modified MFC/
NFC are lower than for neat PLA. The homogeneous mixtures of PLA/MFC can be 
obtained depending on the strain and frequency regimes during oscillatory rheome-
try. With the increment of unmodified filler component (1 wt.-%) in PLA, the overall 
trends of G′ and G″ show the larger values in comparison with neat PLA but the lin-
ear behavior remains unchanged with G″ > G′. Unlikely, the modified filler (1 wt.-
%) shows a strain softening behavior with increment of strain. This behavior can 
occur due to the influence of surface-modified mMFC that behaves as a plasticizer. 
However, with increment of filler concentration (5 wt.-%) the strain softening behav-
ior was slightly pronounced. According to the strain sweep test, the linear regime 
for G′ and G″ at intermediate strain 1% was observed. Optimum concentrations of 

Fig. 2.  Strain sweep test of neat PLA and PLA nanocomposites loaded with unmodified and 
modified MFC/NFC filler, a) storage modulus, b) loss modulus.

Fig. 3.  Frequency sweep test of neat PLA and PLA nanocomposites loaded with unmodified 
and modified MFC/NFC filler, a) storage modulus, b) loss modulus.
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modified fibers to obtain good dispersive and distributive mixtures were at around 
1–2%. The hydrophobic surface modification of the fibers clearly have a positive 
effect on lowering the G′ and G″ relatively to the pure PLA and the 2% unmodified 
fiber mixtures.

The frequency sweep tests (Fig. 3) were done for neat PLA and different nano-
composites to observe the response of the system. For neat PLA, both G′ and G″ 
increased systematically as a function of the applied frequency. However the incre-
ment of G′ is faster than G″ confirming the gradual tendency towards a solid-like 
behavior for molten PLA. This increment can be related to the high molecular weight 
of polymer as a general characteristic. The addition of unmodified and modified MFC/
NFC fillers has a direct effect on the increment of G′ and G″ as a function of fre-
quency. In this regard, the low concentration of both unmodified and modified filler 
shows very close plots for G′ and G″. Interestingly, the PLA nanocomposite with 
1 wt.-% unmodified MFC/NFC filler shows a greater G′ (hundred time) at low and 
intermediate frequency compared to neat PLA while the PLA nanocomposite with 
5 wt.-% modified mMFC filler does not show this behavior. The viscous behavior is 
more pronounced with increment of modified MFC/NFC filler concentration confirm-
ing the effects of deposited SMI nanoparticles at higher temperature (180 °C).

3.3  Thermal Properties

A selection of results from DSC analysis for different PLA nanocomposites with 
0.25, 1 wt.-% unmodified MFC/NFC and 0.25, 0.5, 1, 5 wt.-% modified MFC/NFC is 
shown in Fig. 4.

For both unmodified and modified MFC/NFC PLA blends, an alteration of glass 
transition Tg, crystallization temperature Tc and melting peaks Tm was observed. The 
increment of MFC/NFC filler from 0.25 to 1 wt.-% affected the melting peak of nano-
composite: the narrow symmetrical endotherm of the nanocomposite with 0.25 wt.-% 
MFC/NFC filler changed into a broad melting with two shoulders or maxima for the 
nanocomposite with 1 wt.-% of MFC/NFC filler. This behavior was also observed 

Fig. 4.  DSC analysis of PLA nanocomposites with fibrillated cellulose, (a) unmodified fibers at 
0.25 wt.-% and 1 wt.-%, (b) modified fibers at 0.25–5 wt.-%.
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for nanocomposites with 0.5, 1 and 5 wt.-% modified MFC. A double melting endo-
therm for polymer blends has also been reported due to a melting and recrystallization 
phenomena [13]. The melting behavior of unmodified and modified MFC/NFC nano-
composites is reminiscent of a transcrystalline layer that coexists in the vicinity of 
cellulose nanowhiskers [14], which likely explains the occurrence of two maxima in 
the melting endotherm. However, the broadening of the melting endotherms is more 
pronounced with increment of the MFC/NFC filler. The presence of MFC/NFC filler 
increases the degree of crystallinity of the neat PLA matrix. The degree of crystallin-
ity can also be decreased due aggregation of MFC/NFC filler with different concen-
trations. It can be an interpretation that MFC/NFC nanofillers act as nucleating agents 
for PLA crystallization.

3.4  Mechanical Properties

The results of mechanical tensile testing on the melt-processed PLA nanocompos-
ite films are evaluated and given in Fig. 5. The modulus of elasticity determined by 
the slope of the curve seems not to be mainly influenced by the nanocellulose addi-
tives, while the ultimate strain and strength at break depends on the type of filler. 
The addition of 1 wt.-% unmodified MFC increases the elongation and strength in 
respect to the unfilled material, while the higher percentages of unmodified MFC 
cause deterioration of the mechanical properties. For MFC, there is almost no 
increase in strength and a decrease in elasticity at higher loading percentages, indi-
cating weak interactions between the fillers and polymer matrix. The addition of 
modified mMFC fibers seems to provide better mechanical properties, with a signif-
icant increase in strength and elongation at 1 wt.-% modified mMFC, while higher 
percentages of nanocellulose fillers further deteriorate the properties. However, the 
elasticity of the native PLA seems to be retained or slightly improved after blending 
with mMFC. From the mechanical testing data, it has been cleared that the presence 
of SMI nanoparticles are one of the key factors to reach dispersive mixing, while 
the unmodified MFC only reached distributive mixing during melt-processing in the 
extrusion line.

Fig. 5.  Mechanical stress-strain curve of PLA nanocomposites with fibrillated cellulose, (a) 
unmodified MFC fibers at 0.5–7 wt.-% (b) modified mMFC fibers at 0.25–7 wt.-%.
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4  Conclusion

The melt-blending of fibrillated cellulose materials within a PLA matrix has been 
demonstrated during compounding on a continuous mini-extruder and subsequent 
compression molding. The benefits of blending hydrophobized fibrillated cellulose 
result in a maximum percentage of 5 wt.-% fibers that can be homogeneously mixed 
with a good dispersion and distribution within the polymer matrix. For the unmodified 
fibers, lower percentages could be blended with less interface compatibility resulting 
in fiber pull-out. The effects of nanoparticle deposits on the fibers are expressed in 
beneficial melt-rheological parameters with a significant drop in viscosity of the nano-
composite melt, indicating that the surface-modified fibers act as a plasticizer. The fill-
ers affect the crystallization properties and melting endotherm of the PLA, suggesting 
their role as nucleating agent resulting in higher crystallinity. The latter is reflected 
also in improvement in mechanical properties, mainly in the case of surface-modified 
fibers.
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Abstract.  The increasing scarcity of resources and growing environmental 
awareness require higher recycling rates for plastic waste. Common techniques 
to do that are mechanical recycling, thermal recycling and chemical recycling, 
which is also called feedstock recycling. From all three techniques, chemical 
recycling is the only one which can produce new materials that correspond to 
the quality of conventional virgin material. However, the technique is limited 
to suitable polymers, e.g. polystyrene, which can be depolymerised at elevated 
temperatures. For an efficient industrial scale-up, a continuous process is desir-
able. In our work, we present such a continuous process for the recycling of 
polystyrene from post-industrial waste. A co-rotating, tightly intermeshing 
twin-screw extruder in high-temperature design is used together with a vacuum 
separation system with three degassing openings. By determining a stable pro-
cess point a continuous depolymerisation of polystyrene is technically realised.

The atmospheric oxygen and moisture are removed via the first degassing 
opening of the extruder. The degradation products of the depolymerisation pro-
cess are then degassed through the second and third opening. The degradation 
products are passed through a water-cooled condenser where they are lique-
fied. The styrene yield is maximised by tuning the process parameters barrel 
temperature, screw speed and configuration, mass throughput and degassing 
design. Analysis of the products reveals a considerable influence on increasing 
recovery rates with increasing barrel temperature, decreasing throughput and 
longer residence time. A longer residence time is realised by a lower through-
put and an optimised screw configuration. We anticipate our process as a very 
promising technique to efficiently and economically scale-up the chemical 
recycling of poly-styrene waste.
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1  Introduction

In the plastics processing industry, the transition from a linear to a circular econ-
omy is becoming increasingly important. This is due to climate change, environmen-
tal pollution, population growth and resource dependency. According to a study of 
PlasticsEurope Deutschland e. V., Frankfurt am Main, Germany, the amount of plas-
tic packaging waste collected increased by 12% from 14.9 million tonnes in 2006 
to 16.7 million tonnes in 2016 (EU28+NO/CH) [1]. At the same time, the recycling 
rate went up by 74% and the thermal recycling of plastic packaging waste by 71%. 
Landfill was reduced by 53% during the same period. However, a continuous increase 
in global plastics production can be observed. Mature recycling concepts are needed 
to minimise the ecological consequences of inappropriate disposal. There are three 
basic types of recovery of plastics: thermal recovery, mechanical recycling and chem-
ical recycling [2].

Thermal recovery is currently the predominant one in Europe. It does not require 
mono-fraction material feedstock [1]. The plastic waste is incinerated and the released 
energy is used for power generation. A big drawback of this technique is the irreversi-
ble loss of the material in the material cycle.

In the case of mechanical recycling, sorted plastic waste is washed, melted and 
regranulated. It must be taken into account that a deterioration of the plastic quality 
occurs if the material is not sorted [3]. Additionally, in every form of material recy-
cling, the polymers are thermally and mechanically damaged by re-melting. This 
leads to a deterioration of the mechanical properties [3].

The chemical recycling of plastic waste – often also called feedstock recycling – 
describes the splitting of macromolecules into individual parts or monomers. After 
purification, the monomers obtained can be used for the synthesis of new polymers. 
Using this technique, polymers with the same quality as the virgin material can be 
obtained [4].

Most polymers do not form a reactive monomer during thermal degradation. The 
thermal degradation of polyethylene, polypropylene and polyesters results in non-spe-
cific products such as waxes, light oils and gases. Nevertheless, polystyrene (PS) and 
polymethyl methacrylate (PMMA) are polymers which can be split back into their 
monomers beyond a critical temperature and are thus suitable for depolymerisation [5].

The mechanisms of depolymerisation of PS and PMMA differ fundamentally. For 
PMMA, the macromolecule is split at the end of the chain [6]. A complete thermal 
degradation under nitrogen atmosphere leads to a monomer concentration (methyl 
methacrylate) of >98% in the condensate [7]. In the case of PS, the chain shortening 
can take place both at the end and statistically distributed within the chain [8]. The 
cracking of the chain along the macromolecule leads to two different radical chain 
ends, which show different decay mechanisms (Fig. 1, left side). The end of the chain 
with the primary radical can split-off styrene monomer by regeneration of a compa-
rable end of the radical chain (depolymerisation, Fig. 1, path 1). The end of the chain 
with the secondary radical can form a tertiary radical via backbiting and a 1,5-trans-
fer. This tertiary radical can split off styrene, dimers and trimers by recovering a com-
parable end of the chain (Fig. 1, path 2) [9].
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Chemical recycling of plastics in screw reactors was already the subject of 
research in the 1990s [10]. The focus was on the use of PMMA. The first discon-
tinuous tests for the depolymerisation of PMMA were carried out using a high-tem-
perature kneader and corresponding degassing/condenser plant. These tests served 
to adjust the required barrel temperatures, residence time and cooling temperatures 
of the subsequent modules [11]. A recovery of 85% of the material in the form of 
condensate was achieved at a barrel temperature of 400 °C and a residence time 
of up to 45 min. The continuous realisation was then carried out on a twin-screw 
extruder with a screw diameter of 30 mm and a length-to-diameter ratio of 37 [12]. 
In the continuous trials, a condensate yield of up to 60% was achieved at a constant 
throughput of 3 kg/h, barrel temperatures of up to 380 °C and rotation speeds of up 
to 200 rpm.

The following investigations focus on the chemical recycling of PS by means of 
thermal degradation in the twin-screw extruder. Specifically, the suitability of the con-
tinuous extrusion process for the depolymerisation of PS is verified. Important param-
eters for that are the residence time and the energy input. In addition, the influence of 
the process conditions on the thermal degradation and the composition of the conden-
sate obtained is investigated.

Fig. 1.  Mechanism of thermal degradation of PS [7]
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2  Materials and Methods

2.1  Methodical Approach

The model substance that is used to perform the investigations is general purpose pol-
ystyrene, type PS 156F from INEOS Styrolution Group GmbH, Frankfurt am Main. 
The material is not pre-dried before being processed in the extruder.

Preliminary analyses focus on the degradation behaviour of PS at different tem-
peratures using thermogravimetric analysis (TGA) (Fig. 2). It becomes clear that tem-
peratures above 400 °C are required to gain a significant mass loss and thus a thermal 
decomposition. It must be taken into account that in a twin-screw extruder the maxi-
mum residence time at high throughputs is less than one minute. However, very good 
mixing and a high mechanical load are possible due to the co-rotating intermeshing 
twin screws, so that a comparable reduction of chain length can be expected with 
shorter residence time.

The continuous depolymerisation of PS is carried out in a co-rotating, intermesh-
ing twin-screw extruder of the type ZSK26Mc from Coperion GmbH, Stuttgart, 
Germany. The twin-screw extruder has a screw diameter of 26 mm and a high 
length-to-diameter ratio of 58 in order to achieve a long residence time of the plas-
tic melt. The equipment is capable to handle barrel temperatures of 450 °C. In order 
to enable a high shear energy input into the melt, the screw configuration features a 
dispersive mixing zone with five kneading blocks each and a left-handed element in 
addition to the obligatory melting zone (Fig. 3). Degassing using a vacuum pump in 
barrel four reduces moisture and oxygen, which could influence thermal degradation. 
Volatile components such as monomers, dimers and trimers are continuously removed 
in two further degassing zones in the barrels eight and thirteen and condensed in a 
separator. Here, the vacuum pressure is limited to 600 mbar in order to prevent 
the low-viscous melt from boiling up and allowing plastic melt to enter the vac-
uum system. The implemented melt pump enables a reliable sealing of the extruder 

Fig. 2.  Thermogravimetric analysis of the isotherm degradation behaviour at different set 
temperatures
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and simultaneously reduces the backlog length of the melt before exit. The speed, 
throughput and barrel temperature profile are varied in three stages (Table 1).

The process of thermal degradation of polystyrene in twin-screw extruders is 
limited by different boundary conditions. In addition to the residence time, which is 
restricted by the length-to-diameter ratio of the screws and also by the mass through-
put, the processing temperature also influences the molecular weight reduction and 
thus the formation of styrene. As the degradation increases with higher tempera-
tures, the highest possible barrel temperatures should be used. However, styrene has 
a self-ignition temperature of 490 °C [13]. In order to prevent self-ignition, a maxi-
mum barrel temperature of 430 °C is used for the first investigations of the degrada-
tion process. Due to the high temperature, the polystyrene has a very low viscosity 
in the extruder. As a consequence, the boiling melt is able to enter the vacuum sys-
tem, which could cause clogging of the pipelines. For this reason, a vacuum of only 
600 mbar is used in the first tests. In the selected process window, the melt does not 
boil up and a reliable operating point is reached. In general, low absolute pressures 
achieve an increased degassing performance [14]. The degassing process is also sup-
ported by continuous surface renewal. The aim of the first experiments is to carry out 
thermal degradation of polystyrene at a stable and reliable operating point. The opti-
misation of the process will follow in further investigations.

Fig. 3.  Schematic experimental setup and screw configuration for thermal degradation of PS in 
twin-screw extruders

Table 1.  Varied process parameters for continuous depolymerisation of PS in a twin-screw 
extruder

− 0 +

Throughput [kg/h] 10 15 20

Screw speed [rpm] 900 1000 1100

Barrel temperature [°C] max. 400 max. 415 max. 430
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2.2  Characterisation of Residues and Condensate

Continuous depolymerisation in the twin-screw extruder produces residues that pass 
completely through the extruder. The volatile components (condensate) are removed 
and collected via multi-stage degassing system. The degree of degradation is deter-
mined via melt flow rate (MFR) measurement of the residues. As the degree of deg-
radation increases, the molecular weight decreases and thus the MFR increases. The 
MFR value is measured at a temperature of 170 °C and 2.16 kg. In addition, the con-
densate yield is the focus of the analysis. It is assumed that the amount of conden-
sate discharged by the multi-stage vacuum degassing corresponds to the difference 
between the mass flow of polystyrene supplied and the mass flow of the residues. The 
amount of condensate in the separator is not weighed, since considerable amounts of 
condensate remain in the piping system and can therefore only be taken into account 
to a limited extent. At selected test points, the collected condensate is analysed with 
an Agilent 7890A gas chromatograph from Agilent, Santa Clara, United States. A 
flame ionisation detector was used as detector.

3  Results and discussion

The following section examines whether the results obtained during discontinuous 
depolymerisation can be transferred to continuous depolymerisation of PS in the 
twin-screw extruder. In particular, the limited residence time of the plastic melt in the 
twin-screw extruder and lower mass temperatures could lead to a lower thermal degra-
dation compared to discontinuous depolymerisation. Also the degradation in the twin-
screw extruder is not only caused by thermal stress but also by mechanical energy 
input. The functional principle of the twin-screw extruder allows a constant renewal 
of the surface so that the degassing of volatile components is supported. This study 
focuses on the influence of the process conditions on the depolymerisation of PS in 
the twin-screw extruder.

Figure 4 describes the influence of the set barrel temperature profile and the screw 
speed on the specific mechanical energy input, the mass temperature and the mini-
mum residence time of the plastic melt in the twin-screw extruder. The minimum resi-
dence time is determined by a colour change. The specific mechanical energy input is 
determined according to the equation in Fig. 4. MD stands for the applied torque at the 
screw, n stands for the screw speed and ṁ is the material throughput. Due to the high 
barrel temperatures of up to 430 °C, the melt viscosity in the extruder is low, so that 
the specific mechanical energy input cannot be significantly increased. At the same 
time, the degassing of the volatile components under vacuum leads to a strong heat 
extraction. As a consequence, the measured mass temperature is below the barrel tem-
perature. Here, it is also evident that an increase in speed does not lead to an increase 
in mass temperature. Instead, a slight decrease in mass temperature can be observed 
with an increase in screw speed from 1000 to 1100 rpm. Since an increased surface 
renewal takes place at high screw speeds, the degassing performance and at the same 
time the evaporative heat extraction are increased. As expected, a variation of the bar-
rel temperature profile does not result in a change of the minimum residence time of 
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the plastic melt in the twin-screw extruder. At high barrel temperatures, a high degree 
of decomposition is to be expected due to the high thermal load. At the same time, 
high mass temperatures support the degassing process, since high diffusion rates and 
low viscosities are present.

MFR measurements are used to estimate the degree of decomposition depending 
on the process conditions in the twin screw extruder. Figure 5 shows the correspond-
ing results of the MFR measurements as a function of the barrel temperatures and 
screw speeds used. It is evident that the MFR increases significantly with increasing 
thermal stress due to an increase in the barrel temperature. At a barrel temperature 

Fig. 4.  Influence of barrel temperature profile and screw speed on minimum residence time of 
melt, mass temperature and specific mechanical energy input

Fig. 5.  Influence of the barrel temperature profile and screw speed on the MFR
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of 430 °C, MFR values of up to 60 g/10 min can be achieved. At the same time, no 
uniform influence of the screw speed on the MFR is discernible. Thus, the mechan-
ical energy input cannot be increased by increasing the screw speed due to the low 
viscosity.

Figure 6 describes the influence of the barrel temperature profile and the screw 
speed on the condensate yield. Higher condensate yields are achieved with an increas-
ing barrel temperature profile, as the material is subjected to greater thermal stress. In 
addition, at higher barrel temperatures there is a lower melt viscosity, which supports 
the degassing of volatile components through higher diffusion rates. The condensate 
yield increases from 6.8% (400 °C) to 19.2% (430 °C) at a screw speed of 1000 rpm. 
However, a higher screw speed does not lead to a further improvement in the conden-
sate yield, as the low melt viscosity means that the specific mechanical energy input 
and mass temperature are not increased by higher screw speeds.

The condensate collected was analysed by Neue Materialien Bayreuth GmbH. The 
results are shown in Fig. 7. Irrespective of the screw speed used, the styrene monomer 
content is approximately 80%. The remaining condensate consists approximately of 
one-third each of dimers, trimers and other components. As described above, it cannot 
be ensured that the condensate collected in the separator is a representative sample of 
all decomposition products. High-molecular compounds in particular can remain in 
the piping system and are not fully detected during the analysis. Despite these uncer-
tainties, the analysis shows that the thermal decomposition of PS in the twin-screw 
extruder enables the production of styrene monomer. Further investigations would 
show to what extent this monomer can be used for repolymerisation.

In addition to the temperature, the residence time will also significantly influence 
the thermal decomposition degree of PS. The residence time of the plastic melt is 
determined by the throughput. Figure 8 shows the influence of the throughput on the 
specific mechanical energy input, the mass temperature and the minimum residence 
time. With increasing throughput, the minimum residence time is reduced. At the 

Fig. 6.  Influence of barrel temperature profile and screw speed on condensate yield
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same time, the specific mechanical energy input increases slightly with a reduction in 
throughput. As low throughput results in a long residence time and thus a good degas-
sing performance or a high evaporation cooling, the mass temperature decreases with 
reduced throughput. Due to the long residence time at low throughputs, a high degree 
of decomposition and a high condensate yield can be expected.

The results in Fig. 9 confirm these assumptions. Due to the long dwell time, the 
MFR can be increased from 51 g/10 min (1000 rpm and 15 kg/h) to 122 g/10 min 
(1000 rpm and 10 kg/h) by reducing the throughput to 10 kg/h. This results in a signif-
icantly higher degree of decomposition at low throughput rates and correspondingly 
long residence time.

Fig. 7.  Content of the condensate as a function of screw speed

Fig. 8.  Influence of throughput and screw speed on the minimum residence time of the melt, 
mass temperature and specific mechanical energy input
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Figure 10 shows the influence of throughput and screw speed on the condensate 
yield. The speed has no significant and uniform influence on the achieved condensate 
yields, even if the throughput is varied. However, lower flow rates lead to an increas-
ing condensate yield. At a speed of 1000 rpm, the condensate yield increases from 
13.9% (20 kg/h) to 34.4% (10 kg/h).

3.1  Influence of Different Polystyrene grades on Depolymerisation

In further investigations, other PS grades and real waste samples were investigated 
by means of chemical recycling. Besides the above mentioned PS grade 156F, 

Fig. 9.  Influence of throughput and screw speed on the MFR

Fig. 10.  Influence of throughput and screw speed on condensate yield
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a high-impact PS, type 486N from INEOS Styrolution Group GmbH, Frankfurt 
am Main, is used. In addition, EPS (expanded polystyrene) and a sample of the PS 
fraction from post-consumer waste collected through municipal waste collection 
in Germany are used. In order to achieve a high degree of decomposition, the maxi-
mum barrel temperature was increased to 445 °C and a long residence time over a low 
throughput of 10 kg/h was achieved for these tests. The maximum condensate yield 
of 66% is achieved for PS 156F (Fig. 11). When using the PS fraction from post-con-
sumer packaging waste, the lowest condensate yield of approx. 40% is achieved. It 
must be considered that the materials used are modified with fillers and contaminated 
with foreign polymers and dirt adherence, which reduces the amount of PS availa-
ble for depolymerisation. High-impact PS is filled with an elastomer component to 
increase impact strength. This also reduces the level of PS available. Furthermore, 
side reactions can contribute to a reduction of the condensate yield. When EPS is 
used, condensate yields comparable to those of PS 156F are achieved. In future inves-
tigations, the influence of impurities with foreign plastics, fillers and additives on 
chemical recycling will be investigated.

4  Conclusion and outlook

The investigations show that the thermal degradation of PS in a twin-screw extruder 
is possible. High mass temperatures and long residence time lead to stronger thermal 
decomposition and thus to higher condensate yields. The influence of the screw speed 
is low, as the melt viscosity is low at the prevailing mass temperatures and therefore 
the energy input cannot be significantly increased by increasing the screw speed. 
Further investigations will analyse the content of the condensate as a function of the 
process control. In addition, it must be investigated to what extent the condensate, 

Fig. 11.  Influence of the material used on the condensate yield
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consisting of monomers, dimers and trimers and other volatile compounds, is suitable 
for polymerisation.

To increase the condensate yield of the process, the absolute material flow of 
extracted gases must be increased. For this purpose, new degassing domes that have 
a larger free volume will be developed. This will lead to a faster and higher degassing 
of the components resulting from depolymerisation. A cascade process of two twin-
screw extruders offers a further approach to improve the yield of the process. The sec-
ond twin-screw extruder significantly increases the process length and residence time, 
which results in a longer reaction time for depolymerisation. The mass throughput can 
thus be increased at higher relative recovery rates. The use of reaction accelerators 
offers a further possibility to increase the discharged material flow. These shorten the 
process length and time required to degrade the polystyrene.

As soon as the yield has been increased, the use of a distillation cascade with sub-
sequent polymerisation should be considered. This eliminates the need for reheating 
for distillation and stabilisation required for styrene transport. In this way, several suc-
cessive processes could be merged.

Acknowledgements.  The investigations set out in this report received financial support from 
Germany’s Federal Ministry of Education and Research within the initiative “Plastics in the 
Envi-ronment – Sources. Sinks. Solutions.” of the BMBF-framework programme “Research for 
Sustainable Development” (No. 033R194C), to whom we extend our thanks.

References

 1. PlasticsEurope Homepage: Plastics – the Facts 2018: https://www.plasticseurope.org/down-
load_file/force/2387/319. Accessed 5 May 2019

 2. Menges, G., Michaeli, W., Bittner, M.: Recycling von Kunststoffen. Hanser, München 
(1992)

 3. Menges, G., Haberstroh, E., Michaeli, W., Schmachtenberg, E.: Werkstoffkunde 
Kunststoffe. Hanser, München (2014)

 4. Sasse, F., Emig, G., 10: Chemical recycling of polymer materials. Chem. Eng. Technol.: 
Ind. Chem.‐Plant Equipment‐Bioprocess. Eng.‐Biotechnol. 21, 777–789 (1998)

 5. Elias, H.G.: Makromoleküle: Chemische Struktur und Synthesen. Wiley, Weinheim (1999)
 6. Achilias, S.: Chemical recycling of polymers. The case of poly (methyl methacrylate). 

In Proceedings of the International Conference on Energy & Environmental Systems, 
Chalkida, Greece, pp. 8–10 (2006)

 7. Kaminsky, W., Predel, M., Sadiki, A.: Feedstock recycling of polymers by pyrolysis in a 
fluidised bed. Polym. Degrad. Stab. 85(3), 1045–1050 (2004)

 8. Yang, M., Shibasaki, Y.: Mechanisms of thermal degradation of polystyrene, polymeth-
acrylonitrile, and their copolymers on flash pyrolysis. J. Polym. Sci., Part A: Polym. Chem. 
36(13), 2315–2330 (1998)

 9. Audisio, G., Bertini, F., Beltrame, P.L., Carniti, P.: Catalytic degradation of polymers: Part 
III—Degradation of polystyrene. Polym. Degrad. Stab. 29(2), 191–200 (1990)

 10. Michaeli, W., K. Breyer: Chemisches Recycling von PMMA–Depolymerisation durch 
Extrusion. Achema Mag. 97(53) (1997)

https://www.plasticseurope.org/download_file/force/2387/319
https://www.plasticseurope.org/download_file/force/2387/319


Continuous Chemical Recycling of Polystyrene with a Twin    49

 11. Hottinger, A.: Konstruktion, Aufbau und Erprobung eines Laborstandes zur 
Depolymerisation von Polymethylmethacrylat (PMMA). Institut für Kunststoffverarbeitung, 
RWTH Aachen, Diplomarbeit (1993)

 12. Schwarz, R.: Aufbau und Inbetriebnahme einer Extrusionsanlage zur kontinuierlichen 
Depolymerisation von PMMA. Studienarbeit am Institut für Kunststoffverarbeitung, RWTH 
Aachen (1995)

 13. Born, M., Carl, C., Schneider, G.: Fachkunde Gefahrstoffe. Storck Verlag, Hamburg (2017)
 14. N.N.: Entgasen beim Erstellen und Aufbereiten von Kunststoffen. VDI-Verlag, Düsseldorf 

(1991)



Development of a Solids Conveying 
Throughput Model for Grooved Barrel 
Extruders Based on Discrete Element 

Simulations

Volker Schoeppner and Florian Bruening(*)

Paderborn University, Kunststofftechnik Paderborn (KTP), 
Paderborn, Germany

florian.bruening@ktp.upb.de

Abstract.  Regarding the design of single screw extruders, the prediction of the 
throughput needs to be of high accuracy. The calculation of the solids convey-
ing throughput is particularly important for extruders with a grooved feed sec-
tion. In contrast to smooth barrel extruders the throughput of the entire plant 
is determined at the feed section. Various simplifications are necessary for an 
analytical modelling of the solids conveying, e.g. the classification into convey-
ing cases, the assumption of solid block flow and the assumption of pressure 
anisotropy coefficients.

In numerical simulations with the Discrete Element Method (DEM), which 
has recently been successfully used to describe solids conveying in smooth bar-
rel extruders, the simplifications mentioned above are not taken into account. 
Here, the pellets are approximated as spherical particles or particles com-
posed of spheres. Based on virtual overlaps, contact models and the solution of 
Newton’s equations of motion, a more complex consideration of the pellet flow 
is possible. In each iteration step of the simulation, the particle velocities, con-
tact forces and derived quantities, e.g. the mass throughput in the screw chan-
nel and the grooves or the radial pressure build-up along the grooved barrel 
can be evaluated. Therefore, a DEM simulation model can be investigated by 
means of statistical design of experiments in order to convert the target values 
into a metamodel by regression. Long computation times of numerical simula-
tions will be avoided in this matter as well as too simple assumptions of analyt-
ical approaches.

The influencing parameters to be simulated are divided into material, 
geometry and process parameters. Relevant material parameters are the coef-
ficients of friction of the polymer-polymer and polymer-steel surface as well 
as the restitution coefficient and the particle diameter. The geometry is varied 
in the form of the screw diameter, the channel depth and pitch, the number of 
grooves and their width, depth and angle. By varying the angle, both conven-
tional axial grooves and helical grooves are taken into account. Finally, the pro-
cess parameters speed and backpressure are also considered in the simulations. 
In order to reduce the simulation effort, irrelevant parameters are identified in 
preliminary investigations.
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1  Introduction

Single-screw extrusion is one of the most important processing methods for ther-
moplastics in terms of quantity. Regarding the process engineering the design of the 
screw geometry is of great importance for economical operation of the extrusion line. 
For extruders with grooved barrels, the design of the feed section is particularly rel-
evant as it determines the throughput of the entire line. In recent years, the Discrete 
Element Method (DEM) has moved into focus for the simulation of solids conveying 
processes in plastics processing, because this method allows the complex movements 
of the solid bed to be comprehensively monitored. In addition to a short introduction 
to previous calculation approaches for grooved feed sections, the fundamentals of 
DEM as well as the procedures for the development of a new model based on DEM 
simulations are explained.

1.1  Process Engineering and Conventional Calculation Methods 
of Grooved Barrel Extruders

The use of extruders with grooved feed sections, screw concepts matched to these 
and a growing understanding of the process have contributed significantly to the con-
tinuous increase in throughput rates of single-screw machines. In pipe extrusion, for 
example, the throughput increased eight times between 1960 and 2004 [1].

The conveying principle of grooved barrel extruders is based on the fact that axi-
ally or helical grooves in the feed section of the barrel prevent the pellets from being 
rotated in the circumferential direction. If the design is accurate, the pellets are forced 
to be conveyed, also known as “nut-spindle conveying” [2]. The feed section then 
acts as a solids conveying pump. This means that the throughput almost is independ-
ent of the back pressure on the one hand but dependent on the process behaviour in 
the feed section on the other. Further disadvantages of grooved barrel extruders are 
an increased susceptibility to wear and the resulting increased production and main-
tenance costs [3]. Therefore, in the past there have been many efforts to investigate 
and mathematically describe the conveying behaviour of grooved feed sections. 
Rautenbach and Peiffer did the first complete modelling [4, 5]. This is based on the 
theoretical approaches of Darnell and Mol [6] for smooth barrel extruders and first 
transfers of these approaches to grooved barrel extruders [7–10]. All the approaches 
mentioned have in common that the pellets completely fill the screw channel and are 
conveyed as a block driven by friction or interlocking. This assumption is also main-
tained in further developed models [11–14] because the description of complex kine-
matic interactions between the pellets is analytically difficult.

For a better overview, the procedure for the analytical calculation is shown sche-
matically in Fig. 1. N is the screw speed, ϕ the mean helix angle, va the axial speed 
of the solids block, v0 the circumferential speed, vc the speed in channel direction and 
vr the relative speed between v0 und vc. Here, v0 and vr include the conveying angle α. 
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With the corrected bulk density ρs,c and the axial cross-sectional surface of the channel 
Aa, the absolute throughput can then be calculated according to Eq. 1.

with

and

The conveying angle α is calculated by a force balance on the solid block, so that this 
calculation is imprecise if the assumption of block flow is not suitable. For example, 
a conveying mechanism deviating from the block flow is described in [15] for powder 
and in [16] for pellets.

1.2  Principles of the Discrete Element Method

Originally developed in 1979 by Cundall and Strack [17] for the simulation of granu-
lar media in geotechnics (e.g. sand and earth), the DEM has now also found applica-
tion in plastics technology. After the first two-dimensional simulations of Potente and 
Pohl [18], further work was carried out by Moysey and Thompson [16, 19–21]. With 
DEM they were able to observe effects known from practice, such as the backflow of 
pellets from the first screw flights into the hopper and found good overall agreement 
with experimental results.

Also at Kunststofftechnik Paderborn (KTP) the DEM was recently successfully 
used for the simulation of solids conveying processes in smooth barrel extruders. 
Here, the focus was on the simulation of the pouring behaviour from the hopper in the 
screw up to high screw speeds [22] as well as the conveying behaviour under applica-
tion of a back pressure [23]. Therefore, the DEM is now also used for the analysis of 
grooved feed sections.

(1)ṁ = ρs,c · va · Aa

(2)va = v0
tan(ϕ) · tan(α)

tan(ϕ)+ tan(α)

(3)v0 = π · D · N

Fig. 1.  Schematic representation of the conventional throughput calculation
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In contrast to FEM, the geometries to be analysed are not meshed but modelled 
as an accumulation of discrete spherical particles. Since no deformations of the parti-
cles can be simulated, contact events are calculated with the help of a virtual overlap 
δ. The calculation model is shown schematically in Fig. 2. Starting from the initial 
conditions and the overlap δ resulting from an integration over the time step, normal 
and tangential forces are calculated using the contact model. The latter are limited by 
the static friction coefficient. With these contact forces the Newtonian equations of 
motion are then solved translatory and rotatory. After calculating the new quantities of 
motion, the calculation starts again in the next time step [24].

2  Description of the Simulation Model

The geometry of the simulation model consists of the feed section of a grooved barrel 
extruder with a nominal diameter D = 50mm, a length L = 4D, a channel depth 
he = 0.09D and a pitch te = 0.9D. There are 10 rectangular grooves distributed 
around the circumference with a width of bG = 7.5mm and a depth of hG = 3mm,  
which run out linearly from the front edge of the hopper. After transfer into the sim-
ulation software EDEM of DEM Solutions Ltd., Edinburgh, UK, the model is shown 
in Fig. 3. The individual segments can be seen here in order to evaluate the target val-
ues over the screw length. In order to be able to apply a counterpressure, the screw is 
extended at the end of the actual feed section by a cylindrical shear section in which a 
force field works. Each particle within this force field is loaded with a defined force Fp 
in negative y-direction. Since the contacts of the particles within this extended cylin-
drical shear section are defined as friction-free and therefore no further forces act, the 
axial back pressure p is obtained with the number of particles in the force field np and 
the circular ring surface Ak [25]:

(4)p =
np · Fp

Ak

Fig. 2.  Principles of the Discrete Element Method (DEM)
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The investigated material is a PE-LD Lupolen 1840 D, LyondellBasell. In order to 
transfer the lenticular pellets into an equivalent sphere, 50 pellets are measured in 
their diameter in the three spatial directions. The lengths in the individual directions 
are first arithmetically averaged and then converted into an equivalent diameter dp by 
forming the geometric mean:

Since the influence of the coefficient of restitution (COR) on the results of simulations 
in previous investigations has been found to be low, it is set to a typical value of 0.6 
[23]. The further parameters of the Hertz-Mindlin contact model are taken from the data 
sheet and literature and are summarized in Table 1. Unless otherwise stated, the sim-
ulations are calculated with a speed N = 175 1/min and a back pressure p = 50 bar.  
This value is equal to the pressure at the end of the grooved bush calculated with the 
REX 15 software (computer-aided extruder design, developed at KTP) when an experi-
mentally determined value of 180 bar is given at the tip of the entire screw.

(5)dp =
3

√

dx · dy · dz

Fig. 3.  Simulation environment in EDEM

Table 1.  Parameter for the contact model

Parameter Unit Value

Particle diameter dp mm 3.45

Solid density ρ kg/m3 919

Poisson’s ratio ν – 0.47

Shear Modulus G MPa 68

Coefficient of restitution COR – 0.6

Coefficients of friction µ – 0.1 … 0.9

Gravity g m/s2 9.81
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3  Preliminary Investigations

3.1  Variation of Coefficients of Friction

It is known from literature that mainly three coefficients of friction influence the  conveying 
characteristics of the feed section in a single-screw extruder. This is the internal coefficient 
of friction of the plastic-plastic material combination µi, the coefficient of friction of the 
plastic-steel material combination at the barrel µb and at the screw µs. In particular, the 
ratio µb/µs has a large influence on the conveying angle and thus the throughput. The 
larger µb/µs, the larger the conveying angle [1]. Therefore, these parameters are varied in 
a full factorial experimental design, which is shown in Table 2. The factor levels are cho-
sen in a wide range because the coefficients of friction in real extrusion processes strongly 
depend on the process parameters pressure and temperature. Concurrently, the experimen-
tal determination of these dependencies is of limited accuracy and reproducibility [26]. 
That is why it is examined how the DEM model reacts to changing friction coefficients.

Table 2.  Variation of coefficients of friction

Number of simulation µi µb µs

1 0.1 0.1 0.1

2 0.9 0.1 0.1

3 0.1 0.9 0.1

4 0.9 0.9 0.1

5 0.1 0.1 0.9

6 0.9 0.1 0.9

7 0.1 0.9 0.9

8 0.9 0.9 0.9

Fig. 4.  Throughputs in dependence of the coefficients of friction
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Figure 4 depicts the throughput rates calculated by simulation and compares them 
to the experimental value. Results are shown in an ascending order. Through virtual 
mass flow sensors, which are positioned in the channel and grooves behind the hop-
per, the simulated throughput is further divided into channel and grooves throughput. 
When interpreting the results, it should be noted that the geometric boundary condi-
tions of the screw, the grooves, and the pellets leads to interlocking conveying in the 
channel and the grooves. This is a phenomenon described from an analytical point of 
view in case 1a by Schöppner [11]. Conveying in the beginning of the grooves was 
observed for each simulation. The results are in line with the analytical assumption 
of conveying proposed in case 1a. Further, the total flow rates, except for numbers 8 
and 6, match those of the experimental value. However, a comparison of numbers 3 
and 6 highlights that both the assumption of interlocking conveying and block flow 
are not valid for the entire feed section under the given conditions. Figure 5 uses tracer 
 particles to illustrate that at number 3 (left side) there is a strong block flow with a con-
veying angle of α ≈ 90

◦, whereas at number 6 (right side) the particles are conveyed 
in the circumferential direction to a greater extent. Therefore, it can be concluded that 
the assumption of a block flow is not valid for these simulations.

Another possibility to characterize conveying behaviour is through analysis of the 
axial velocities of the particles. In order to enable the analysis, the axial velocity of 
each particle must be averaged. The average axial velocity is first calculated for each 
screw segment, which resulted in va over time. During the second step of analysis, 
the axial velocity values of each particle in the stationary range have been averaged 
over time. It can be concluded that the standard deviation sva of the mean value is an 
appropriate measure of the uniformity of the solids transport, as the calculated axial 
velocities are distributed almost normally around the mean value. Thus, the smaller 
sva is, the more the conveying equals a block flow. This is illustrated showcasing num-
bers 3 and 6 in Fig. 6. It becomes apparent that at number 6 the standard deviation sva 
is significantly higher despite a smaller mean value. For example, at point y = 3.5 D, 
sva for number 6 is 7.26 m/s, whereas only 2.71 m/s is observed for number 3.

Fig. 5.  Visual comparison of solids conveying depending on coefficients of friction
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Furthermore, the DEM offers the possibility to evaluate the pressure build-up over 
the screw length. For this purpose, the normal forces of the particles are cumulated 
in the radial direction and related segmentally to the surface of the screw. In the fol-
lowing, different pressure curves will be discussed using the example of number 2 
and 4, which differ only in the coefficient of friction µb (see Table 2). Although the 
mass flow rates hardly differ between 91 kg/h (number 2) and 88 kg/h (number 4), 
the pressure curves differ from each other, as Fig. 7 shows. The maximum pressure 
in simulation number 2 is 84 bar and thus 40% higher than at number 4, where only a 
maximum pressure of 60 bar occurs. The pressure build-up in the grooved barrel has 
a large influence on the dissipation. If the dissipation is too high, the pellets will melt 
in the grooves at the limit speed Nl and the interlocking conveying characteristic can 
no longer be maintained [27]. The precise prediction of Nl using DEM will be investi-
gated in the future. For this purpose, the dissipated power is determined as a function 
of the influencing variables mentioned in Chap. 4 and converted into a temperature 
increase of the pellets by means of an energy balance and the specific enthalpy. If the 
temperature calculated in this way exceeds the crystalline melting temperature or the 
glass transition temperature, the pressure throughput behaviour is no longer independ-
ent of back pressure.

Fig. 6.  Comparison of the standard deviation of the axial velocity
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3.2  Variation of Grooves Angle

Since the groove angle will also be varied in the final regression model (see Chap. 4), 
the feed section from Sec. 3.1 is equipped with four helical grooves of different angles 
ϕG. Groove angles which are wound against the screw (25°, 60°) and those which are 
wound in the same direction (120°, 155°) are taken into account. The coefficients of 
friction are selected to µi = 0.1, µb = 0.9 and µs = 0.1. This corresponds to sim-
ulation number 3 from Sec. 3.1, which has the highest throughput rate. All other 
parameters are kept constant. The result is shown in Fig. 8. It can be seen that all feed 
sections with helical grooves have a significantly lower throughput than the axial 
grooves (90°). A possible reason for this is that the selected combination of channel 
depth, groove depth and pellet diameter leads to an interlocking conveying and thus to 
a conveying angle that approximately corresponds to the groove angle. Nevertheless, 
other scenarios are also possible in which helical grooves are superior. From an ana-
lytical point of view, this is just the case if friction-locked conveying with a conveying 
angle of α < 90◦ prevails [1]. Then there is no relative speed between the conveying 
in the grooves and in the screw channel, so that the pellets are guided “as on rails” and 
less friction losses occur.

Fig. 7.  Influence of barrel friction coefficient on pressure build-up
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4  Development of a Regression Model

In order to systematically investigate the conveying behaviour of grooved feed sec-
tions by means of DEM, the relevant influencing variables must first be determined 
and then a suitable experimental design has to be selected. The influencing variables 
are divided into material, geometry and process parameters. Material parameters rel-
evant for the conveying characteristics are the coefficients of friction µi, µb and µs 
(see Sec. 3.1) as well as the pellet diameter dp. The number of coefficients of friction 
can be reduced by assuming that the two coefficients of friction of the material com-
bination polymer-steel µb and µs are combined to an external coefficient of friction 
µe = µb = µs. Furthermore, the inner coefficient of friction µi is assumed to be 0.3 
greater than the outer coefficient of friction µe so that µe = µi − 0.3. This approach 
has already led to satisfactory results in [28].

The geometry parameters barrel diameter D, channel depth he, screw pitch te 
and grooves angle ϕG must also be taken into account. To limit the time required 
for the simulation, the groove geometry is fixed to a width bG = 8mm and a depth 
hG = 3 mm. In addition, the effective area of the grooves on the cylinder circumfer-
ence is set to 1/3, so that the number of grooves results [1]:

Finally, the process parameters screw speed N and back pressure p are taken into 
account, resulting in a total of 8 parameters. In order to be able to describe quadratic 
effects with a moderate test scope, the use of a central composite design (CCD) with 
a fractional factorial core is a suitable approach. With the factor levels summarized 

(6)nG =
π · D · sin(ϕG)

3 · bG
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in Table 3, an experimental design with 85 points results. The five levels are the axial 
points ±α, the cube points of the fractional factorial core ±1 and the center point in 
the cube is the level 0. This design has a resolution of five so that the main effects are 
only mixed with fourfold interactions [29]. Since the values for α by definition repre-
sent the extreme values of the experimental design, it must be ensured that they are 
feasible when selecting them.

5  Conclusion and Outlook

The simulations carried out show that the DEM is basically suitable for modeling sol-
ids conveying in grooved barrel extruders. In order to be able to describe the effects 
of individual factors not only randomly, the simulation model is systematically exam-
ined with the central composite design presented in Chap. 4. After completion of the 
simulations, multivariate regression equations can be used to model different types of 
target values such as the throughput, the conveying angle, the resulting axial velocity 
and the limiting speed. Furthermore, the results will be validated on a solids convey-
ing test bench, which is specially developed for the investigation of solids conveying 
in grooved feed sections. This allows the avoidance of uncertainties that would arise 
in validation tests on an extruder with downstream melting and metering sections.
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Table 3.  Factors of the central composite design for the investigation of solids conveying in 
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Abstract.  An alternative to chemical blowing agents is the physical blow-
ing agent water which can be adsorbed by fillers and thus easily incorporated 
into rubber compounds. The phase transition of the water during heating of the 
 rubber in the vulcanisation unit is used to initiate the blowing reaction. In order 
to achieve the required quality parameters (e.g. mechanics and cell structure), 
the cross-linking and blowing reaction have to be balanced. This can be achieved 
by optimising the compound recipe and the processing. This paper examines the 
influence of the extrusion and vulcanisation process on the foam structure and 
the mechanical properties of water-foamed rubber compounds based on ethyl-
ene propylene diene terpolymer rubber (EPDM) and nitrile butadiene rubber 
(NBR). In the extrusion process, the barrel temperature and screw speed are sys-
tematically varied and the foamed profiles are evaluated with regard to surface, 
foam structure, tension set and an optimal process point was identified. For the 
 subsequent vulcanisation process, the effect of the hot air temperature on the 
tension set, the spring constant and characteristic values of the cell structure are 
analysed.

Keywords:  Blowing agent · Elastomer · Foam extrusion

1  Introduction

1.1  Potential Regulation of Chemical Blowing Agents by REACH 
Directive

Due to their insulating and sealing properties, foamed elastomers are used in the auto-
motive and construction industries as well as for a wide range of industrial applica-
tions [1–3]. The state of the art in the production of cellular elastomers is foaming 
with chemical blowing agents, which decompose parallel with the cross-linking reac-
tion at a specific temperature and thus produce a foam structure in the elastomer [4, 5]. 
Chemical blowing agent systems such as Azodicarbonamide (ADCA) in combination 
with hydrazine derivatives such as p,p′ oxibis(benzenesulfonylhydrazide) (OBSH) [6] 
have the largest economic impact in rubber processing. Regardless of their toxicity, 
chemical blowing agents are widely used. Besides the blowing gases carbon dioxide 
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(CO2) and dinitrogen (N2) ADCA decomposes into toxic products such as carbon 
monoxide (CO), isocyanic acid (HNCO) and ammonia (NH3) [7, 8]. Since ADCA has 
been classified by the European Chemicals Agency (ECHA) as a substance of very 
high concern (SVHC), it is to be expected that it will be subject to regulatory approval 
in the European Union in the future in accordance with the regulation concerning 
the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) 
[9, 10]. Due to the upcoming regulation of chemical blowing agents it is necessary 
to develop alternative non-toxic blowing agent systems for the extrusion of foamable 
elastomers.

1.2  Water as a Physical Blowing Agent for Elastomers

Elastomers can be foamed without chemical blowing agents by using the phase transi-
tion of fluids. The expanding fluid is then referred as the physical blowing agent.

In the past, numerous investigations were carried out with inert gases as physical 
blowing agents such as N2 and CO2 [11, 12]. However, gases are only conditionally 
suitable as physical blowing agents for the production of foamed elastomers. Gas-
loaded rubber compounds expand instantly due to the high pressure drops and fast 
decrease of the partial pressure in the extrusion die. As the surface of the rubber at 
the die outlet is not yet cross-linked, spontaneous foaming leads to surface defects, 
which must be avoided for quality reasons. Furthermore, for the physical foaming 
with gases dosing units for the extruders are required [13]. Despite the lower volatility 
and the lower solubility compared to most physical blowing agents, water is attractive 
as a physical blowing agent from an ecological and economic point of view. Under 
atmospheric pressure, the volume of 1 ml water at 100 °C expands to approximately 
1700 ml water vapour. In addition, water is readily available and does not require any 
complex manual handling and has already been incorporated into the melt in liquid 
form in the extruder to foam thermoplastics [14, 15].

Because of the high differences in viscosity between water and rubber compounds, 
water cannot be homogeneously dispersed into the rubber compound in liquid form. 
However, it can be very easily incorporated by mixing water loaded hygroscopic pow-
dery substances or crystalline bound water such as hydrates into the rubber compound 
[16, 17]. In the subsequent extrusion process, after shaping in the extrusion die, the 
blowing reaction with the cell formation and cell growth takes place during the phase 
transition of the water and simultaneous crosslinking of the rubber in the vulcanisation 
unit. Cell formation requires an increase in temperature to a value above the evapora-
tion point of water at a given pressure. If the evaporation temperature in the extruder is 
not exceeded, there is no spontaneous cell formation at the die outlet due to the pres-
sure drop. The cell growth then takes place in the subsequent vulcanisation unit when 
heat energy is applied to the rubber profile. The cell growth depends on the viscosity. 
This in turn depends on the temperature and the time-dependent cross-linking state.

In preliminary investigations, the foaming of rubber with water as a physical 
blowing agent showed great potential both in injection moulding and in extrusion 
[16] and is therefore being investigated more in detail in this research. The suitabil-
ity of different carbon blacks, silica and hydrates as water-carrying substances has 
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been investigated and the compound recipe of an ethylene propylene diene terpoly-
mer rubber (EPDM) and a nitrile butadiene rubber (NBR) compound optimised with 
regard to reach low foam densities. The main focus was on the synchronisation of the 
cross-linking and blowing reaction in order to guarantee process stability of the foam-
able compounds. If vulcanisation proceeds too quickly, the high degree of crosslink-
ing makes the resistance of the matrix against cell internal pressure too high to enable 
the grow of bubbles. Whereas a low cross-linking rate leads to uncontrolled bubble 
growth and collapsing cells due to coalescence effects [17–19].

In addition to the recipe, the crosslinking and blowing reaction can also be influ-
enced by the temperature control during processing. In the extrusion process, the tem-
perature control of the barrel and the screw speed affect the heating of rubber [2, 20]. 
In the subsequent vulcanisation unit, the energy required for the cross-linking and 
blowing reaction can be introduced into the rubber by convection, infrared radiation 
(IR) or dielectric heating. The different heating methods result in locally different heat-
ing rates and thus cross-linking kinetics over the profile cross-section [18, 19, 21, 22].

Yet, it hasn’t been investigated how the extrusion and vulcanisation process influ-
ence the quality characteristics of a rubber profile foamed with water as a physical 
blowing agent. In the following sections the compound production, the extrusion 
and vulcanisation process via convective heating and the methods used to determine 
the foam quality parameters cell structure and mechanical properties are presented. 
Subsequently, results of the systematic measurement are depicted and discussed how 
the extrusion and vulcanisation process has to be adjusted to use water as a physical 
blowing agent in rubber extrusion.

2  Methods

2.1  Compound Production and Incorporation of Blowing Agents

For the following investigations NBR and EPDM recipes (Tables 1 and 2) are modi-
fied. The feedstocks without blowing agents and sulphur are produced on an industrial 
scale internal mixer by Hexpol Compounding s.p.r.l., Eupen, Belgium.

Table 1.  NBR recipe with a hydrate as blowing agent

Ingredient Weight proportion [phr]

Perbunan 2845 F 100

Corax N550 60

Vulkanol 81 20

Zinc oxide 5

Vulkacit CZ/C 1.5

Rhenofit F 10

Sulfur 90/95 2

CaSO4 · 2H2O 0.5
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On the roller mill MT 8ʺ × 20ʺ of Rubicon Gummitechnik, Halle/Saale, Germany, 
the cross-linking agent sulphur and the blowing agent calcium sulphate dehydrate 
(CaSO4 · 2H2O) are incorporated. The water content in the mixture is 0.62 wt.-%. 
As a reference, rubber compounds with 0.5 phr ADCA are produced. As an indicator 
for the flow behaviour of the rubber compounds, the Mooney viscosity is determined 
with shearing-disc viscometer according ISO 289-1:2015. The torque of the shaft is 
measured after 1 min heating to 100 °C and 4 min’ rotation at a constant shear rate of 
1.56 s−1 (ML (1 + 4), 100 °C). The Mooney viscosity is an instrument-specific meas-
ured parameter (torque) and is given in Mooney units (MU). The higher the MU value 
the higher the viscosity of the measured compound. The Mooney viscosity of the 
EPDM master batch is 35 MU and the NBR has a viscosity of 52 MU.

2.2  Extrusion and Evaluation of the Processability

The extrusion trials are carried out using a laboratory extruder from Brabender GmbH, 
Duisburg, Germany. A conveying screw without core progression and a diameter of 
19 mm and a length of 20 D is used. The rubber compound is fed into the extruder 
in the form of 1 cm wide strips and drawn into the rotating screw with the help of 
a feeding unit. The screw speed and the barrel temperature are each varied in three 
stages: 30 min−1, 60 min−1 and 90 min−1 as well as 40 °C, 60 °C and 80 °C. The barrel 
 temperature is measured with a thermocouple in the barrel at the screw tip. The melt 
temperature was measured in the bulk in the extrusion die with a plug-in thermometer. 
For the production of round profiles an extrusion die with a diameter of 10 mm is used.

2.3  Continuous and Discontinuous Vulcanisation and Foaming of the 
Profile Samples

In order to investigate the influence of the extrusion process, the round profiles with 
a diameter of 10 mm are continuously vulcanised in the downstream hot-air unit type 

Table 2.  EPDM recipe with a hydrate as blowing agent

Ingredient Weight proportion [phr]

Keltan 6950C 100

Corax N550 80

Sunpar 2280 70

Zinc oxide 5

Stearic acid 2

Lipoxol 3

Vulkacit DM/C 1.5

Rhenocure ZAT 3.5

Rhenofit F 10

Sulfur 90/95 1.5

CaSO4 · 2H2O 0.5
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HLK-UHF 101 of TSM GmbH, Stolberg, Germany. The air temperature is varied at 
three levels (180 °C, 200 °C and 220 °C).

To investigate the influence of the vulcanisation process, the extruded profiles 
were cooled to room temperature, cut into 25 cm long strands and afterwards cross-
linked in a three-stage variation of the hot air temperature in the discontinuous vul-
canisation oven type L200 from Gerlach Maschinenbau GmbH, Nettetal, Germany. 
The curing time is the t90 time derived from RPA measurements at 180 °C. The curing 
time for the EPDM samples is 300 s and for the NBR 180 s [18, 19].

2.4  Evaluation of the Extrudates Surface Quality

The surface quality is an important quality feature of rubber profiles. Rubber pro-
files are extruded and vulcanised by varying the barrel temperature and screw speed. 
During extrusion, the high shear stresses in the extrusion die can exceed the tear 
strength of the rubber compound, resulting in cracks on the surface of the extrudate. 
During vulcanisation, the blowing reaction can cause small bubbles in the surface 
layer, resulting in a rough surface. According to Table 3, the surface quality of the 
profile is evaluated and divided into three classes. The higher the score, the smoother 
and more homogeneous is the surface.

2.5  Mechanical Analysis of the Foamed Elastomers

In this paper, short-term and long term measurements are performed to characterize 
the mechanical properties of the foamed elastomers. For the short-term test the hard-
ness and the static spring constant is measured. The tension set test is used to deter-
mine the long-term behavior of the rubber compounds.

Table 3.  Quality score of the surface of extruded and vulcanised samples

Quality score Surface characteristic Example

3 Good: smooth, no defects 

2
Poor: coarse, occasional small bubbles, no 
cracks

1 Very poor: very rough, uneven, cracks
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The Shore A hardness of the elastomer profiles is measured with the durom-
eter HPE II of Bareiss Prüfgerätebau GmbH, Oberdischingen, to characterise the 
mechanical short-term properties. The hardness value is a relative value between 0 
and 100. The lower the hardness value, the softer the material. In accordance with 
DIN ISO 7619-1 [24], the test is carried out on six test specimens.

The static spring constant of the foamed rubber samples are measured with the 
Jidoka S 101 II elastomer tester from CAS GmbH & Co. KG, Reinbek. For the meas-
urement of the static spring constant, the profiles are cut into 10 mm slices perpendic-
ular to extrusion direction. The static spring constant (SC) is the proportionality factor 
of the force which the material opposes to the deflection and the resulting deformation. 
In order to increase measurement reliability, they are carried out on three different 
samples for each process point.

The tension set (TS) is determined as the characteristic value for the  mechanical 
long-term behaviour. The tension set was performed as an alternative to the more 
common compression set, as specimen preparation is much easier and multiple spec-
imens can be measured simultaneously. The deformation set after elimination of an 
impressed deformation corresponds to the viscous part of the deformation and corre-
lates with the degree of cross-linking. The lower the deformation set, the higher the 
degree of crosslinking. The measurement is based on the standard DIN ISO 2285, 
method B [25]. To determine the TS, up to seven specimens with a length of 100 mm 
are clamped next to each other in a clamping device and then stretched by 30% to 
130 mm. After storage at 70 °C for 24 h, the specimens are removed from the clamp-
ing device and the residual deformation is measured after 30 min. Due to the high 
experimental effort involved in specimen production and measuring time, the number 
of measurements in the extrusion trials is limited to those at a barrel temperature of 
80 °C, since the hardness measurements showed no significant change with varying 
barrel temperature.

2.6  Optical Analysis of the Cell Structure

In order to draw conclusions about the influence of the varied process parameters on 
the foam structure, comparable information on foam characteristics such as the cell 
size and its distribution is required. To evaluate the foam structure resulting from the 
various parameter or material variations, macroscopic images of the cross-sectional 
area of all elastomer profiles are taken. The images are taken with the acA3800-10 gm 
area scan camera from Basler AG, Ahrensburg. The sensor has a maximum imaging 
circle of 6.17 × 4.55 mm and a resolution of 3840 px × 2748 px. The Cosmicar/
Pentax Television Lens lens from Ricoh Imaging Company, Ltd., Tokyo, Japan with 
a luminous intensity of 1:1.4 and a fixed focal length of 25 mm is used. The camera 
is mounted in a bracket approximately 28 cm above the specimen. A LED light ring 
from CCS Inc, Kyoto, Japan with white light (5500 K) is used for uniform illumina-
tion of the sample surface from all sides. The software Ozella (Version 4.0) developed 
at the IKV for optical cell analysis enables the characterisation of the foam structure 
of elastomer profiles by means of digital image processing. In addition to the average 
cell diameter, the software calculates the porosity and the surface cell density as well 
as the sample area, the mean distance to the nearest neighbouring cell and the number 
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of cells found in closed foam structures [26]. From this, a cell size distribution in the 
form of a histogram can be generated, which provides information on the homogene-
ity of the cell diameters in the sample cross-section. As the ratio of the cavity volume 
to the total volume, the porosity gives an indication of the respective density reduc-
tion of the sample [26]. The distance to the neighboring cell describes the distance 
between the centers of the two cells. For the analysis of the cell structure, six different 
macroscopic images of the cross-section per sample are analysed.

3  Results

3.1  Barrel Temperature of the Extruder Affects Surface Quality 
and Foam Structure

Figure 1 shows the quality score of the extrudate surface of the EPDM and NBR com-
pounds as a function of the extrusion parameters barrel temperature and screw speed. 
The highest surface quality is achieved for both compounds at the barrel  temperature 
of 40 °C. For NBR, a good surface quality is achieved even at a barrel temperature of 
60 °C. For the following investigations only profiles with a very good surface quality 
are extruded. Therefore, in the following tests the barrel temperature is set to 40 °C 
and the screw speed to 60 min−1.

In addition to the surface properties, the extrusion parameters have an effect on the 
resulting foam structure of the rubber profile. Figure 2 shows the cross section of one 
representative EPDM sample of each foamed profile as a function of the barrel tem-
perature and the screw speed. After extrusion the EPDM profiles are vulcanised for 
300 s at 200 °C. At a barrel temperature of 60 °C, a homogeneous fine but mixed open 
and closed cell structure is obtained independent of the screw speed.

Fig. 1.  Surface quality of vulcanised samples as a function of extruder parameters
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The actual temperature in the rubber extrudate deviates by 10 °C to 20 °C from 
the set barrel temperature, as shown in Fig. 3. By increasing the screw speed from 
30 min−1 to 90 min−1, the temperature of the rubber is then increased by about 20 °C. 
The specific throughput was determined gravimetrically at the tool outlet. The mean 
values from three measurements are shown for each test point. The specific through-
put of the NBR is higher than that of the EPDM. Due to the variance of the measured 
values, no significant trend of the specific throughput can be recognised.

Fig. 2.  Resulting foam structure of the cross-section of water foamed EPDM profiles after 
vulcanisation at 200 °C for 300 s as a function of extruder parameters

Fig. 3.  Temperature development of the barrel and rubber as a function of extruder parameters
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Regardless of the extrusion parameters and the resulting variations in foam struc-
ture, the Shore hardness of the EPDM compound is between 22 and 26 (Fig. 4). As 
a reference the hardness of the unfoamed elastomers reaches values of 50 Shore A 
(EPDM) and 65 Shore A (NBR). The effects of the process settings are smaller than 
the deviation of the measured hardness and thus not significantly different from each 
other. The tension set of the EPDM is in the order of 25% and about 15% lower than 
NBR. The effect in the measured tension set as a function of the extrusion parameters 
is about 3%. Since only one measured value per test point is available for the tension 
set and the effect is very low, its significance cannot be assessed.

3.2  Influence of the Vulcanisation Process on the Extrudate Quality

The mean values x̄ of the characteristic values from the cellular structure analysis 
with their 95% confidence interval �x̄ are summarised in Table 4 as a function of 
the compound and the vulcanisation temperature. With a temperature increase from 
180 °C to 220 °C, the sample area of the EPDM increases significantly from 177 mm2 
to 265 mm2 and for NBR decreases from 256 mm2 to 244.9 mm2. The average cell 
diameter does not change significantly for both compounds due to a change in temper-
ature. The porosity also does not change significantly with the vulcanisation temper-
ature. However, the porosity of the EPDM compound is significantly higher than the 
porosity of the NBR. The number of cells in EPDM and NBR increases slightly with 
temperature, but this effect is not statistically significant either. However, the number 
of cells in the NBR samples is significantly higher than the number of cells in the 

Fig. 4.  Mechanical properties of foamed compounds as a function of extruder parameters
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EPDM foams. The temperature has for EPDM no influence on the distance between 
the neighbouring cells. With NBR, the distance to the neighbouring cell decreases 
slightly from 0.44 mm to 0.41 mm as a result of a temperature increase from 180 °C 
to 220 °C. The cell density does not decrease significantly with EPDM when the 
temperature is increased. The cell density of the NBR is significantly different for 
the temperatures of 180 °C and 220 °C and increases with higher temperature from 
2.38 1/mm2 to 2.70 1/mm2.

Figure 5 shows an example of the cell size distribution of the two compounds 
for the crosslinking temperature of 220 °C. It can be seen by the larger number of 
cells smaller than 400 µm that the foam structure of the NBR is finer than that of the 
EPDM. It can also be seen that EPDM has more cells than NBR which are larger than 
1000 µm. Since the resistance of the rubber matrix to biaxial deformation due to the 
growing bubbles is higher for higher viscosities, the cell growth is suppressed, so that 
no coalescence occurs and the cell structure becomes finer. The higher viscosity of 
NBR (52 MU) compared to EPDM (35 MU) leads to a finer cell structure.

Table 5 shows exemplary cross-sections of the foamed profiles. It can be derived 
that the vulcanisation temperature has no impact on the cell structure of the EPDM. 
At a vulcanisation temperature of 200 °C, a very fine and homogeneous cell structure 
of NBR can be achieved. EPDM foamed with the chemical reference blowing agent 
ADCA at 200 °C has a more homogeneous and fine-pored closed-cell structure than 
with the hydrate as blowing agent. The foam structure achievable with water as blow-
ing agent in NBR at 200 °C is finer than the chemically foamed reference sample with 
ADCA.

Table 4.  Results of the cell structure analysis of the elastomers foamed with calcium dihydrate

x̄ �x̄ x̄ �x̄ x̄ �x̄ x̄ �x̄

Compound – EPDM NBR

Temperature °C 180 220 180 220

Sample area mm2 177.5 11.1 265.2 62.0 256.2 4.0 244.9 3.8

Average cell diameter mm 0.39 0.03 0.47 0.06 0.039 0.01 0.37 0.01

Porosity % 44.8 5.7 49.2 3.0 39.3 2.3 41.4 1.6

Number of cells – 431 60 502 80 609 29 660 28

Distance to neighbour 
cell

mm 0.42 0.01 0.48 0.06 0.44 0.01 0.41 0.01

Cell density 1/mm2 2.44 0.34 2.00 0.48 2.38 0.11 2.70 0.15
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Fig. 5.  Cell size distribution of water foamed EPDM and NBR compounds

Table 5.  Effect of the vulcanisation process on the foam structure
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The mechanical properties as a function of the vulcanisation temperature are 
shown in Fig. 6. The tension set of the EPDM remains almost constant between 20% 
and 25% when the temperature is increased. The tension set of the NBR decreases 
significantly with a temperature increase from 180 °C to 220 °C from about 60% to 
20%. At the same time, the spring constant increases from 23 N/mm to 42 N/mm. 
In contrast, the spring constant of the EPDM foamed with water decreases with ris-
ing temperature from 20 N/mm to 12 N/mm. The spring constant of the chemically 
foamed EPDM is 28 N/mm at a vulcanisation temperature of 200 °C and 48 N/mm 
for the chemically foamed NBR and thus higher than the samples foamed with water.

4  Discussion

Regarding surface quality, the temperature in the extrusion process has a significant 
influence. This can be explained by the temperature dependency of tensile strength 
and viscosity. The bulk temperature is strongly influenced by the parameters of the 
extrusion process. It would be expected that a cold barrel wall would lead to higher 
specific throughputs [2, 20] resulting in lower temperatures and higher wall shear 
stress and thus exceeding the tensile strength of the rubber. This trend is not recognis-
able for the measured throughput but for the surface quality.

Surface defects with cracks occur at low temperatures. At higher die exit tem-
peratures bubbles break through the surface and cause defects. The continuing good 
surface quality of the NBR compound at a set barrel temperature of 60 °C can be 
explained on the one hand by the higher viscosity compared to EPDM and on the 
other hand by the faster crosslinking kinetics [17, 18], so that bubbles cannot pene-
trate through the rapidly crosslinking surface due to the higher deformation resistance 

Fig. 6.  Effect of the vulcanisation process on the tension set
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of the matrix. While the crosslinking rate increases strongly with temperature, the 
decomposition of the hydrate is linked to a fixed temperature range between 100 °C 
and 135 °C. This leads to a premature blowing reaction at mass temperatures above 
100 °C with simultaneously low cross-linking rates. The same effect can be observed 
with too low heating rates in the profile cross-section if the blowing reaction takes 
place faster than the cross-linking.

The extrusion process shows no significant influence on the investigated mechan-
ical properties although the foam structure is influenced by the extrusion process by 
the effects described above. This can be explained by the fact that the mechanical 
properties are dominated to a certain extent by the degree of cross-linking and are 
less dependent on the resulting foam structure. This also coincides with the findings 
regarding the interrelationships between foam structure and mechanical properties 
[21].

The cell structure analysis showed that the cross-section of the EPDM profile and 
the porosity increase significantly with increasing vulcanisation temperature. This 
can be linked to the initially decreasing viscosity when the profile is heated, the ini-
tially slow cross-linking reaction and the relatively early blowing reaction, resulting 
in excessive bubble growth. With the faster cross-linking of the NBR mixture, it can 
be derived that a smaller foam cross-section with many smaller cells is produced at a 
temperature of 220 °C due to the lower incubation time and thus faster completion of 
the cross-linking reaction. The faster crosslinking reaction compared to EPDM leads 
to the formation of many small cells due to the higher resistance of the matrix, so 
that coalescence is avoided. In comparison to the chemical reference blowing agent 
ADCA, a fine-cell foam structure comparable to ADCA can be achieved using the 
NBR mixture recipe, which is already well suited to the process.

The mechanical properties of the EPDM in case of the tension set do not change 
significantly with the increase in the vulcanisation temperature. This can be attrib-
uted to the sufficiently long crosslinking time. The slightly decreasing spring constant 
can be explained by the slightly coarser cell structure of the EPDM. The decreasing 
tension set of the NBR with increasing temperature shows that the crosslinking is 
only completed after 180 s at temperatures above 220 °C. The spring constant of the 
foamed NBR increases with temperature. This can be explained on the one hand by 
the finer-cell foam structure of the NBR as the temperature rises, and on the other 
hand by the higher degree of crosslinking. Compared to the ADCA foamed com-
pounds, the water foamed EPDM and NBR profiles have a slightly lower spring 
constant. This is due both to the coarser cell structure of the EPDM and to the lower 
degree of crosslinking. With ADCA as the reference blowing agent, the same EPDM 
masterbatch achieved tension set values between 10% and 20% [21] under compara-
ble vulcanisation parameters. The lower degree of crosslinking of water-foamed sam-
ples was also observed in the measurement of crosslinking isotherms [18, 19] and can 
be attributed to interactions with the accelerator system.
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5  Summary and Conclusion

Systematic investigations are carried out to evaluate the influence of relevant parame-
ters of the process on the resulting quality characteristics of water-foamed elastomers. 
It is derived that due to dissipative heating and heat conduction from the extruder 
into the rubber, the tendency to surface defects such as cracks and bubbles increase. 
The blowing reaction takes place in a defined temperature range between 100 °C and 
135 °C and the crosslinking speed increases disproportionately with temperature. 
This results in a coarse cell structure at low melt temperatures of about 60 °C due 
to slow heating. A coarse cell structure is also induced at high bulk temperatures of 
up to 100 °C at the die outlet due to an early blowing reaction. Because of the higher 
viscosity and the lower incubation time of NBR, a finer cell structure was obtained 
compared to EPDM. Although the bulk temperature before entering the vulcanisation 
unit has an influence on the foam structure, the mechanical properties are dominated 
by the cross-linking process. Analogous to the results from the extrusion tests, the 
slower curing reaction and lower viscosity the coarser the foam structure. Compared 
to the NBR compound the EPDM shows a coarser foam structure at with higher cur-
ing temperatures.

The tension set does not depend on the foam structure but on the degree of 
crosslinking and thus on the vulcanisation temperature and duration. The spring con-
stant correlates with the foam structure as a measure of hardness as well as with the 
degree of crosslinking.

It has been shown that it is possible to extrude foamed rubber profiles with water 
as a physical blowing agent. The process investigations have so far only been carried 
out on a laboratory extruder. On an industrial scale machine with a larger screw diam-
eter, higher dissipation and lower temperature homogeneity can be expected, so that 
the investigation of the temperature sensitivity of chemical blowing agents and water 
based blowing agents should be validated.

With regard to the achievable quality parameters, it is purposeful to adapt both the 
compound recipe and the processing process. With the NBR formulation as shown, a 
fine-cell foam structure with similar properties as with the reference blowing agent 
can already be produced. A fine cell structure of the water-foamed EPDM can be 
achieved by adapting the recipe regarding the accelerator system from an inhibited 
sulfone amide (CBS) to a faster mercapto benzo thiazole (MBT).
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Abstract.  In thermoforming up to 90% of the product costs are related to the 
material. For this reason, the efficient use of materials is essential in the pro-
duction. Material efficiency of thermoformed packaging products, especially 
cups, can be increased by using pre-stretching plugs. These plugs affect the 
wall thickness distribution of the product. Thin areas, which can cause prob-
lems concerning top-load stability, can be avoided. By adjusting the shape of 
the pre-stretch plugs and the thermoforming process the wall thickness distri-
bution changes significantly. Thus the distribution can be homogenised and the 
wall thickness can be increased more than 100% in the thinnest area. The plug 
design is varied in wall angle and the radius which joints the side wall and the 
flat top of the plug. Using DoE the effects of different geometry combinations 
and sheet temperatures are analysed. It can be shown, that the wall angle of 
the plug and the sheet temperature have a big influence on the homogenisa-
tion. Top-load stability is an important feature of packaging cups. By adjusting 
the wall thickness distribution, the top-load stability can be raised significantly. 
This high top-load stability in turn allows a reduction of the sheet’s thickness, 
increasing material efficiency. Additionally, the required plug forces to pre-
stretch the sheet are investigated, which can improve the process control or 
serve as a parameter for quality management.

Keywords:  Material efficiency · Plug-assisted thermoforming · Wall thickness 
distribution

1  Introduction and Motivation

The constantly increasing demand on the sustainability of plastic products requires 
higher material efficiency. Especially for packaging products it becomes more impor-
tant to reduce the amount of waste. Thermoforming is one of the most important tech-
nologies to produce thin-walled packaging products. The wall thickness distribution 
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of these products has to be adjusted to use less material. In addition to sustainabil-
ity, material savings are essential for thermoformed product because up to 90% of 
the costs depend on the material. Beside the material savings, the entire thermoform-
ing process can be operated more efficiently. The required energy and the cycle time 
decrease if less material has to be heated and cooled after forming [1–5].

Beside temperature profiling, plug assisted thermoforming is the leading approach 
to influence the wall thickness distribution [2, 5–8]. In negative thermoforming process 
pre-stretching plugs are used to draw the plastic material into areas where otherwise thin 
areas would occur, because of locally different stretching ratios. Therefore, thin spots 
must be taken into account when designing thermoformed products because they are 
regarded as weak points of the product [3]. Thickening those weak points, for example, 
leads to higher top-load stability of packaging products. Also due to volume constancy of 
the sheet, thicker areas of the product are less oversized because the material is distrib-
uted more homogeneously. When using pre-stretched plugs, however, the resulting wall 
thickness distribution depends strongly on the geometry of the plug, the process param-
eters and the plastic material [5–7, 9–12]. First, the design of pre-stretch plugs and the 
resulting wall thickness distributions of those different plugs are described. Afterwards 
it will be shown that different wall thickness distributions lead to different cup properties 
and that measured plug forces might be used as a quality control parameter.

2  Design of Pre-stretch Plugs in Thermoforming

There are numerous publications on plug-assisted thermoforming. These publi-
cations show a varity of wall thickness distributions of different plugs used in plug 
assisted thermoforming processes. However, the local wall thicknesses are very dif-
ficult to compare because of different parameters like plug and mould geometries, 
plastics materials and sheet temperatures used in these publications [3, 7, 10, 14–17]. 
Due to the complex process and plug/material interactions only a few guidelines for 
designing pre-stretch plugs exist. In addition, these guidelines are very general and no 
information is given on the resulting wall thickness distribution [6, 8]. Alternatively, 
simulation might be employed (e.g. T-Sim), but material data acquisition and deter-
mination of friction coefficients between sheet and plug are complex and demanding. 
For this reason, tests will continue to be carried out to demonstrate the influence of 
plug geometry and various process parameters on wall thickness distribution.

Different pre-stretch plugs are shown in Fig. 1. They are designed based on the 
guideline of Schwarzmann [6, 8]. Further information can be found in the correspond-
ing literature of [6, 8] and the publications of [5, 18] for design specifications and 
the exact design procedure. The plug geometry depends on the used negative therm-
oforming mould and thus of the investigated cup geometry. The chosen cup has an 
opening diameter of 60 mm, a depth of 40 mm and a draft angle of 4°. This leads to a 
plug with a 4° wall angle and a 3 mm radius [6]. The radius connects the side wall and 
the flat bottom of the plug. Based on the plug designed according to the guideline the 
other plugs are changed in wall angle and the radius. The used plug material is a syn-
tactic foam (type: Hytac W, manufacturer: CMT Europe BV, Waalwijk/Netherlands).
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3  Process Parameters and Evaluation Methodology

All tests mentioned are performed on the thermoforming machine Kiefel KD 20/25, 
Kiefel GmbH, Freilassing, Germany. Beside the sheet material and temperature, the 
pre-stretching distance (plug displacement), the plug speed, the delay in activation of 
compressed air and the geometry of the plug have an influence on the wall thickness 
distribution. The pre-stretching distance is selected according to the guideline [6]. The 
speed of the plug influences the stretching resistance during forming. Generally, the 
speed is set as high as possible to minimise cycle time and to achieve a low heat trans-
fer into the plug [7]. With the used mould technology the activation time of the com-
pressed air has no significant influence on the wall thickness distribution [18]. The 
sheet temperature and gradient are measured with a pyrometer and contact thermom-
eter to adjust emitter settings with the objective of a homogeneous temperature distri-
bution. The chosen constant process parameters are shown in Table 1:

The resulting wall thickness distribution of different plugs used in the thermo-
forming process is analysed along a measuring path over the entire cup cross- section. 
Average values are taken after one side is folded to the other side. For a better 
overview only one half of the cup is displayed as shown in Fig. 2, which shows a 

Fig. 1.  Selected pre-stretch plugs to analyse the resulting wall thickness distribution [5]

Table 1.  Constant processing parameters

Parameter Value and entity

Pre-stretching distance 37.8 mm of 40 mm

Plug velocity 273 mm/s

Delay in compressed air activation After 100% of pre-stretch distance

Forming pressure 5 bar

Time of forming pressure 3 s

Plug temperature 35 °C
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wall thickness distribution of a cup formed only with compressed air is displayed. 
Measuring location 1 (ML 1) is located in the middle of the cup base (bottom) and 
ML 14 on the cups top end near the edge of the wall. The thin spot at ML 6 and ML 7 
is conspicuous. This thin spot must be specifically avoided and the material has to 
be less thinned out. Since the wall thickness distribution varies if different materials 
are used, polystyrene (PS) and polypropylene (PP) are investigated. Both materials 
are common for packaging applications. Because of different stretching properties 
and interactions between sheet and plug, different wall thickness distributions are to 
be expected [3]. The sheets have a thickness of 0.8 mm. The sheets are produced by 
W.u.H. Fernholz GmbH & Co. KG, Meinerzhagen, Germany. Per experiment five 
cups are produced.

4  Analysis of the Wall Thickness Distribution using 
Different Pre-stretch Plug Geometries

Since there are many different plug geometries to investigate and the sheet tempera-
ture also has a particularly large influence on the wall thickness distribution, it is dif-
ficult to determine which parameter has the biggest effect on the homogeneity of the 
resulting cup. In order to quantify the influence of the various geometric parameters 
and the sheet temperatures on homogeneity of the cups, a DoE test plan is drawn up. 
Since interactions of different parameters cannot be ruled out a full factorial DoE is 
used [19]. The test plan is shown in Table 2. Each parameter is changed from test to 
test, so that in total 27 parameter configurations are performed:

Fig. 2.  Measuring locations on the cup and representation of a polystyrene cup formed only 
with compressed air [5]
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Figure 3 shows the resulting wall thickness distribution when using PS at 120 °C 
sheet temperature. As shown, different angles of the plug (4, 8 and 12°) with a con-
stant edge radius of 9 mm lead to different wall thickness distributions. The wall 
thickness can be influenced significantly with variation of the wall angle.

The influence is conspicuous with regard to the quenching marks. Using plugs 
with a wall angle of 4° and 8° thicker areas occur at ML 8 and ML 10 compared to 
the rest of the cup. The quenching marks can be minimised by increasing the wall 
angle. Because of the higher angle the material no longer gets into contact with the 
plug during stretching. The sheet can be stretched freely because there is more free 
space between the plug and the mould and therefore it does not cool immediately by 
touching the plug. In addition, more freely stretchable areas lead to more equal local 
stretching and thus to increased homogeneity. Depending on the plug geometry, the 
minimum wall thickness can be more than doubled from 0.05 mm (Fig. 2) to 0.13 mm 
(Fig. 3) compared to pure compressed air forming. Changing the edge radius while 
keeping the wall angle constant has less influence on the wall thickness distribution 
[18]. For more detailed investigations of the resulting wall thickness distributions of 
PS, see [5].

Table 2.  Test plan of design of experiments to analyse the influence on the resulting wall thickness 
homogeneity

Parameter Unit Levels

Wall angle [°] 4/8/12

Edge radius [mm] 3/6/9

Sheet temperature of PP [°C] 120/126/132

Fig. 3.  Influence of the plug wall angle of flat plugs with constant edge radius 
when using PS [5]
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If using different sheet materials, the determined wall thickness distributions of 
PS cannot be transferred easily to the new material. Therefore, wall thickness distribu-
tions of PP are shown.

Because of different stretching resistances compared to PS different amounts of 
material will be pulled off the plug, which leads to different local stretching ratios. 
Figures 4 and 5 show the resulting wall thickness distributions using PP at a sheet 
temperature of 126 °C.

Fig. 4.  Influence of the plug edge radius of flat plugs with constant wall angle when using PP

Fig. 5.  Influence of the plug wall angle of flat plugs with constant radius when using PP
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As determined with PS in [18], the radius has a smaller influence on the wall 
thickness distribution than the wall angle of the plug when using PP. The distributions 
do not change a lot over the different measuring locations. Generally, a bigger edge 
radius leads to more material pulled off the plug, because the material is easier to pull 
around bigger radii as the deflection of sheet around a small radius requires a higher 
force (Fig. 4). If 8° and 12° angles are used, the effects of the radii are less significant, 
because it is even more easy to pull the material off the plug with bigger wall angles. 
So no clear statement can be made about the influence of the edge radius, since it dif-
fers a lot dependent on the used wall angle. There are no big differences in the profile.

Variating the wall angle has a greater influence on the resulting distributions (Fig. 5). 
The material in the bottom is more stretched when using a wall angle of 12° compared 
to a wall angle of 4°. With a 12° angle the material is more easily pulled around the plug 
radius compared to the 4° angle even if the radius itself is constant (3 mm). The wall 
thickness can be more influenced by changing the wall angle than by radius because of 
different sizes of free stretchable areas which are not in touch with the plug. Thus differ-
ent stretching resistances occurs and leads to different deflection off the plug.

In general, pre-stretch plugs allow the wall thickness distribution to be adjusted or even 
to be able to form products. In these tests it is not possible to produce PP cups only with 
compressed air. The wall thickness in the transition area of the cup is that thin that the sta-
bility is not sufficient to measure with the used Magna Mike 8600 of Olympus Deutschland 
GmbH, Hamburg, Germany, because the sheet tears apart during the measurement.

Altogether it can be stated that the wall thickness profile itself is influenced by 
the change of wall angle. Changing the wall angles lead to profiles which differ sig-
nificantly or at least more than the change of the edge radius does. Using pre-stretch 
plugs enables to change the wall thickness distribution and makes it possible to 
homogenise it. The thinnest areas can be greatly increased compared to cups produced 
only with compressed air.

5  Analysis of Homogeneity of the Wall Thickness 
Distribution

To describe the homogeneity of different wall thickness distributions a mathematical 
criterion has to be defined. The wall thickness distributions give a good impression of 
the local thickness depending on the various measuring locations, but the diagrams 
are not suitable for conclusions about the homogeneity of the distribution. Equation 1 
is one possibility to describe the homogeneity of a formed cup. ∆s is described as the 
difference between the thickest (smax) and the thinnest (smin) wall thickness of the cup 
according to [20]. If the difference is low the wall thickness is almost the same at all 
measuring locations and thus does not differ in huge ranges.

The observed effects based on the DoE test plan described in chap. 4 are shown in 
Fig. 6. It can be stated that the change of the wall angle and the interaction of wall 
angle and temperature have the biggest influence on the homogeneity of the wall 
thickness distribution. If the wall angle is increased the difference of the thickest and 

(1)�s = smax − smin
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thinnest wall thickness of the cup increases more than 0.05 mm. This means that the 
produced cup is less homogenous. Whereas changing the wall angle and sheet tem-
perature from low to high setting leads to the best wall thickness distributions. The 
homogeneity can be increased up to 0.1 mm. Both of the effects are significant. The 
other parameters are less significant or indifferent.

In Fig. 3 increasing the wall angle of the plug leads to a more homogenous wall 
thickness distribution when using PS whereas it decreases when using PP. Comparing 
these two materials it can clearly be seen that effects cannot be based on process or 
geometry parameters only. The material has a great influence on the characteristics of 
effects. Figure 5 shows that an increase of the wall angle leads to a thicker side wall 
and a thin bottom. In this case the homogeneity is not as good as with a 4° wall angle. 
This is contrary to the explanation that more freely stretchable areas lead to homoge-
nous wall thickness distributions due to more equal local stretching ratios (like seen 
when using PS). Up to now, no guideline is established, which is able to predict the 
influence on the wall thickness distribution using different materials.

In addition to the flat plugs more geometrically complex plugs are investigated. These 
plugs cannot be considered in DoE, because they are no flat plugs and thus cannot be 
described in the used geometrical pattern. These plug geometries are common in thermo-
forming and their influence on the wall thickness distribution is investigated as well [6, 8].

Pointed plugs which have no flat area at the bottom are constructed (Fig. 7). One 
pointed plug with a wall angle of 12° and one with 17° to be more sharp-ended. In 
addition, more complex plugs are investigated. These so called warts are separated 
into flat and convex warts (Fig. 7). They are developed based on the plug designed 
by the guideline, too. They own an undercut which prevents the sheet from getting in 
contact with the plug in this area and thus can avoid quench marks.

Fig. 6.  Effects and interactions of the different parameters on the resulting homogeneity of the 
cups when using PP
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The wall thickness distributions of pointed plugs are shown in Fig. 8 at a PP-sheet 
temperature of 126 °C. Less material is pulled out of the bottom area if pointed plugs 
are used. This leads to particularly thick bottom areas. The larger freely stretchable 
area causes different stretching resistances. Since more material is available for free 
stretching (without plug contact), the local stretching resistances of the sheet decrease 
and less material is pulled out of the bottom. The required forces for stretching the 
freely areas are lower than those forces which are needed to exceed the adhesive 
forces between the sheet on the plug. The profiles of the wall thickness distributions 
are qualitatively the same when using pointed plugs as well as when using PS and PP 
[5, 18]. The wall thickness can be improved from not formable to at least 0.11 mm.

Fig. 7.  Pointed plugs, warts and spherical pre-stretch plugs to analyse the influence on the wall 
thickness distribution

Fig. 8.  Influence of pointed plugs on the wall thickness distribution when using PP [5]
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Figure 9 shows the resulting wall thickness distributions of the complex plug 
geometries. All three geometries lead to better material distributions. The wall thick-
nesses change significantly to those of flat or pointed plugs due to different stretching 
conditions. These stretching conditions cannot be explained properly because of the 
complex sheet and plug interaction due to changing contact areas during forming. No 
clear statements can be made in comparison to flat plugs, because a defined difference 
between freely stretchable sheet areas and areas with plug contact does not exist. It 
should be shown that complex plugs can lead to approximately the same or even more 
homogeneous wall thickness distributions.

6  Analysis of the Top-Load Stability of the Formed Cups

One quality criterion of thermoformed cups is the top-load stability. The top-load sta-
bility of the cups depends on the wall thickness distribution and the homogeneity. To 
test the different cups with their various wall thickness distributions top-load test are 
carried out and subsequently top-load and homogeneity are compared.

The top-load stability is determined by compression tests on a Zwick Z10, Zwick 
Roell GmbH & Co. KG, Ulm, Germany. Figure 10 shows the maximum wall thick-
ness differences (homogeneity) and the top-load stability determined as a function of 
different plug geometries. The used material is PP at a sheet temperature of 126 °C. 
4°R6 is a plug with a 4° angle and an edge radius of 6 mm. So the first number 
describes the wall angle and the second number describes the edge radius. The tested 

Fig. 9.  Influence of complex plug geometries on the wall thickness distribution when using PP



Homogenisation of the Wall Thickness Distribution    89

cups are those with the three best homogeneities, one with an average and another one 
with a less homogeneity.

Homogeneous cups can stand higher top-load forces (140 N). The higher stabil-
ity results from thickening the thin areas. Cups with a very unequal wall thickness 
distribution produced with pointed plugs are weak in comparison, because of thinner 
wall thicknesses in the transition area (32 N). More homogeneous distributions lead to 
better mechanical properties of the cups in top-load tests. This can be confirmed with 
the selected cup geometry. The tendency that better top-load stability can be achieved 
with more homogeneous wall thickness distributions can also be confirmed with other 
sheet materials and sheet temperatures.

7  Analysis of Plug Force and Wall Thickness Distribution

Different process parameters can be established as control parameters in thermoform-
ing machines. To pre-stretch the sheet the plug has to be pushed into the material. 
Depending on the plug geometry different plug forces are needed. In modern thermo-
forming machines the plug forces are measured and can be used as one control param-
eter [3]. To develop a further quality control criterion the plug forces are measured 
and compared to the resulting maximum wall thickness difference and thus homoge-
neity. In Fig. 11 the plug forces and homogeneity are determined as a function of dif-
ferent plug geometries.

Fig. 10  Maximum wall thickness differences and top-load as a function of plug geometries [5]
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Figure 11 clarifies that a high plug force is an indication for a homogeneous wall 
thickness distribution. The shown figure are the results of forming PP with a sheet 
temperature of 126 °C. The other plug forces while using a different material or a 
different sheet temperature show the same tendencies. As shown, the plug forces can 
be used as a quality control parameter in thermoforming machines if plug forces are 
detected and correlated with the resulting wall thickness distributions. A higher plug 
force is needed if the contact area of the plug and the sheet increases, thereby drawing 
more material towards the thin areas at the bottom wall. If the plug forces decrease 
when using different plug geometries, it is likely that the wall thickness distribution is 
inhomogeneous.

8  Conclusion and Outlook

The wall thickness distribution can be influenced by using different plug geometries 
and process parameters. The plug wall angle enables the adjustment and the homog-
enisation of the wall thickness distribution. In general, the profile can be influenced 
significantly. The plug edge radius has a comparatively little influence on the resulting 
wall thickness distribution.

The resulting wall thickness distributions are not possible to predict in detail even 
though the plug geometry is known before. They differ enormously depending on 
the sheet material and sheet temperature. The sheet temperature has a big influence 
because of greatly changed stretching resistances of the material. Using PS, a higher 
wall angle leads lower deviations of the wall thickness distributions whereas using 
PP a small wall angle homogenises the distribution. Pointed plugs lead to a poor wall 
thickness distribution for all materials.

The top-load stability can be increased for all cups, with the exception of the 
pointed plugs. The highest top-load stabilities are achieved with the most homogene-
ous wall thickness distributions. The wall thickness of the used sheet can be lowered 

Fig. 11.  Maximum wall thickness differences and needed plug forces to pre-stretch the sheet 
when using PP (126 °C)
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retrospectively, if the top-load can be raised. The plug forces as well as the top-load 
stability correlate with the maximum wall thickness differences and thus might be 
used as a quality criterion or control parameter. In further trials it has to be investi-
gated to what extent the results can be transferred to different mould geometries.
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Abstract.  Short cycle times in the injection molding process due to fast and 
effective cooling of the molds extend the demands for novel screw concepts 
starting from double-flighted screws and leading to barrier screws with disper-
sive and distributive mixing elements. We present different high-performance 
screw concepts for various applications in the injection molding industry. 
Besides a comparative view of different screw designs, we focus on mod-
elling the plasticizing process in barrier screws using our recently developed 
software S3 (Screw Simulation Software) to investigate both the melting and 
the melt conveying process in more detail. The three-dimensional helix shape 
of the screw channel consisting of feed, barrier and metering section can be 
approximated via an unwound screw channel. Melting performance, pressure 
build-up and temperature distribution can be calculated numerically based on 
physical models and finite-difference approximation schemes. The axial screw 
motion during the plasticizing process and the idle time during the injection 
and holding phase are considered as well. Our simulations show good agree-
ment with experimental studies conducted with various screw sizes and barrier 
configurations.

Keywords:  Injection molding · Plasticizing time · Barrier screw · Melt 
homogeneity

1  High-Performance Plasticizing

1.1  Comparison of Different Screw Concepts with Respect to Plasticizing 
Rate

The main difference between extrusion and injection molding is that in an injection 
molding machine, a reciprocating screw is used, and the screw does not rotate dur-
ing the injection and holding phase. Therefore, we differentiate between recovery rate 
ṁplast and total throughput ṁtotal:
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While the recovery rate (shot weight m divided by plasticizing time tplast) does not 
necessarily give any information about the melt homogeneity, the throughput (shot 
weight m divided by cycle time tcycle) is used to define the residence time required to 
obtain a certain melt quality. Unwanted inclusions in the plasticized polymer melt can 
either be detected visually during a purging experiment or by our recently developed 
non-invasive ultrasound-based measurement system [1]. These inhomogeneities will 
reduce the visual and structural properties of the resulting injection-molded part.

The recovery rate can be divided by the screw speed (recovery rate given in gram 
per screw revolution) and plotted against the throughput. Figure 1 shows a compar-
ison of different screw geometries with respect to conveying rate and melt homoge-
neity determined during a purging experiment. The recovery rate is determined by 
the specific screw design while the throughput is increased by increasing the screw 
speed. The so-called throughput limit (i.e. the minimum possible residence time for 
melting) is determined by the screw design as well. Typical general-purpose screws 
(GPS) can only be used for standard applications, where the cycle time is sufficiently 
long compared to the shot weight. To obtain both higher recovery rates and increasing 
throughput limits, more specific screw designs must be used. On the one hand, a more 
complex screw design increases the costs of the plasticizing system, but on the other 
hand, using screw designs with higher throughput limits provides the possibility of 
selecting a smaller screw diameter or reducing the cycle time.

(1)ṁplast =
m

tplast

(2)ṁtotal =
m

tcycle

Fig. 1.  Comparison of different screw designs available in the ENGEL portfolio; data was 
obtained using a screw diameter of 90 mm and PE-HD with 50 bar back pressure, a metering 
stroke of two times the screw diameter and a cycle time of two times the plasticizing time 
during a purging experiment.
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Most of the melting occurs at the interface between the solid bed and the melt 
film. The melted material collects in the melt film and is dragged away to the melt 
pool (“drag-induced melt removal”). This mechanism was first described by Maddock 
[2].

The use of multiple flights can also improve melting, because the average melt 
film is thinner than in a single-flighted screw, see Fig. 2. However, the most stable 
melting process is achieved by using barrier screws. A barrier screw has two flights, a 
main flight and a barrier flight. The purpose of the barrier flight is to separate the solid 
material from the melt. Basically, there are two types of barrier sections [3]:

• In the melting zone the function of the barrier flight is to physically separate the 
solid bed from the melt pool. This type of barrier section is referred to as a barrier 
melting section.

• In the melt conveying zone the function of the barrier flight is to provide a high 
shear stress exposure in the narrow barrier flight gap. This type of barrier section is 
referred to as a barrier mixing section or a fluted mixing section.

A screw with a barrier melting section is usually referred to as a barrier screw, while 
a screw with a barrier mixing section is usually referred to as a mixing screw. Two 
examples for mixing screws are also shown in Fig. 1. The Standard Mixing Screw 
(SMS) is a double-flighted screw with a mixing section and provides similar flow 
rates, but a higher throughput limit compared to GPS. Optimizing channel height, 
helix angle and the total screw length can improve the melting and melt conveying 
capability (Universal Automotive Screw UAS).

1.2  Barrier Melting Sections

The inventor of the barrier screw is Charles Maillefer [4]. The main feature of a 
Maillefer screw is that the helix angle of the barrier flight is larger than the helix angle 
of the main flight. The continuous reduction in the width of the solids channel and the 
corresponding increase of the width of the melt channel allows a smooth and gradual 
change of the channel cross-section. However, the melting rate is directly determined 
by the width of the solid bed and the major drawback of a Maillefer screw is the lower 

Fig. 2.  Different screw concepts used in injection molding; the thickness of the melt film 
decreases from single-flighted screws to double-flighted screws and is minimized in barrier 
screws, where solids and melt are separated, which stabilizes the melting process.
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melting rate compared to other barrier screw designs. The Universal Barrier Screw 
(UBS) mentioned in Fig. 1 is based on a Maillefer design without a mixing section.

Other barrier screw designs developed by Barr [5], Dray and Lawrence [6] or Kim 
[7] are characterized by a barrier flight which runs parallel to the main flight. The 
cross-section of the solids channel is then reduced by reducing the channel height 
while at the same time the channel height of the melt channel is increasing. This 
increases the solid-melt interface and improves the melting performance. However, 
more knowledge is required to avoid abrupt changes of the channel cross-section at 
the beginning and at the end of the barrier section. Deep melt channels require addi-
tional barrier mixing sections to assure good melt homogeneity. The Mixing Barrier 
Screw (MBS) mentioned in Fig. 1 is based on this design.

2  Simulation of Polymer Flow in Barrier Screws

2.1  Grid Generation and Modelling of the Plasticizing Process

Each zone of the barrier screw (feeding, barrier and metering zone) is defined via a 
specific axial length and height. The three-dimensional geometry is approximated 
via an unwound screw channel. With this reduction to a two-dimensional system, 
it is possible to reduce the computational power and therefore the simulation time. 
A third dimension for the timesteps ∆tgrid has been introduced, considering the idle 
phase and the axial screw motion due to the metering stroke. The definition of a time 
grid depends on plasticizing time tpl and pre-defined timesteps n (plasticizing and idle 
phase):

The initial mass flow rate (show weight divided by initial plasticizing time) is calcu-
lated using the following approximations:

• unwound screw channel consisting only of metering zone filled with melt
• melt temperatures equals barrel temperature
• axial screw motion is neglected (extrusion mode)
• pressure gradient equals back pressure divided by channel length

To calculate the flow rate, a general equation can be formed, consisting of two major 
parts. The first part describes the volume flow rate due to drag flow and the second 
part due to pressure flow [8].

In this equation, the flow direction is z, b and h are the width and height of the 
unwound screw channel, v0,z is the velocity component in z-direction, η the melt vis-
cosity and dp/dz the pressure gradient. Each contribution to the total flow rate can be 

(3)�tgrid =
tpl

(

npl + nidle
)

− 1

(4)
V̇0,total =

1

2
b · h · v0,z

︸ ︷︷ ︸

drag flow

−
b · h3

12η

dp

dz
︸ ︷︷ ︸

pressure flow



Barrier Screw Design for High-Performance    97

corrected by (i) the leakage flow in the gap between the main flight and the barrel, and 
(ii) the influence of the screw flight for high h/b ratios, where the channel cannot be 
approximated by an infinite slit.

The Bird-Carreau-Yasuda model is used to describe the viscosity as a function of 
shear rate including all relevant regions (first plateau, shear thinning, second plateau):

where η0 is the zero-shear rate viscosity, η∞ the infinity shear rate viscosity, k a time 
constant, γ̇ is the shear rate, a is defined as the Yasuda-parameter and n describes the 
power law index in the shear thinning region.

Newtonian and shear-thinning fluids have a common streamline in the flow chan-
nel at which the shear rate and hence the velocity is the same [9]. In other words, at 
a certain distance over the channel height (y-direction), the shear rate of a Newtonian 
and a shear-thinning fluid are equal. This is called the representative distance and using 
the corresponding shear rate, a local viscosity can be determined. This distance depends 
on the power law index, which can be calculated using tangents on the Bird-Carreau-
Yasuda function (see Fig. 3). The temperature dependency is described by the Arrhenius 
shift, which mainly applies to semi-crystalline polymers [10]. To describe the specific 
volume as a function of pressure and temperature, the Tait model is used [11].

(5)
η − η∞

η0 − η∞
=

1

[

1+ (k · γ̇ )a
]
(1−n)

a

Fig. 3.  Approximation of the viscosity curve by the slope of the tangent to the Bird-Carreau-
Yasuda function, which is used to calculate the representative shear rate (RR … rotational 
rheometer, HCR … high-pressure capillary rheometer, BCY … Bird-Carreau-Yasuda model).
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As a first approximation, the axial screw velocity ṡ is calculated with the ini-
tial mass flow rate. Hence, the barrel velocity components must be adapted with the 
velocity components of the screw motion in x- (transverse) and z- (flow) direction 
depending on the helix angle ϕ.

After an initial mass flow rate has been calculated, melting and viscous dissipation are 
also considered. Therefore, the melting process is simulated using the drag-induced 
melting model by Tadmor and Gogos [12]. If the barrel temperature exceeds the melt-
ing point of the polymer, a melt film is formed. Afterwards the solids bed reduces in 
width, whereas the melt pool increases. The pressure profile is calculated in the melt 
pool of the solids channel as well as in the melt channel along the flow direction.

A simple heat-source model is used in the screw channels, the melt film and the 
barrier gap to account for viscous dissipation. All relevant regions are shown in Fig. 4. 
The power consumption can be divided into following parts: drag-, transverse and 
pressure flow in the screw channel and leakage flow in the screw clearance. It should 
be mentioned that the transverse flow does not contribute to the volume flow rate, but 
to the energy dissipation.

An explicit time integration (3-point-formula) is applied to solve the transient heat 
conduction. The second derivative in y-direction (channel height) of a two-columns 
array (iy, iz) can be calculated, assuming an equidistantly spaced grid.

with a defined as thermal diffusivity and �z ≤ (�y)2/2a. The temperature of one step 
forward along the z-direction can be calculated by:

In addition, the mean temperature is determined along the unwound channel length 
(1D in z-direction) using composite trapezoidal integration rule.

Finally, using a numerical procedure, the calculation of the total pressure differ-
ential in direction of the unwound channel is repeated with a modified mass flow rate, 
until the pre-defined back pressure is reached at the end of metering section.

(6)

v1z = v0 · cosϕ + ṡ · sin ϕ

v1x = v0 · sin ϕ − ṡ · cosϕ
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2.2  Material Characterization

For the comparison of calculation and experimental analysis, we used two types of 
polypropylene and one type of high-density polyethylene from Borealis (Schwechat, 
Austria) in this study.

The materials were rheologically characterized with a plate-plate rheometer (MCR 
301, 25 × 1 mm) from Anton Paar (Graz, Austria) and with a high-pressure capillary 
rheometer (Rheograph 25) from Göttfert (Buchen, Germany). To capture the thermal 
stability all tests were carried out under nitrogen (N2). The viscosity curves were fitted 
using Bird-Careau-Yasuda model and Arrhenius temperature shift with the parameters 
listed in Table 1. The enthalpy and heat capacity were measured with a Mettler Toledo 
DSC 822 (Vienna, Austria) in accordance with the standard ISO 11357-4 (saphire and 
blank curve). The results are shown in Fig. 5.

Table 1.  Bird-Carreau-Yasuda and Arrhenius model parameters of the tested materials.

BCY parameter Unit PP-1 PP-2 PE-HD

η0
Pa · s 384.4 326.2 2360.9

η∞ Pa · s 0.0 0.0 0.0

k s 0.01054 0.00823 0.02715

a – 0.72898 0.40981 0.41424

n – 0.24755 0.25000 0.33960

T0
°C 240.0 230.0 220.0

E0
J/mol 50566.1 42894.8 22605.4

Fig. 4.  Schematic overview of the different regions in a barrier zone considered in the 
simulation model: melt pool in the solids channel (A), melt pool in the melt channel (B), melt 
film between solid and barrel (C), leakage flow in the gap between main flight and barrel (D), 
melt flow in the barrier gap (E).



100    T. Köpplmayr et al.

2.3  Experimental Evaluation of Simulation Results

For the experimental validation of the melting profile, so called pull-out tests are used. 
The traditional procedure is to stop the screw immediately and cool down the whole 
configuration consisting of barrel, screw and processed material. Afterwards some 
components of the plasticizing unit like the nozzle, the flange and heaters are disas-
sembled. Finally, one can pull out the screw and identify the solid and melt fraction 
by color (masterbatch is used and the pigments disperse in the melt). This procedure 
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is very inaccurate and inefficient, since the cooling process lasts several hours. 
Analyzing pressure signals at different axial positions along the plasticizing unit, the 
solid-bed ratio can be determined in-situ during the process [13]. Figure 6 shows a 
schematic relationship between the material state in the screw channel and the corre-
sponding pressure signal.

The results using PP-1 and a barrier screw without mixing head designed for a lab 
machine (screw diameter 40 mm, L/D ratio 20) are shown in Fig. 7. Three rotational 
screw speeds (0.3 m/s, 0.5 m/s and 0.7 m/s) were tested and six pressure transducers 
were used to measure the melt pressure along the barrier and metering section. The 
error bars correspond to the pressure difference between pushing and trailing flight. 
Both the pressure signals and the melting curve of experiment and simulation are in 
good accordance. Only at the lowest screw speed, melting in our simulation is faster 
than during the experiment.

Fig. 6.  Evaluation concept for determining the solid-bed width by analyzing the pressure 
signal.
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Fig. 7.  Comparison of melt pressure and melting curves determined by experiment (○) and 
simulation (straight line) using PP-1 at (a) 0.3 m/s, (b) 0.5 m/s, (c) 0.7 m/s rotational speed; 
metering stroke 40 mm, cycle time 55 s, back pressure 150 bar, barrier screw ∅ 40 mm.
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Besides melt pressure and melting curve, the recovery rate and the corresponding 
plasticizing time are of great importance for the experimental verification. Figure 8 
shows a comparison of experimental and simulated plasticizing times for different 
processing conditions. Different screw speeds (0.3 m/s, 0.5 m/s, 0.7 m/s) and back 
pressures (50 bar, 100 bar, 150 bar) were used in combination with the two types of 
polypropylene mentioned in Sect. 2.2. All results are plotted in one graph to provide 
an overview on the agreement of the data for one type of screw. Most of the data are 
located inside the corridor of ±10% deviation from the experiment. For 100 bar back 
pressure and the highest screw speed in combination with PP-2 (lower viscosity, see 
Fig. 5) the simulated plasticizing time is about 30% below the experiment. Leakage 
for this process condition will be higher, which results in a longer plasticizing time 
than expected.

Scale-up is essential for any further screw development. Therefore, two of our 
UBS (screw diameter 60 mm, L/D ratio 24; screw diameter 90 mm, L/D ratio 22) 
were used under real process conditions outside the lab. With the smaller screw, we 
used a test mold which gives us the possibility to vary the shot volume. All mate-
rials listed in Sect. 2.2 were tested with this screw. Metering strokes of 60 mm and 
120 mm were used under different processing conditions (rotational speed 0.2 m/s, 
0.6 m/s and back pressure 50 bar, 150 bar). The results for the plasticizing time are 
shown in Fig. 9. For the deviation from the experiment a corridor of ±20% can be 
defined. Most of the results are located inside this corridor. Values calculated for the 
low screw speed in combination with the high back pressure are on the borderline. 
Barrier screws are usually designed for high screw speeds and low back pressures.

With the 90 mm screw, we used a test molds for a flower tray and compared both 
PE-HD and PP-1 (cycle time 40 s, back pressure 40 bar). Again, we used three differ-
ent screw speeds for comparison (0.26 m/s, 0.45 m/s, 0.52 m/s). Figure 10 shows the 
results of plasticizing time and melt temperature. For the plasticizing time, a corridor 
of ±10% deviation from the experiment can be defined, for the melt temperature it is 
±5%.

In general, the agreement is fairly well due to the fact that there are several simpli-
fications in the involved models: (i) an unwound screw channel with rectangular shape 
is used instead of the spiral channel, (ii) the screw is assumed to stand still while the 
barrel is rotating, (iii) solids conveying in the feeding zone is neglected, (iv) an ide-
alized melting model is used which neglects the transition zone in Fig. 6, and (v) the 
melting point of the polymer is used as the flow temperature. The employed viscosity 
model is valid in the liquid state and the melting of the polymer starts when the local 
temperature exceeds the predefined melting point.
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2.4  Increasing the Plasticizing Performance with Barrier Screws

Higher recovery rates are needed in an injection molding process when the plasti-
cizing time otherwise increases the total cycle time. One the one hand, higher screw 
speeds can be used to reduce the plasticizing time, but on the other hand melt homo-
geneity also must be considered. Figure 11 shows a comparison of a barrier screw 
with and without mixing head. The employed mixing head is a spiral Maddock which 
can be considered as a barrier mixing section. As soon as the maximum throughput 
of the barrier screw is reached (here approx. 140 kg/h), small solid particles pass the 
barrier gap and cannot be melted in the residual metering zone. The mixing head acts 
as another barrier to improve the homogeneity of the melt.

Moreover, the specific recovery rate (gram per revolution) decreases with increas-
ing throughput due to the limited melting length in the barrier zone. At a certain point, 
less melt can pass the barrier gap and plugging can be observed. When on the other 
hand the L/D ratio is increased by e.g. 3D, the available melting length increases as 
well, which reduced this effect. This results in a more horizontal gradient, see Fig. 11. 
Therefore, barrier screws for high-performance plasticizing are characterized by an 
additional barrier mixing section towards the screw tip and a longer barrier section 
(i.e. an increased total screw length).
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Fig. 11.  Comparison of recovery rates of a barrier screw with and without mixing head (data 
marked by ∆ indicate inhomogeneities in the melt) as well as the effect of increasing the L/D 
ratio on the plasticizing performance; screw diameter 70 mm, PE-HD.
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2.5  Summary and Outlook

With our Screw Simulation Software S3, melting performance, pressure build-up 
and temperature distribution can be calculated numerically based on physical mod-
els and finite-difference approximation schemes. In contrast to conventional scale-up 
tools, rheological and thermo-dynamical material characterization is used to fit these 
models, which can be employed to simulate the material flow in the unwound screw 
channel. Measured and calculated plasticizing times show good accordance if the 
back pressure is low (e.g. 50 bar) and the screw speed is high (e.g. 0.3 m/s or higher), 
which usually can be assumed when barrier screws are involved. Both PE-HD and PP 
were considered in our study. The lower the viscosity, the more difficult is pressure 
build-up and results show better correlation when PP-1 instead of PP-2 is used.

In the future, we are going to improve our simulation routine by (i) focusing on the 
power consumption with respect to screw torque and (ii) including barrier mixing sec-
tions to be able to reproduce results shown in Sect. 2.4 and make predictions for the 
expected recovery rates of barrier screws with mixing heads. In addition, we developed a 
test setup in our plasticizing lab, which can be used to investigate the screw torque at dif-
ferent positions along the feeding zone. Energy consumption in the feeding zone depends 
on solids conveying with frictional parameters often not known in detail and on the for-
mation of a melt film in the so-called delay zone before the drag-induced melting process 
starts. We believe that these modifications will further improve the simulation results.
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Abstract.  This paper presents the obtained software and hardware results of 
developed Internet of Things (IoT) measurement device that is intended for 
real-time temperature and cavity pressure measurements in injection molding 
process. We set-up an appropriate IT-architecture for easier transportation of 
obtained measurement data and prepared a web-based GUI along with appro-
priate robust and precise miniature electronic PCB boards that can be easily 
adopted and used for monitoring and/or control applications in plastics pro-
cessing industry.

As polymer materials are not good thermal conductors, the elimination of 
large quantities of heat needed to solidify a part also creates major problems if 
rapid production needs to be maintained. Therefore, a proper IoT measurement 
system needs to be established that is capable to precisely measure the temper-
ature and cavity pressure behavior during different processing stages.

Furthermore, a specially constructed prototype mold was selected for test-
ing purposes which has two cavities that are used for testing shrinkage behav-
ior of various thermoplastic materials. The measurement results practically 
confirmed that the developed measurement device system fulfils the require-
ments for precise and robust wireless IoT based measurements of temperatures 
on cylinders, molds and tempering units, and cavity pressures inside the proto-
type mold according to Industry 4.0 requirements.

Keywords:  Industry 4.0 · Injection molding · Wireless measurement · 
Temperature · Cavity pressure

1  Introduction

Injection molding is one of the most important processing techniques used in plastics 
processing industry. Certain factors need to be considered before thermoplastic mate-
rials can be adequately processed. These factors include the granule or pellet charac-
teristics, the hygroscopic behavior of the thermoplastic material (whether it picks up 
water), flow properties, thermal properties (such as thermal stability and heat trans-
fer), shrinkage degree, crystallization behavior, and molecular orientation.
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Thermoplastic materials need large heat inputs to increase their temperatures to 
those required for melt processing and they also vary greatly in the amount of heat 
energy required to bring them up to processing temperatures. Such differences are not 
merely due to the varied processing temperatures required but are also due to the fact 
that varied thermoplastic materials have varying specific heats.

Different quantities of heat are required by various thermoplastic materials to 
increase their temperature to a fixed temperature degree. For example, when process-
ing a semi-crystalline thermoplastic material, additional heat needs to be supplied 
to melt the crystal structures. In the case of an amorphous resin, this additional heat 
input is not required.

Anyway, both types of plastic materials will need a large quantity of heat to be 
quickly added into it. This leads to some issues because polymers are poor conductors 
of heat and can have limited thermal stability at the used processing temperatures [1, 
2]. As polymer materials are poor thermal conductors, the elimination of large quan-
tities of heat needed to solidify a part also creates major problems if rapid production 
needs to be maintained. Therefore, a proper monitoring/control system needs to be 
established that is capable to precisely measure the temperature behavior during dif-
ferent processing stages.

Currently, there are different monitoring systems and monitoring approaches, 
already available on the market and/or offered by injection molding machine suppliers 
which are basic ones (wiring solution) and not directly intended for IoT applications 
(for example solutions from Optris).

In case of plastic processing industry such monitoring/control system needs to 
have a wireless communication option that is in accordance with Internet of Things 
(IoT) and follows the guidelines of 4th Industrial revolution [3]. For this reason, we 
went for this approach and developed a low-cost solution that meets the requirements 
of plastic production world and is described in next chapter.

2  Experimental Setup

For measuring the cavity pressure and temperatures of different units in plastic pro-
duction sector we have developed all the technical segments of the monitoring/control 
system that is based on different sensors in order to monitor the state of the mold dur-
ing processing stage in real time, which will be as close as possible to the critical sites 
determined by the experts in the field of plastic injection.

A two-cavity prototype mold was selected for testing purposes (plates of differ-
ent sizes) used to test the shrinkage behavior of various thermoplastic materials, as 
shown in Fig. 1. Both partners TECOS and L-TEK defined and designed together the 
locations of sensor connectors, while at the same time we dedicated ourselves to the 
method of integrating the measuring-communication electronics, because due to the 
high temperature on the mold itself, it should be thermally insulated, and at the same 
time we must ensure the transfer of a wireless switch in an environment full of metal 
parts, near power lines and converters.
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Another potential problem is related to movable parts of the prototype mold where 
the wires can be potentially damaged during the mold closing or opening stage so 
all wires need to be mounted around the mold in order to prevent possible accidents 
which can stop the production for a certain amount of time [4]. Potentially, also the 
thermoplastic material inside the cylinder can degrade because of this which leads to 
additional economical loss [5, 6].

Development work was directed in such a way that the planned electronics units 
could meet the most modular construction, which in the future would allow for greater 
flexibility in support of individual specific applications in plastic industry production 
environments. The basic architecture of the proposed IoT system (IoT) system and their 
connectivity is presented in the following Fig. 2. It enables local independent operation, 
device connectivity, levels, data exchange, storage and remote management of devices.

Fig. 1.  CAD model of the used prototype mold.

Fig. 2.  Architecture of connecting IoT building blocks.
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For the needs of the first prototype, we decided to use the combination of 
Bluetooth (BLE) and Wi-Fi wireless protocols and the Message Queuing Telemetry 
Transport (MQTT) transmission form [7–12]. For the needs of company TECOS test-
ing, a code for communication has been developed that enables simultaneous local 
and cloud connectivity, and thus bidirectional communication between sensors, 
devices and control systems. The latter was in the testing phase successfully tested.

We started with the design and development of the prototypes for the purpose of 
testing different types of sensors in the production environment on and around the 
injection molds. The purpose of using the building blocks is in particular testing the 
robustness of the operation and the SMD (surface mount devices) measurements accu-
racy dependency on the type of sensor and the whole circuit of which such a sensor is 
part. In addition to the hardware part, software was developed for the specific meas-
urements of pressure, temperature and humidity.

Because the latter sensor works on the battery, the software has been cus-
tomized and optimized in such a way that energy consumption is minimal. This 
ensures a longer life duration. The software has also been developed in such a way 
that the frequency of reading the data can be changed through the API (Application 
Programming Interface), which allows us to adapt to the application of the building 
blocks in various end applications on the injection molding machines. Figure 3 shows 
from side view the developed test prototype measuring device of the control/monitor-
ing system on the working table for measuring for example the humidity and tempera-
tures in/on the mold and in the surroundings of the injection molding machine.

In order to measure the temperature of the production environment, on prototype 
testing mold and the tempering device, we decided to use the classical thermocouples 
type J (Fe-CuNi), which are coated and equipped with connection cables and insu-
lated from the housing. The cavity pressure voltage signal can be measured directly 
on the inputs of the developed measuring device.

Partners decided to install on the prototype testing mold: up to 7 temperature sen-
sors (4 on the surface of the mold, 1 in the interior, 2 on the tempering device), an 
internal sensor will be inserted into a hole with a diameter of 1.5 mm and a depth of 

Fig. 3.  Side view of the prototype test measuring device on the working table of injection 
molding machine.
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35 mm, measuring range between 20–300 °C, accuracy of the digital temperature 
sensors ±0,5 °C (in the range up to 85 °C), thermocouples ±1 °C (type J), 2 cavity 
pressure sensors (1 in each mold cavity) with a diameter of 2.5 mm, 1-Wire protocol 
for testing the acquisition of temperatures, cable length for 1-Wire protocol approx. 
1,5 m, sampling frequency of 2–3 Hz, external power supply of circuits, data acquisi-
tion locally and further processing. In particular, during the injection molding process, 
we decided to measure the temperature with the help of 4 digital 12-bit temperature 
sensors, to observe the temperature change in the mold during the injection process. 
The sensors operate on the 1-Wire protocol, which allows us to connect even a larger 
number of sensors. To measure the temperature conditions in the mold itself, a ther-
mocouple type J was used, as already mentioned. For the purpose of reading data from 
sensors and storing data, a programmable module was developed, which is generic and 
allows the addition of both additional digital sensors and thermocouples of type J.

3  Results

For the purposes of developing cloud-based solution to connect the mold to the cloud, 
the partners identified the appropriate communication protocol and hardware, which 
in our case is based on TCP/IP (Transmission Control Protocol/Internet Protocol) 
communication, specific to the MQTT protocol and Web services technologies. This 
enabled us to ensure appropriate connectivity both with data systems, as well as with 
the level of graphic user interfaces and various data services. Developed system can, 
in the first place, perform all key functions locally, independently without interaction 
with other systems. This ensures the first degree of independence, and at the same 
time a systematic step towards system robustness. From security point of view all 
measured data are directly encrypted and stored in local cloud/server which is pro-
tected with appropriate certificate against hacking and intrusion.

At the same time, we developed software algorithms in such a way that connect-
ing with similar system components or cloud services is possible and that it would be 
necessary to achieve this with little as possible inputs of settings from the user side.

A basic test infrastructure was set up for testing purposes. The latter required 
research and selection of the database where we selected noSQL (non-relational 
database) InfluxDB (open-source time series database), and for the meta data level a 
classic mySQL (open-source relational database management system) database. The 
emphasis was on development and configuration in order to achieve efficiency (tests 
of correctness of records, correct order, speed up to a few dozen messages per sec-
ond from different sources and different forms), writing flexibility according to the 
required data records from various sensor BIoT (Bluetooth Internet of Things) mod-
ules, and implemented development activities to achieve both local as well as cloud 
layouts interchangeability between them. We also tested the stability over time with 
several million stored records, where it has so far proved to be an extremely relia-
ble solution. At the same time, a meta-data structure has been developed that car-
ries information about BIoT devices, types of records, sensor types, detail settings 
– allowing for correct interpretation of data, while simultaneously dynamically setting 
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up of remote BIoT modules. In the same context, we used the data for the develop-
ment of an automated procedure for the dynamic construction of user interfaces in the 
Grafana (open source software) environment.

The server part was installed on the Linux platform. Basic program modules were 
developed that enable TCP/IP – MQTT communication, decoding of data and their 
database records, and data generation services for the needs of the user interface 
developed in the Grafana environment.

A developed server environment was set up on a local server to perform the first 
tests. At the same time, we tested the first implementation in the cloud environment 
(public cloud). The measurement results in the Grafana environment are shown in the 
figures below, Figs. 4 and 5.

Fig. 4.  Sensor measurement in Grafana environment – Example 1.
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On Fig. 4 graphs we can see the screenshot of actual measurement results of 
temperature, humidity and luminosity. Additionally, we can measure also the cavity 
pressure in real-time. On Fig. 5 we can see (on another page) more in detail real-time 
temperature measurement results conducted with digital temperature sensor and ther-
mocouple inside Grafana environment.

4  Conclusion

We presented in this article the development of most important technical segments of 
the monitoring/control system that is intended for monitoring and controlling the state 
of various temperature dependent units of plastic processing sector in real time.

One of the main goals was reached from economical point of view since this sys-
tem is a low-cost solution that is easy to use in various plastic processing sectors. The 
final results confirmed practically that the developed monitoring/control system ful-
fils the requirements for precise wireless measurement of temperatures on cylinders, 
molds and tempering units in real time. Anyway, still there is a room for improvement 
of overall system in terms of accuracy, range of data transmission etc. which will be a 
subject in the forthcoming development stages.

Practically, monitoring system can be used directly once the installation of tem-
perature and cavity pressure sensors, and its connection to the monitoring system is 
finished. Also, the private cloud needs to be installed and started so that all measure-
ment results can be securely stored from the monitoring system, which is one of key 
advantages of our low-cost solution compared to other similar solutions in plastics 
processing fields.

Acknowledgment.  We gratefully acknowledge the financial support of the European Union – 
European Regional Development Fund and the Republic of Slovenia – Ministry of Education, 
Science and Sport for the financial support of the GOSTOP programme in framework of which 
the presented work was carried out.

Fig. 5.  Sensor measurement in Grafana environment – Example 2.
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Abstract.  The injection moulding of fibre-reinforced plastics leads to a flow 
related characteristic microstructure with fibres aligned in flow direction in 
the shell layers and fibres aligned transversely to the flow direction in the core 
layer. The combination of a design related gate location and the flow related 
microstructure can lead to an unfavourable fibre orientation. For example, 
the flow direction for rotationally symmetric parts under internal pressure is 
often in axial direction and therefore the main fibre orientation is transversely 
aligned to the critical tangential tension. This leads to high wall thicknesses, 
increase in weight and material inefficiency. This paper shows first results of 
the targeted manipulation of the fibre orientation for long and short fibre rein-
forced thermoplastics through relative movement. The relative movement of 
opposing mould surfaces is realised through a rotating core in the injection 
mould and allows the reorientation of the fibres in tangential direction through 
shearing of the melt. The evaluation of this process is done by mechanical 
tests, microscopic investigations and computed tomography scans and shows a 
significant increase of transversely aligned fibres.

Keywords:  Injection moulding · Fibre-reinforced plastics · Fibre-orientation · 
Rotating core

1  Introduction

Due to good weight-specific mechanical properties and cost-efficient injection mould-
ing more and more metallic components are being replaced by fibre-reinforced plas-
tics (FRPs). Thus, necessary weight reductions can be achieved for example in the 
automotive sector. Examples of applications include media-carrying components in 
the engine compartment, for which the plastics must not only fulfil the high tempera-
ture but also the mechanical requirements like internal pressure [1, 2].

For the highest possible material efficiency of fibre-reinforced plastic parts, the 
majority of the fibres should be oriented along the load path. The fibre orientation of 
short and long fibre-reinforced plastics in the injection moulding process, however, 
depends on the flow conditions and the gate location. The wall adhesion of the poly-
mer melt causes a parabolic velocity profile during the injection process (see Fig. 1). 
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The resulting strain of the melt in tangential direction and shearing in radial direction 
cause a symmetrical layer structure of the fibres [3, 4]. In this structure the fibres in 
the core layer orient themselves perpendicular to the flow direction and in the outer 
layers parallel to the flow direction. The characteristics of the layers depend, among 
other things, on the wall thickness, the fibre content and the process parameters [5].

For rotationally symmetrical components under internal pressure, the tangential 
stress σt is twice as much as the axial stress σa (see Eq. 1).

In order to realize an optimum use of the material, the majority of the fibres in 
fibre-reinforced components under internal pressure should therefore be oriented in 
the tangential direction. Due to their demouldability and for prevention of weld lines, 
such components are often injected in axial direction. As a result, the majority of the 
fibres are oriented in the same direction. According to Eq. 1, this results in oversizing 
of components in axial direction if they have to withstand a certain internal pressure.

A rotating tool core can be inserted into rotationally symmetrical components to 
orient a large part of the fibres in the loading direction. The rotary motion causes a 
relative movement of the opposite cavity surfaces, which leads to a shearing of the 
polymer melt. The superposition of this relative movement with the shear flow of the 
melt during the injection process allows the reorientation of fibres into the tangential 
direction.

[6–9] show first investigations to this technology. [6] shows the possible reinforc-
ing effect on unreinforced polyolefins. [7, 8] prove that the bursting pressure strength 
of a rotationally symmetrical cylindrical component made of glass fibre-reinforced PA 
and PPS can be increased by the rotating core. [9] shows the practical application of 
this method on a carburettor housing, where the burst pressure strength and the impact 
strength in the area of a weld line could be improved.

(1)σt = 2 · σa

Fig. 1.  Velocity profile and resulting fibre orientation over the cavity cross section according to 
[3]
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This technology itself was not further scientifically investigated or practically 
implemented by [6–9] in the following. The investigations shown in this paper have 
taken up this technology again, investigated it scientifically and furthermore applied it 
to long-fibre-reinforced materials.

2  Process Implementation and Experimental Procedure

2.1  Process Implementation

At the beginning of the investigations, a suitable test specimen was developed which, 
despite its idealized geometry, has a certain practical relevance (see Fig. 2a). The cup-
like demonstrator has a length of 100 mm, a final diameter of 57 mm and is evenly 
filled through a screen gate. Due to the uniform filling the shear exerted by the rota-
tion of the core affects the polymer melt over the entire component length and circum-
ferential direction (see Fig. 2b). Because of the relative movement between the cavity 
surfaces, the injection-induced velocity profile of the polymer melt is superposed on 
the shear induced velocity profile caused by the rotation. This superposition leads to a 
higher degree of orientation of fibres in tangential direction.

The technical implementation is shown in Fig. 2c. An electric motor mounted 
on the tool transmits the unidirectional rotational movement via a chain gear to the 
mounted tool core. A frequency converter, whereby different rotation speeds can be 
realized, controls the motor. The signal for turning is transmitted to the frequency 

b Functional Principle

a   Demonstrator c   Technical Realization

Injection Location

Cavitiy

Ejector
Side

Cavitiy

Screen gate

Fig. 2.  Demonstrator part, functional principle and technical realization of the injection 
moulding with a rotating core (source: University of Applied Sciences Osnabrück)
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converter by the injection moulding machine Arburg Allrounder 270 c golden edition, 
Arburg GmbH + Co KG, Loßburg, Germany. The rotation starts 1 s before the injec-
tion process, so that the desired speed is reached at the beginning of injection. The 
rotation time afterwards is variable.

2.2  Experimental Procedure

The described tool concept was used to investigate a short glass fibre-reinforced poly-
propylene (PP) with a fibre weight content of 30%, a short glass fibre-reinforced pol-
yamide (PA) with a fibre weight content of 50% and a long glass fibre-reinforced PA 

with a fibre content of 60% (see Table 1).
The process parameters in the injection moulding process were based on the man-

ufacturer’s data from the data sheets. Subsequently the influence of the rotational 
speed and the influence of the absolute rotational duration on the mechanical proper-
ties of the PP GF30 were investigated. The results of this study, especially the optimal 
settings for the core rotation, are transferred afterwards to the PA GF50 and the PA 
LGF60.

3  Experimental Results

The influence of the rotary motion on the fibre orientation can be shown in different 
ways. On the one hand, the reorientation can be quantified indirectly by the mechani-
cal properties of the component in the tangential direction. On the other hand, micro-
scope images of fracture surfaces show a qualitative change in the microstructure. 
Furthermore, a direct measurement of the fibre orientation with a computer tomo-
graph is possible.

3.1  Mechanical Tests

Two different mechanical tests were carried out as part of these investigations. First, 
ring tension tests were performed according to ASTM 2995 [10], in which the influ-
ence of the rotation parameters was investigated. In addition, burst pressure tests are 
carried out, confirming the results for a practical load case.

Table 1.  Overview of the examined materials

Short name Trade name Manufacturer

PP GF30 Polyfort FPP 30 GFC K1079 A. Schulman Inc., Fairlawn, USA

PA GF50 Grivory GV-5H EF black 9915 EMS-Chemie AG, Domat/EMS, Switzerland

PA LGF60 Grivory GV FE 16127 black EMS-Chemie AG, Domat/EMS, Switzerland
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Ring Tensile Test
For the ring tensile test, specimens from the demonstrator at three different positions 
have been prepared and then tested in accordance with ASTM 2995. The removal 
position of the specimens and the test setup can be seen in Fig. 3.

Since flexural stresses act to a small extent in addition to tensile stress in this test 
setup, only the apparent tensile stress σapparent can be determined. This stress results 
from the ratio of the force F to double the cross-sectional area A of the test specimen 
(see Eq. 2)

First investigations on the influence of the turning parameters on the apparent tensile 
strength have been carried out on PP GF30 on test rings from the middle section (see 
Fig. 4). The influence of the rotational speed of the tool core on the one hand and of 
the rotational duration on the other hand has been investigated. For the reorientation 
of the fibres along the entire part, the minimum turning time is equal to the injection 
time of 2 s. It shows that the apparent tensile strength can be increased by 32% from 
45.0 MPa to 59.5 MPa with increasing rotation speed. 1.6 Hz is the maximum rota-
tion frequency with the integrated chain gear, however, based on the increase it can be 
assumed that further increase in strength are possible with higher speeds.

Furthermore, the influence of the rotation time at a rotation frequency of 1.1 Hz is 
shown. Here it can be seen that no further increase in strength is achieved with rota-
tion durations of more than 3 s. In Addition, when rotating during the holding pres-
sure phase, a significant increase in standard deviation occurs.

(2)σapparent = F / (2 · A)

F
Counterbearing

Adapter

F

Ring test specimen

F

Fig. 3.  Test setup for the ring tensile test and sampling position of the test specimens (source: 
University of Applied Sciences Osnabrück)



Targeted Manipulation of Fibre Orientation    121

The influence of the turning time is partly contradictory to the findings from [8]. 
There it is recommended that the rotation only takes place during the holding pres-
sure phase. With the geometry used, a rotation during the holding pressure phase 
causes no or only a slight reorientation of the fibres. In this phase, the melt front has 
already reached the end of the flow path. The solidifying edge layers that cool down 
on the cold mould wall, touch and enclose the remaining melt (see Fig. 5b). Prior to 
this contact (see Fig. 5a), the cavity surfaces can be moved freely and the melt can be 
sheared. After the contact of the solidifying outer layers, the demonstrator rotates on 
the mould core and no further shearing of the remaining melt takes place. This behav-
iour prevents damage to the microstructure such as delamination at higher speeds or 
longer rotation times, because the melt is no longer sheared after a certain rotational 
resistance.

These findings indicate that the influence of the turning time depends strongly on 
the geometry. If the sheared area via a rotating core of a component is at the end of 
the flow path, no reorientation is possible during the holding pressure phase. However, 
if the remaining cavity, which is not affected by additional relative movements, fol-
lows after this area, a further reorientation during the holding pressure phase is 
conceivable.
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A similar increase in strength is possible for PA GF50 (see Fig. 6). Here the 
apparent tensile strength can be increased by 28% from 93.2 MPa to 119 MPa. The 
most significant increase in strength can be achieved with long glass fibre- reinforced 
polyamide. Here, the strength increase achieved is 116%. The high increase in 
strength of the long fibres can be explained by a rather disordered fibre structure in the 
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Fig. 5.  Free movement of the cavity surfaces relative to each other during the injection phase 
(a). Solidifying outer layers at the end of the filling phase allow no further shearing of the 
remaining melt (b) (source: University of Applied Sciences Osnabrück)
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non-rotated specimens and a highly oriented fibre network in the rotated specimens. 
Further investigations regarding the microstructure can be found in Sects. 3.2 and 3.3.

Burst Pressure Test
For the burst pressure tests, a testing device was constructed in which clamping and 
edge area effects are minimized. In addition, only a defined test area should be loaded 
during these tests. The schematic realization of this test device is shown in Fig. 7. The 
test medium can flow into the inner as well as into the outer area of the test specimen. 
Seals are fitted on the outside at the edge to the test area. This means that out of the 
test area the pressure applies from outside and inside and thus does not load the spec-
imen. In the test area, the pressure applies only on the inside, which leads to an inter-
nal pressure load and ultimately to bursting in this area.

For PA LGF60, the burst pressure strength can be increased from 80.9 bar to 
219.5 bar, which corresponds to an increase of 171%. In this test setup, the highly 
oriented fibre network due to the rotation has an even greater effect on the mechanical 
properties than in the ring tensile test. The burst pressure test shows that the targeted 
manipulation of the fibre orientation by relative movements has potential not only for 
uniaxial loads, but also for practical load conditions.

3.2  Microscopic Investigations

The following microscopic images were taken on fracture surfaces of specimens 
tested in the ring tensile test. The filling direction in these sections is from right to 
left. Fibres, which are oriented in axial direction and thus in flow direction, as it is 

Fig. 7.  Schematic realization of the burst pressure testing device (source: University of Applied 
Sciences Osnabrück)
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the case in the outer layers, are recognizable as elongated fibres or ellipses. The fibres 
oriented in tangential direction point out of the image and are therefore only visible as 
points.

Figure 8 shows the difference between a non-rotated and a rotated sample for the 
short fibre-reinforced PAGF50. The 3-layer structure known from the literature is 
clearly visible here (cf. Fig. 1). There are strongly noticeable outer layers and a small 
core layer no the non-rotated sample. The rotation of the tool core at 1.6 Hz shows a 
strong change in the microstructure. The outer layers are considerably thinner and do 
no longer show such a uniform orientation. The amount of fibres that are tangentially 
oriented and show out of the image has been significantly increased, which is also 
reflected in the remarkably wider core layer.

In the case of the long fibre-reinforced PA LGF60, the microscope images con-
firm the high increase in strength (see Fig. 9). The fracture surface of the non-rotated 
specimen (a) also shows a layered structure. In the outer layers a large part of the 
fibres is oriented in axial direction. In the core layer, in contrast to the PA GF50, there 
is no or only little orientation in the tangential direction. The majority of the fibres 
in this unorientated layer lies in the axial and radial direction. As a result, a signifi-
cantly larger percentage of fibres than in PA GF50 can be reoriented by the relative 
movement, which can be seen in the rotated sample (b). In comparison to the previous 
microscope images, no clear layer structure can be seen. Both in the outer areas and in 
the core, fibres with tangential orientation are predominantly present.

1,6 Hz 2 sa bno rota�on

Fig. 8.  Microscopic image of the fractured surface of non-rotated (a) and rotated (b) PA GF50 
specimens tested in the ring tensile test (source: University of Applied Sciences Osnabrück)
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For the PA LGF60, the core layer with a high axial and radial orientation content 
in non-rotated specimens means that the strength in the mechanical tests is lower than 
in the case of the short glass fibre-reinforced PA GF50. At the same time, the process 
technology with the rotating core can unleash its full potential here and allows a sig-
nificantly higher increase in mechanical properties.

3.3  Computed Tomography Scan

The mechanical results can also be verified using computer tomographic scans, as 
Fig. 10 shows. The diagram shows the degree of orientation in axial, tangential and 
radial direction over the normalized wall thickness for PA LGF60. The non-rotated 
specimen shows the layer structure known from the literature, which is also partly vis-
ible in the microscope images. In the boundary layers, about 80% of the fibres are 
aligned in the flow direction (axial direction) and only a small amount in the tangen-
tial and radial direction. In the core layer, the axial content decreases and the radial 
and tangential content increases. Here, the tangential component predominates with 
about 55%, but the orientation is much less pronounced here than in the outer lay-
ers. The evaluation of the rotated sample confirms the results of the mechanical and 
microscopic investigations. There is no noticeable boundary layer left. In the outer 
areas there are about the same number of fibres orientated in tangential and axial 
direction. The relative movement results in a highly oriented core layer, which is also 
significantly wider than that of the non-rotated specimen.

The integral consideration of the fibre orientation shows that the tangential ori-
entation fraction could be increased from 28 to 64%. The axial portion was reduced 
from 58 to 28%.

a bno rota�on 1,6 Hz 2 s

Fig. 9.  Microscopic image of the fractured surface of non-rotated (a) and rotated (b) PA 
LGF60 specimens tested in the ring tensile test (source: University of Applied Sciences 
Osnabrück)
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4  Conclusion and Outlook

Within the scope of the investigations, the fibre orientation of reinforced thermoplas-
tics could be manipulated by a concept of a mould system with a rotating core.

Here, the rotational speed has a significant influence on the strength. At higher fre-
quencies, more fibres could be reoriented and the greatest increases in strength could 
be achieved. It also shows that the maximum has not yet been reached and that higher 
speeds probably allow a further increase.

Furthermore, it could be shown that with turning times that are significantly 
longer than the injection time, no further reorientation of the fibres is caused.

Mechanical tests have shown that for PP GF30 and PA GF50 an increase in 
strength of about 30% is possible. For long fibre-reinforced PA LGF60, the ring tensile 
strength could be increased by 116% and the burst pressure strength by 171%. These 
results were verified by microscopic examinations and computer tomography scans.

In the future, the process will be further analysed. Investigations at different wall 
thicknesses and higher speeds are planned. This results will also be used to develop a 
design methodology for components that are to be manufactured with a rotating core. 
These findings will then be transferred to a practical demonstrator component as part 
of a research project.
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PA LGF60 specimens analysed with a computer tomographic scan (source: University of 
Applied Sciences Osnabrück)
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Abstract.  The injection moulding process for the production of plastic parts is 
a very complex process. Therefore, a lot of experience and expert knowledge 
is necessary to produce parts with high quality. Changes in granule-batches, 
environmental influences and wear of the machine and the mould can strongly 
affect the quality of the produced parts. For this reason an injection moulding 
machine needs an experienced operator, who reacts properly to changing input 
variables and sets appropriate countermeasures. Modern injection moulding 
machines are able to record all countermeasures and have access to a wealth 
of internal machine data. Consequently, an adequate machine learning (ML) 
method should be able to observe, to learn the proper countermeasures and to 
evaluate their effectiveness. With deep learning (DL), a state of the art technol-
ogy in ML, it will be possible to predictively detect process anomalies for the 
first time, based only on the knowledge about the internal machine data. If an 
operator changes the setting parameters of the injection moulding machine, the 
correlation between the adjustment and the anomaly is being learnt. The aim is 
to get process adjustment recommendations from the machine learning system.

This is a fundamentally new approach for process management in injection 
moulding, as the machine learning system detects problems long before they 
can be seen by an operator. Furthermore, the system provides process adjust-
ment recommendations, based on the supervised and automatically generalized 
actions from different operators using different injection moulding machines, 
moulds and materials.

Keywords:  Injection moulding · Machine learning · Process anomalies

1  State of the Art

1.1  Use of Machine Learning in the Field of Injection Moulding

To our knowledge today there is no machine learning or deep learning (ML/DL) 
based process management system for injection moulding on the market. An adap-
tion of ML/DL by industry hasn’t taken place yet, because DL is still a relatively new 
approach for ML, which requires a lot of data and computing power. To get more 
attraction from the industry for this technology, it needs to be more robust, which 
means the available samples for the analysis need to be increased.
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For a long time injection moulding machines have been able to record process 
data and to export them manually after the end of manufacturing. However only aver-
aged values or maxima and just a small amount of curve data (often only injection 
pressure) can usually be exported. Modern injection moulding machines are able 
to record all internal machine data with a very high frequency, which increase the 
chances of success for a machine learning based system. But only recently it is pos-
sible to export such data from the machine, e.g. with the DataXplorer from Krauss 
Maffei. A further reason, why there is currently no ML based process management 
system for injection moulding on the market. Therefore now is the right time to invest 
in this technology, because theory, software, hardware and data quality are finally 
good enough for the development of an auspicious system.

“Added value in practice: Intelligent use of process and machine data from injec-
tion moulding production” [1] describes the state of the art. In this presentation pro-
cess anomalies were detected by manually fitted features, meaning without any use of 
a DL approach. With such an approach detectors are learnt automatically and don’t 
need to be programmed manually by an operator. The idea of deriving process adjust-
ment recommendations for the operator is mentioned in the outlook.

At the University of Applied Science in Rapperswil a feasibility study [7] was 
performed, where with internal machine data from the DataXplorer (40 signals, 45s 
cycle time with a frequency of 200 Hz = 360 k data points for each part and cycle) the 
weight and the dimensions of an injection moulded part were predicted. The relative 
accuracy (standard deviation/average) of these predictions for a test set that wasn’t 
included in the training set is better than 1%. For example, the tool temperature is 
intentionally increased (but no information about the tool is made available to the ML 
algorithm) to see if the method can still predict the resulting changes – it can, within 
the above relative accuracy. Although, as mentioned above, no information about the 
tool is available to the process, so no cavity pressure curve and/or any tool tempera-
tures. Since these quality data could be estimated with a high relative accuracy, it is 
possible to perform physical quality checks less often, or at least if the quality pre-
diction will fall outside a defined tolerance band. Whenever a physical quality check 
is performed, this data is fed back into the ML algorithm to further learn and improve 
future predictions.

1.2  Goals and Risks

Because of the good results of the feasibility study and the well-known state of the art 
in the detection of anomalies [2–5], it can be assumed that an automatic detection of 
anomalies in the field of injection moulding can be achieved. The highest risk is that 
not enough data samples could be generated, due to the high effort for the injection 
moulding trials. If a process variation occurs, the whole project slows down. This is 
a big difference to the ML, which Internet companies perform, because digital data 
is constantly generated without a physical process having to run. In other words, with 
real physical processes it may be difficult to exploit the power of DL because data 
collection is expensive and time consuming.
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The next step is to learn the ML system the operator’s countermeasures as a result 
of the detected anomaly, an “imitation learning” (IL). The paper “Bridging the gap 
between imitation learning and inverse reinforcement learning” together with the ref-
erences in this publication define the state of the art [6]. This is a very active field of 
research and only a few of these ideas have been incorporated into a real product. 
Based on the preliminary project, however, this represents a real opportunity, since it 
is a clearly defined environment and the IL is therefore highly focused.

The aim is to take a step towards complete automation of the injection moulding 
process (“lights-out manufacturing”). Anomalies have to be detected independently by 
the ML system, without the help of an experienced operator, but only based on inter-
nal machine data. Injection moulding data is well suited for this purpose, as the pro-
cess is inherently cyclic and a lot of very similar data is quickly available. In the last 
few years, current ML systems have clearly shown that they can detect such anom-
alies independently. During the learning phase the anomalies are detected and the 
following adjustment actions of the experienced operator are observed. This creates 
a “Supervised Learning” situation in which an appropriate action can be learned for 
each detected anomaly. Modern ML systems can then generalise on the basis of such 
data, which means that with sufficient training data and a suitable ML system, even 
reasonable adjustment actions for anomalies never seen before can be suggested. This 
is a fundamental step forward in the automation of such a complex process and rep-
resents a significant innovation in process management. By generalising the process 
adjustment actions to new anomalies never seen before, the ML system can retrieve 
more than just known actions. Thus it can propose actions that may have never been 
used as such before, but are still useful for this never-before-observed anomaly.

2  Investigations

2.1  Feasibility Study for the Usage of ML: Quality Data Prediction

In an already mentioned feasibility study [7] by the University of Applied Science in 
Rapperswil first investigations for the usage of ML in the field of injection moulding 
were performed. Therefore a Krauss Maffei PX120-380 injection moulding machine 
with an integrated DataXplorer was used. The DataXplorer records almost all 
machine data during one cycle, like temperatures, pressure, power, triggers and posi-
tions. More than 300 k data points per cycle could be used for interpretation and gen-
eration of the ML models. The investigations were performed on a simple ice scraper, 
displayed in Fig. 1. Starting from an optimised operating point, specific disturbances, 
which can also occur in a real production, were introduced:

• Trial series 1 (72 parts) - reference trial series → ice scrapers lie within the 
tolerances

• Trial series 2 (56 parts) - calcified cooling channels → temperature of the mould 
temperature medium increased

• Trial series 3 (57 parts) - batch fluctuation → cylinder temperature increased
• Trial series 4 (52 parts) - wrong material → 10% foreign material added
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The material for all trials was polypropylene HF955MO. For each series the corre-
sponding quality data were measured. As quality data the length, width, weight and 
lip distance (for the follow-up assembly of a sealing lip) were used, shown in Fig. 1.

The models were derived and trained by measuring the quality data of the manu-
factured parts and comparing them with the recorded machine data. The first step was 
to analyse which and how many features need to be used to classify the individual 
trial series. To find out which features have the biggest influence on the classifica-
tion a forward stepwise selection was executed. As a result this procedure provides a 
ranked list of suitable features. The data from the trial series V1-V4 can be completely 
classified with just two of these important features. An example of features that allow 
this separation is shown in Fig. 2. A linear discriminant analysis (LDA) was used for 
the actual classification of the trial series.

Fig. 2.  Results after classification with LDA V1-V4

Fig. 1.  Evaluated quality data of the ice scraper
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Test set (random data from the trial series that were not used for the develop-
ment of the models) were used to test the models by predicting the quality data of the 
already moulded parts. The results are shown in Fig. 3.

The relative accuracy (standard deviation/average) of these predictions is better 
than 1% for components that were not in the training set. For example, in this prelimi-
nary project 10% foreign material is intentionally added to simulate a batch variation. 
No batch information was made available to the algorithm and yet this method can 
still achieve the above relative accuracy.

Basically, the models become better for new unknown test sets if they are trained 
with more data. The easiest way to further improve quality is to add more data and 
there is still potential to further improve the models too. The results show that there 
could be some high-dimensional dependencies between the features used and the 
quality characteristics. An analysis with higher-dimensional regression models could 
also lead to an improvement. Another approach would be to switch to other methods 
of linear regression like local regression.

Objective for the next steps in prediction of quality data is to transfer the findings 
on other parts, because the ice scraper is a relatively simple part. Through the analysis 
of other parts (with different wall thicknesses, hot runner, multiple cavities) and the 
use of other materials more effects can be detected and the feature selection can be 
optimized.

Fig. 3.  Quality data prediction by the ML system
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2.2  Anomaly Detection: Capabilities for Predictive Maintenance

In a second investigation the focus was on the detection of process anomalies with 
an ML based process management system. One well-known anomaly in the injection 
moulding process is the wear of non-return valve. The process drifts slowly and con-
tinuously, thus after a certain time the setting parameters of the machine need to be 
adjusted, to guarantee proper parts. In order to simulate this behaviour, several non-re-
turn valves were machined, meaning a quantifiable damage was artificially introduced.

Starting from an optimised operating point the dosage volume was artificially 
increased, that even with a worn non-return valve still a sufficient melt cushion is 
available and the same process can be run through all trials. The material for all trials 
was ASA Luran S KR2858G3.

For a first set of trials non-return valves with notches with a depth of 0.33, 0.67 
and 1.00 mm were machined. Afterwards the injection moulding trials with the dif-
ferent valves and same setting parameters were performed on the Krauss Maffei 
machine with DataXplorer and all internal machine data were recorded. The differ-
ence between the damaged series and the intact non-return valve can clearly be identi-
fied when considering the screw position as a function of time, shown in Fig. 4.

These observations correlate with existing knowledge in the injection mould-
ing industry which expects a decrease of the melt cushion the higher the wear of the 
non-return valve. A classification of single process curves to the various damages 
to the valve is more difficult. More process curves of the recorded internal machine 
data are needed for this, even then a manually assignment is very difficult or almost 
impossible.

By using all the recorded internal machine data and the developed ML algorithms 
with several features the possibilities are getting extended. Again a forward stepwise 
selection was executed to get a ranked list of suitable features to classify the various 

Fig. 4.  Screw position as a function of time
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trials. A worn non-return valve can be clearly detected by selecting the appropriate 
features. Two of the best features were the first and second principal component score 
resulting from a principal component analysis (PCA) performed with all the calcu-
lated features. With this the various trials can be clearly classified, shown in the left 
diagram of Fig. 5.

Furthermore the first principle component score seems to be a good indicator for 
the height or the progress of the damage on the non-return valve, probably the dam-
age can even be reliably estimated. As the machined damage seems quite high, a valve 
with a smaller damage of about 0.2 mm should be located somewhere in the marked 
region in Fig. 5 on the left. To check this expectation another ring of a non-return valve 
with a notch with a depth of 0.2 mm was machined and the same injection moulding 
trials were done. The first principle component score is still a quite good indicator for 
the height or the progress of the damage on the non-return valve. Next trials with an 
unhardened non-return valve in combination with a highly reinforced material should 
simulate a continuous wear to check the correlation to existing results.

Coming back to an ML based process management system, these investigations 
clearly show the potential for such a system. Process anomalies should be detected 
probably long before they can be seen by an operator if the appropriate features are 
selected. A predictive maintenance system could be established too.

In a next step longer trial series will be done to detect different kind of process 
anomalies. If the produced parts no longer correspond to the required quality and the 
operator changes the setting parameters of the injection moulding machine, the cor-
relation between the adjustment and the anomaly should be learnt in the future. The 
aim is to get process adjustment recommendations from the ML system, based on the 
supervised and automatically generalized actions from different operators using dif-
ferent injection moulding machines, moulds and materials.

predic�on: non-return valve 
with 0.2 mm damage

Fig. 5.  Classification of the various damages with PCA
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3  Conclusion and Outlook

The biggest success factor of a ML based process management system is to record 
and export enough and especially the right data from the injection moulding machine. 
On the one hand internal machine data (process data) are needed, but on the other 
hand also setting parameters and quality data of the moulded parts are required to 
build up a multifunctional system. As the quality data of the produced parts are often 
not available, at least the reason for the process adjustment should be put on record. 
The recorded data should also be handled and interpreted with care, because of the 
new possibilities even software updates can be detected in internal machine data.

But one big issue is that only a few injection moulding machines, like a Krauss 
Maffei equipped with a DataXplorer, currently allow to collect all internal machine 
data and most important to easily export them. Therefore there is a lot of ongo-
ing development on the market to export process data from the injection moulding 
machines and peripheral devices through uniform interfaces, like the several Euromap 
interfaces. Euromap 77 is one solution for a faster, easier and standardized exchange 
of data, but the sample frequency is limited to 10 Hz (to our knowledge), which is 
probably too poor for the use in a ML based process management system for injection 
moulding. Furthermore just the most modern machines are equipped with this inter-
face. Euromap 63 is an alternative, but is less standardized and the sample frequency 
is still limited.

Other solutions needs to be found and therefore an attempt was made to collect 
internal machine data from a Engel e-victory injection moulding machine, with the 
same sample frequency as the DataXplorer provides its data. In cooperation with 
Siemens and Engel a first possible workflow was established, where an Industrial 
Computer (IPC) is connected to the injection moulding machine and gathers process 
data packages directly from the machine controller and uploads them into Siemens 
Mindsphere. Another advantage of having all the data samples in the cloud is the abil-
ity to use it live for the ML based process management system, even from several 
different machines.
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Abstract.  All plastics processing companies have to fulfill the objectives of 
time, cost and quality. Against this background, those producing in high wage 
countries are especially challenged, because superior part quality is often the 
only possibility to prevail in competition. Since this leads to high expenses 
on quality assurance, for some time already efforts have been made to predict 
the quality of injection molded parts from process data using machine learn-
ing algorithms. However, these did not yet prevail in industry, mainly for two 
reasons: First, because of the inevitable learning effort that is required to set 
up a quality prediction model and second, because of the complexity in the 
application. Current research in the field of transfer learning aiming to shorten 
learning phases addresses the first challenge. In this paper, we present a holistic 
approach for the data analysis steps that are necessary once process and qual-
ity data have been generated, aiming to minimize the application effort for the 
operator. This includes the development and application of suitable algorithms 
for automatic selection of data, process features as well as machine learn-
ing algorithms including hyper-parameter optimization and model adaption. 
Combining the two approaches could bring quality prediction one significant 
step forward to successful industry application. Beyond this, the presented 
approach is universally applicable and can therefore be used for other plastics 
processing methods as well.

Keywords:  Injection molding · Quality prediction · Machine learning

1  Introduction

Thermoplastics injection molding is a discontinuous process that allows the auto-
matic, highly reproducible production of molded parts with complex geometry [1–3]. 
Over the last couple of decades, injection molding machines have been improved with 
regard to both, mechanical precision and control techniques [4]. Anyway, internal and 
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external perturbations, such as viscosity fluctuations of the melt, may negatively affect 
the quality of the molded parts.

Consequently, plastics processing companies are spending large efforts on qual-
ity assurance. Nevertheless, scrap production is usually detected only with delay in a 
sample based quality inspection, while bad parts produced between two samples may 
stay completely unnoticed. To overcome these drawbacks, research efforts have been 
made, to predict the quality of the molded parts directly from machine and process 
data using machine learning algorithms [5–11].

Despite good results, these approaches did not prevail in industry to date, although 
corresponding products [12] are available. In the authors’ perception, this is mainly 
due to two drawbacks: First, because of the obligatory learning phase during which a 
quality prediction is not yet possible. Second, since the process of robustly building a 
good quality model requires many steps. These include data generation and selection, 
feature extraction, construction and selection as well as learning and adapting suitable 
models including hyperparameter-optimization, which, in the past approaches had to 
be carried out mainly manually and resulted in a lot of effort.

The first issue is addressed in recent research [13–17] dealing with the transfer of 
relationships learned from simulation data as well as other molded parts, aiming to 
shorten the learning phase of the new model. Still, there is no holistic approach that 
holistically analyzes, combines and automatically carries out the previously named 
data analysis steps (cf. Fig. 1) in the context of injection molding quality prediction. 
Therefore, we present such an approach for injection molding quality prediction and 
share some results of our research in the first three named areas.

Fig. 1.  General framework for holistic quality prediction.
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2  Methods

2.1  Data Acquisition and Preparation

The experiments were carried out on a KraussMaffei 120-380 PX fully electric injec-
tion molding machine (IMM) in a production cell with a linear robot, conveyor belt 
and 100% inline quality monitoring. The machine has standard sensor technology 
with two additional cavity pressure sensors in the mold, which are directly connected 
to the machine data processing system. Six different experiments were conducted: 
stable process, start-up process, downtime process1, process with re-grind material,2 
process with re-grind material and adaptive process control (APC) from KraussMaffei 
and a design of experiment (DOE). Therein, injection velocity, the holding pressure, 
the holding pressure time, cooling time and the barrel temperature at the nozzle were 
varied (cf. Table 1), creating 43 different combinations.

Each experiment consists of 1000 injection molding cycles creating 1000 data 
samples, except the DOE with 860 cycles and 860 data samples, respectively. The 
weight and length of the molded parts (rectangular plate specimen, cf. Fig. 2) were 
measured directly after every completed injection cycle. The process and quality data 
were interfaced and evaluated with Matlab 2019a. In total, 48 machine and process 
parameters and two corresponding quality criteria were logged during each cycle.

After the data acquisition, the data needs to be prepared for the future steps like 
feature selection and data modeling. In general, the data is split into two parts. The 
first part is used for training the model and adjusting the (hyper-) parameters. The sec-
ond part, the validation set, is used to estimate the generalization error of the model. 
The objective is a good prediction with a low generalization error. This method is 
called cross-validation [21]. In this work 80% of the data is used for training and 20% 
for validation, which is a subgroup of cross-validation called holdout method [22].

Table 1.  Process setup for DOE. For all other experiments, the machine setting parameters 
were set to the central point of the DOE.

Lower axial 
point

Lower cube 
point

Center 
point

Upper cube 
point

Upper axial 
point

Injection velocity [mm/s] 72 80 100 120 125

Holding pressure [bar] 429 450 500 550 571

Holding time [s] 2,9 3,5 5,0 6,5 7,1

Cooling time [s] 9 10 12 14 15

Nozzle temperature [°C] 226 230 240 250 254

1   In total 9 downtimes of 5, 15 and 25 min (3 times each), taking place every 100 cycles.
2   Variation of re-grind material fraction from 0 to 100% in steps of 25%, 200 cycles each. Used 

material: Polypropylene LyondellBasell Moplen HP501H.
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2.2  Feature Selection

The quality of the prediction model depends on the amount and quality of the data 
as well as the input features used for the modeling [18]. Most often, parameters are 
chosen through trial and error or expert knowledge [19, 20]. Since this work pursues a 
holistic approach for quality prediction, the parameters are chosen automatically using 
state of the art feature selection methods, while the resulting model quality is com-
pared. Feature selection algorithms can be divided into three types. The first method 
is called embedded method where the feature selection is part of the learning process. 
Wrappers are the second method where the predictor which is used as a black box 
is tested with different subsets of features, trying to improve the overall prediction 
performance. Filter methods are the last approach of feature selection which are inde-
pendent of the predictor. The selection is done directly by some performance evalu-
ation metrics (PEM). Filter methods are usually less computationally expensive than 
embedded or wrapper methods [18], which is why they are mainly used in this work.

Search Strategies. Even when using computationally efficient feature selection 
methods such as filters, it may still be not feasible to evaluate every possible feature 
subset. Therefore, search strategies are applied, which yield still good results while 
minimizing the required computational resources.

In a forward selection (FS) the algorithm starts with an empty feature set and con-
tinuously adds features trying to improve the PEM. In a backward elimination (BS) 
the procedure starts with all features and progressively deletes the feature, which is 
least useful regarding the PEM [18]. Although they are computationally very efficient, 
both suffer from the “nesting effect”. It describes the case that features which are 
selected through the FS, cannot be discarded later while features which are discarded 
in the BS cannot be re-selected [23].

A solution for this problem are floating search methods. The sequential floating 
forward selection (SFFS) starts with an empty feature set. In the first step the normal 
FS algorithm is applied and one feature is added to the feature set. In the second step 
one feature is conditionally excluded applying the normal BS. If this new subset is the 
best so far, the conditionally excluded feature is removed from the feature set and the 
algorithm starts with step 2 again. If the subset is not the best so far, the condition-
ally excluded feature is returned to the feature set and the algorithm continues with 
step 1 [24]. The sequential floating backward selection (SFBS) is the opposite of the 
SFFS and starts with all features in the feature set. In the first step the normal BS 
algorithm is applied and the least significant feature is excluded from the feature set. 

Fig. 2.  Plate specimen used for the data generation experiments.
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In the second step one discarded feature is temporarily added to the feature set apply-
ing the normal FS algorithm. If the new subset gives the best PEM, the temporarily 
included feature is added to the feature set and the algorithm continues with step 2. If 
the subset is not the best so far, the feature is not added and the algorithm continues 
with step 1 [23].

Performance Evaluation Metric. With the performance evaluation metric, the 
significance of a feature is evaluated. In this work the Correlation-based Feature 
Selection (CFS) according to HALL [25] is selected:

where k is the number of features in the subset, r̄
cf

 is the average of the correlations 
(relevance criterion) between the features and the class (quality criterion), r̄ff  is the 
average feature-feature inter-correlation and MS is the resulting PEM merit [25]. 
According to HALL “a good feature set is one that contains features highly correlated 
with the class, yet uncorrelated with each other”. Other PEMs like Relief [26], mini-
mum redundancy – maximum relevance [27] or mutual information [28] are beyond 
the scope of this paper. Figure 3 shows the feature selection process.

2.3  Data Modeling and Hyperparameter-Optimization

Machine learning methods can be distinguished in three main classes: supervised, 
unsupervised and reinforcement learning. All machine learning methods used in this 
work are supervised machine learning methods. In supervised learning the predictor 

(1)Ms =
kr̄cf

√

k + k(k − 1)r̄ff

Original feature set

Feature selec�on

Selected feature set

Search strategy

Performance evalua�on metric

Relevance criterion

Fig. 3.  Feature selection with interactions of search strategy, PEM and relevance criterion.
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learns the relation between the inputs and outputs [29]. Furthermore, supervised 
machine learning can be separated in two classes depending on the output data type. 
If the output data is discrete the problem is called classification, if the output data is 
continuous the problem is called regression [30]. Since the weight and the length of 
the component are continuous, the machine learning algorithms used in this work are 
those suitable for regression problems. The following six machine learning algorithms 
are used: Artificial neural networks (ANN) [31], support-vector machines [32], binary 
decision trees [33], k-nearest-neighbors (kNN) [34], ensemble methods (LSBoost [35] 
& random forest [36]) and Gaussian process regression [37]. Furthermore, normal 
multiple linear regression [38] is added to the analysis to compare classical statistical 
methods with machine learning.

Every machine learning method has so called hyperparameters that need to be set 
by the user to maximize the effectiveness of the machine learning method. They are 
used to define numerous configurations of the algorithm affecting both learning pro-
cess and the resulting model structure. Examples are the number of neurons in the 
hidden layer of an ANN or the number of neighbors in the kNN-method. Most fre-
quently, hyperparameters are set via rules-of thumb, by testing sets on a predefined 
grid or by the default configuration of the software-provider. In this paper the hyper-
parameter-optimization is done by Bayesian optimization, which proved to be a very 
efficient method with good performance [39]. Table 2 provides an overview over the 
hyperparameters chosen for optimization.

Table 2.  All machine learning methods tested in this work with their hyperparameters. In total 
22 predictors were learnt for every experiment and both quality key figures.

Algorithm Hyperparameter

Multiple linear regression –

Artificial neural networks • Number of neurons in the hidden layer
• Transfer function
• Learning rate
• Momentum [40]

Support-vector machine • Penalty factor
• Epsilon
• Kernel function
• Polynomial order [41]

Binary decision trees • Maximum number of splits
• Minimum leaf size [35, 42]

k-nearest neighbors • Number of neighbors
• Distance metric [43]

Ensemble-method • Method
• Number of learning cycles [35]

Gaussian process regression • Kernel function
• Kernel scale
• Sigma [37]
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3  Evaluation

3.1  Data Generation

One objective of this study is to evaluate the six different experiments, which rep-
resent possible process states occurring in real-world injection molding production. 
Figure 4 shows the best possible result of the 22 different predictors for the six experi-
ments in regard of the two quality parameters. The coefficient of determination is used 
to evaluate the models’ prediction quality on the validation dataset.

It can be seen that the DOE, the process with re-grind material and APC and 
the process with only re-grind material are easier to predict than the stable process, 
start-up and downtime. The best prediction result provides the DOE for the weight 
with a R2 of 0.995, i.e. 99.5% of the weight variance can be explained by the model. 
In general, it can be observed that the weight is easier to predict than the length. An 
explanation could be that the measuring accuracy of the weight measurement com-
pared to the systematical variation of the quality criterion is higher than that of the 
length measurement.3 A greater measuring effort is likely to improve the model qual-
ity for the length prediction as well. It is also apparent that process situations with a 
low variance in the process parameters e.g. stable process are harder to predict than 
process situation with high variance e.g. DOE (cf. Table 3). This might be one reason, 
why APC, re-grind and DOE yield better results than the stable process having the 
smallest standard deviations.

0.000

0.200

0.400

0.600

0.800

1.000

Stable
process

Start-up Down�me APC Re-grind DOE

R²

Weight Length

Fig. 4.  Comparison of the prediction quality for the different experiments.

3   The parts were weighed with a Sartorius Entris 153I-1S balance with 1 mg reproducibility, 
part length were extracted algorithmically from images taken with a Canon Eos 5D Mark III 
DSLR with EF 70-200mm f/4L USM objective.
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In the coming sections, only the results for the weight will be shown, as the length 
prediction shows qualitatively comparable behavior and a complete presentation 
(weight and length) would exceed the scope of this paper.

3.2  Feature Selection

Figure 5 shows the coefficient of determination of the individual feature selection 
methods for each experiment. More precisely, the best learning method with the 
respected R2 was selected. E.g. the best R2 for the wrapper approach is 0.334 for the 
stable process which was achieved by the ensemble predictor.

Table 3.  Standard deviations (Mean values for weight and length are approximately 19.7 g and 
182.7 mm respectively) of weight and length from the different experiments

Experiment Weight [g] Length [mm]

Stable process 0.005 0.023

Start-up 0.010 0.027

Downtime 0.015 0.025

APC 0.028 0.048

Re-grind 0.029 0.094

DOE 0.277 0.060
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Fig. 5.  Comparison of the predictive performance for the different feature selection algorithms 
in terms of weight.
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From the comparison of feature selection methods, one can generally derive two 
conclusions: First, the results of the wrapper approach using multiple linear regression 
differs from the results of the CFS filters and second, the different search strategies 
only slightly affect the filters’ performances. While the wrapper yields better results 
on the start-up and downtime datasets, the CFS performs better on the stable process 
data. On the other three datasets, no significant differences occur.

The wrapper was only tested with linear regression as predictor, using the FS as 
search strategy. The selected features with this method were used for the other pre-
dictors acting as a filter method [18]. Figure 5 also shows that the experiments with a 
high variance (cf. Table 3) are easier to predict that the experiments with low variance. 
While the features, which are selected, vary, but the overall performance is within a 
similar range.

Figure 6 exemplarily shows the prediction performance of the wrapper depending 
on the number of features selected for the re-grind experiment. The R2 for the train-
ing dataset is most of the time higher than for the validation dataset, which was to be 
expected since the training data is known to the predictor while the validation set is 
not. The highest R2 is reached for 13 features with a value of 0.9165. For higher fea-
ture numbers, the training R2 continues to increase, while the test R2 is decreasing due 
to overfitting.

3.3  Learning Algorithms

After evaluating the influence of process states and feature selection algorithms on 
model quality, we now want to compare the learning algorithms themselves.

As it is possible to see from Fig. 7 the Gaussian process regression is the best 
predictor for the prediction of the weight in every experiment. The overall highest 

Fig. 6.  Prediction quality for the weight using the wrapper approach. Coefficient of 
determination in terms of the number of selected features for the training and validation 
re-grind dataset.
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coefficient of determination is 0.995 for the DOE with the Gaussian process regres-
sion. Like the results shown in Fig. 5 the DOE, the process with re-grind material 
and the process with re-grind material and APC are good to predict. Furthermore, the 
Gaussian process regression stands out on the stable-process data, a dataset with small 
variance all other algorithms have trouble to predict. It might also surprise, that mul-
tiple linear regression does not perform worst at all on all datasets: despite its simple 
model structure, especially on the start-up and downtime data it exceeds expectations 
and yield above average results. Besides kNN, which yields mainly below average 
results, the other algorithms (ANNs, SVM, decision trees and the ensemble) have a 
generally comparable predictive quality.

In general, it becomes obvious, that the process state used for data generation is 
much more important than the learning machine, since the algorithm can only extract 
correlations that are present in the data.

4  Conclusion and Outlook

In this study six different experiments were done using a KraussMaffei 120-380 PX 
injection molding machine. The data include 48 machine and process parameters as 
well as the weight and the length of the molded parts as quality criteria. 1000 molding 
cycles (860 for the DOE) were carried out. The pre-processing of the data included 
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cross-validation using 80% of the data for training and 20% for validation of the mod-
els. In the first step feature selection was executed, comparing a wrapper approach 
with four filter methods. The filter methods contained FS, BS, SFFS and SBFS as 
search strategies. The PEM was CFS according to HALL with the Pearson correlation 
coefficient. In total 22 predictor models were built and their hyperparameters were 
optimized using the Bayesian optimization. Six machine learning methods, including 
ANN, Support-vector machine, Decision trees, Ensemble, Gaussian process regres-
sion, kNN and normal linear regression were compared. The prediction performance 
of the different models was calculated through the coefficient of determination.

The results show, that process states with a high variance of the quality criteria, 
such as those based on the variation of the re-grind material fraction and the DOE 
provide the best base for learning good quality prediction models. The weight is bet-
ter predictable then the length, with the highest R2 of 0.995 for the DOE learned by 
a Gaussian process regression, which yielded the best results on the other datasets as 
well. Regarding the evaluated feature selection methods, their influence on the model 
quality was rather small when comparing the different search strategies. However, the 
presented wrapper’s and filters’ performances differed significantly on three out of six 
datasets. Still, it is hard to judge which approach is better, since there is no method 
outperforming the others on all datasets. Additionally, other feature selection meth-
ods might perform different, so in future work different PEMs should be addressed 
like mutual information or Relief. Furthermore, the framework should be expanded to 
other machine learning methods in particular methods for classification. Also, a holis-
tic approach has to deal with the detection and reaction to concept drift, which might 
negatively affect the predictive quality.
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Abstract.  Continuous fiber reinforcements can significantly improve the 
mechanical properties of thermoplastic injection-molded components com-
pared to short and long fiber reinforcements. By aligning the continuous fibers 
in the main load paths, the reinforcement can be optimally exploited. The 3D 
skeleton winding process (3DSW) is a robot-based filament winding technique 
in which defined load application points are connected with wound closed loop 
structures. The introduction of thermoplastic commingled yarns in the winding 
process allows an efficient fiber impregnation to produce fiber skeletons that 
can be overmolded in an injection molding process to locally reinforce the final 
component. The combination of a robot-based winding process and injection 
molding as a process for large-scale production enables the use of thermoplas-
tic materials for complex structural applications in higher quantities.

This paper presents the 3DSW manufacturing process and introduces a 
simple loop and a generic 3D test specimen. Fundamental investigations into 
these structural components with overmolded fiber skeletons demonstrate the 
potential of continuous fibers in injection molded components made from PP 
and PPS.

Keywords:  Robot-based winding · 3DSW · Commingled yarns · 
Polyphenylene sulfide

1  Introduction

To meet the demand for structural lightweight components, i.e. for automotive appli-
cations, the targeted use of continuous fiber reinforcements in the highly stressed 
areas is already established in combination with large-scale production processes, 
such as injection molding. The continuous fiber reinforcements used for this purpose 
(e.g. pre-impregnated fabrics) must be draped in accordance with the desired compo-
nent geometry and requirements. In the case of plane continuous fiber reinforcements, 
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such as fabrics, scrims and unidirectional tapes, this can lead to significant restrictions 
in the design freedom, as it is not always possible to adapt the reinforcements to the 
component shape in the highly stressed areas. This is particularly the case for complex 
structural components.

Another possibility to produce continuous-fiber-reinforced components is the fil-
ament winding processes, which can be used to manufacture mainly hollow profiles 
with rotation-symmetric geometries (e.g. pressure vessels, axles, tubes, rollers and 
shafts). Rotating winding mandrels are usually used for this purpose. Roving guides 
can be used to automatically place impregnated continuous reinforcing fibers (e.g. 
glass or carbon fibers) onto these mandrels in a defined pattern and with high accu-
racy and reproducibility [1, 2].

The 3D skeleton winding technology (3DSW) extends the range of application 
for continuous fiber reinforcements and enables the use of a filament winding tech-
nology for the local continuous fiber reinforcement of structural components. The 
components made in 3DSW usually consist of defined load application points that are 
connected via wound fiber structures to transfer external loads. In contrast to the well-
known filament winding process, continuous fiber reinforcements in 3DSW are used 
in a resource-efficient manner, i.e. only locally in the highly stressed areas of a struc-
tural component according to the actual component load paths. This corresponds to 
the preferred load of fibers in general, since fibers can transmit external loads mainly 
via longitudinal stresses [3].

In comparison to volumetrically short or long fiber reinforced components, the 
3DSW components can provide higher stiffness and strength at lower weight. Weight 
savings can thereby be achieved, since areas of low stress are designed without rein-
forcement or with low short fiber contents.

2  3DSW Method

Topology optimizations can be used to define the orientation of local continuous fibers 
according to the external loads. Depending on the component space specifications and 
the load introduction directions, the resulting fiber skeleton can be a complex truss 
structure of continuous fibers, which is connected by several nodes and load applica-
tion points. The resulting fiber skeleton absorbs tension loads, while the component 
shape and material composition of the overmolding matrix material are selected with 
reference to compression loads. Metal inserts (e.g. bushings) are used at the nodes and 
the load application points of the skeleton structure. By deflecting the continuous rein-
forcing fiber strands at the nodes and winding them around load application elements 
(eye windings), the reinforcements can be adapted to the actual load path. Compared 
to other continuous fiber-reinforced components, this offers the advantage that applied 
forces can be introduced into the reinforcing structure by form-fit manner.

In general, the 3DSW process can be divided into three different process steps: 
Impregnation, 3D winding and overmolding (see Fig. 1).



152    B. Beck et al.

In the first process step (impregnation), the commingled yarns, consisting of con-
tinuous thermoplastic and reinforcement filaments, are pulled through a heating line 
with several heating zones in which the thermoplastic filaments are heated above 
melting temperature using short-wave infrared heating. The reinforcement filaments 
are then impregnated with thermoplastic material in a heated die with cross-sectional 
constriction after the IR heating section. Since the processability of the commingled 
yarns is mainly dependent on the temperature, the polymer is kept molten using a 
circulating hot air oven after the impregnation die until the strand reaches the wind-
ing area. The necessary pull-off force is achieved by the manipulation of a winding 
tool attached to a six axis industrial robot (3D winding). The winding tool describes 
a fixture designed for a specific fiber skeleton structure and contains the load appli-
cation or node elements (inserts). The skeleton structure is wound around the inserts 
solely by manipulating the winding tool according to the load paths of the compo-
nent [4]. Ideally the pull-off speed is kept constant during the winding phase to guar-
antee constant impregnation quality of the reinforcing fibers. At the same time, fiber 
pre-tensioning plays an important role in ensuring that the fibers are aligned. The fiber 
pre-tensioning is mainly defined by the friction in the heated die and the adjustable 
roll-off resistance on the roving rack (unwinding unit). The heated commingled yarns, 
which are wound around the inserts, adhere to each other and form a stiff and easy-
to-handle skeleton structure (semi-finished product) after cooling. In the third process 
step (overmolding), the manufactured skeleton structure is placed in an injection mold 
and overmolded with a thermoplastic matrix to realize the final component shape 
including the local continuous fiber reinforcements and load introduction elements. 
The 3D skeleton prototype line developed at Fraunhofer ICT can be seen in Fig. 2.

Fig. 1.  Process chain of the 3D skeleton winding process
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3  Development of a New Generic 3D Test Specimen

A new generic 3D test specimen was developed based on investigations carried out 
on simple loop structure specimens (see Fig. 4). It essentially connects three simple 
loop components in one main load application point to examine different load appli-
cation directions. In order to investigate the influence of obliquely acting forces, the 
main load application point was displaced in Z-direction. Three mounting points (side 
inserts) and one main load application point (main insert) introduce external loads, 
whereby each side insert is connected with the main insert by a closed loop wind-
ing structure (see Fig. 3 left). Furthermore, closed windings around each insert (eye 
windings) increase the dimensional stability of the entire skeleton structure and pre-
vent the fibers from slipping when the fiber arrangement is inclined. The angles of 
inclination for the middle leg and the side legs were set to 25° and 45° respectively 
(see Fig. 3 right). As the loop structure provides less rigidity by loading perpendic-
ularly to the fiber direction, the topology of the part was optimized. Consequently, 
in addition to vertical ribs, which include the continuous fiber structure, horizontal 
ribs were designed at an angel of 90° to the fiber direction (see Fig. 3 middle). The 
aim of the horizontal ribs is to increase the component’s stiffness perpendicular to the 
fiber direction, while still allowing high compliance in fiber direction for maximum 
fiber utilization, i.e. fiber failure before matrix failure. The matrix is injected in the 
overmolding process using a film gate at the main insert, filling the mold along the 
continuous fiber reinforcement. Such gate position results in an ideal short fiber orien-
tation in the direction of the legs. Moreover, the flow forces applied to the continuous 
fiber loops are minimal, since the matrix flow direction is along the fiber orientation, 
enhancing fiber alignment accuracy. Weld lines emerge behind each insert, represent-
ing weak areas which can be eliminated when introducing continuous windings, as 
explained in Sect. 5.

Fig. 2.  3D skeleton winding prototype line at Fraunhofer ICT
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4  Experimental

4.1  Commingled Yarn Processing

The heating line consisted of two heating zones. In the first zone, six IR ceramic heat-
ers with maximum power of 800 W were placed with adjustable distance to the strand. 
The second heating zone was the impregnation die, tempered with a 600 W heater 
band and controlled with a temperature control unit (Thermoplay TH-M6).

4.2  Materials

The test specimens manufactured in polypropylene (PP) were made using a PP/glass 
fiber (GF) commingled yarn of the type Twintex R PP 60 (tex per strand = 2x 1870 tex). 
The PP/GF skeleton structure was overmolded with Braskem C765-15NA (unreinforced 
PP) and Hostacom HRG 328T NAT (30 wt.-% GF reinforced). The polyphenylene 
sulfide specimens (PPS) were made with PPS/GF commingled yarn named COMFIL-G 
60G (tex per strand = 8x 476 tex). The overmolding with PPS was carried out with 
Xytron U3020E (unreinforced PPS) and KOPLA KHG1040 (40 wt.-% GF reinforced).

4.3  Test Specimens

To investigate the potential of wound reinforcement structures, two generic compo-
nents were used in this study. The first sample was a simple loop structural compo-
nent, mainly used to investigate the effects of winding numbers and new material 
combinations. It consisted of two inserts for load application connected through a 
closed loop winding, which was embedded in the thermoplastic matrix in the injection 
molding process, see Fig. 4 (left).

The second specimen was a generic 3D component as described in Sect. 3, see 
Fig. 4 (right). The component weight for unreinforced PP and PPS results in 253 g and 
343 g respectively. Reinforcing the structure with short glass fibers (30 wt.-% for PP 
and 40 wt.-% for PPS) increased the weight by 20% and 27%, while 2 closed loop fiber 
windings increase the weight by 7% and 2% compared to the unreinforced components.

Fig. 3.  New generic 3D test specimen
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4.4  Robot-based 3D Skeleton Winding and Overmolding

The core of the winding cell is an industrial six-axis robot (KUKA KR 10 R1100 
sixx) with a modified 6th axis to allow endless rotation. The simple loop structural 
components were overmolded using an injection molding machine from Arburg 
(Allrounder 279/320 C), whereas the generic 3D structural components needed to be 
overmolded with a KraussMaffei 550-2000 GX injection molding machine due to the 
higher shot volume.

Two different winding tools were developed to produce the test specimens for 
this study, see Fig. 5. Both tools were equipped with pneumatic grippers to pick up 
the heated strand from the heating line. The metal inserts, which were used as load 
application elements in the final component, were attached to the insert holders before 
the winding process started. Both winding tools had the possibility to pre-tension the 
wound filaments by displacing one insert holder with an integrated pneumatic cyl-
inder. After cooling, this cylinder slightly released to compensate shrinkage forces 
allowing a pneumatic ejection of the final wound structure afterwards.

Fig. 5.  Winding tools for the simple loop structure and for the 3D component (left): (1) 6-axis 
robot; (2) Impregnation die; (3) Fiber gripper; (4) Pre-tensioning mechanism; (5) Ejector; (6) 
Wound fiber skeleton. PP/GF skeleton winding process in progress (right)

Fig. 4.  Simple loop structure before/after overmolding with PPS (left), and 3D generic 
component before/after overmolding with PPS (right)
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The winding tool was manipulated using an industrial robot to pull the impreg-
nated rovings from a fixed strand feed and simultaneously wind them around and 
between the inserts [4]. The robot was programmed to manipulate the winding tool 
in a way that the heated strand connected the single load application elements in a 
closed loop structure. This loop structure also included closed windings around the 
inserts (eye windings), which were essential for the structure stability during winding 
and handling, as well as for the load transfer in the final component. Moreover, previ-
ous investigations, which tested simple fiber loops with eye windings on both inserts, 
showed that the breaking load can be increased by 86% compared to loops without 
windings [5]. During the winding of the fiber skeleton structure, the impregnated 
yarns needed to be kept straight at the output of the heating line to provide homogene-
ous fiber distribution over the cross section of the strand. According to Minsch et al., 
for optimum component quality, the outlet angle at the fiber feed should be kept low 
during the winding process. Excessive fiber outlet angles increase fiber tension signifi-
cantly, resulting in fiber damage [6].

Overmolding of the fiber skeleton was carried out in the final production step. 
Previous experience at Fraunhofer ICT showed that warpage is likely to occur when 
thermoplastics with high shrinkage are used to overmold components with large span 
[7]. During cooling, glass fibers with a linear thermal expansion of 4.8 * 10−6 K−1 
(for E-glass) almost maintain their length, while the surrounding thermoplastic matrix 
shrinks, especially in the case of semi-crystalline thermoplastics [8]. Consequently, 
for the 3D generic structure components, hydraulic pre-tensioner mechanisms, act-
ing on each loop separately, were integrated in the injection mold. Parts with pre-ten-
sioned fiber skeletons showed high dimensional stability. The overmolding process is 
illustrated in Fig. 6.

4.5  Mechanical Testing

An Inspek Table 50 from Hegewald & Peschke (50 kN) was used to investigate the 
mechanical performance of the mentioned components. For the simple loop structural 
component, an U-shaped mounting bracket with a bolt connection was used to apply 
the load on the component. For the 3D structural component, a test fixture was devel-
oped, on which the 3D component is mounted at three fixation points applying the 
load to the main insert. Figure 7 shows different setups of the testing fixture for the 

Fig. 6.  3D fiber skeleton before overmolding (left), and after overmolding (right)
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load case FX and FY as well as the corresponding component deformation and stress 
distribution (blue areas illustrate the compressive stress and red areas illustrate the 
tensile stress). All tensile tests were carried out based on DIN EN ISO 527 standard 
with at least five tested specimens at a testing speed of 5 mm/min [9].

5  Results and Discussion

By testing loop structural components with unreinforced PP and 30 wt.-% GF rein-
forced PP matrix material, it was observed that the higher ductility of the matrix 
positively increases the reinforcing effect of the wound continuous fibers, as can be 
seen in Fig. 8. The breaking load of unreinforced PP with 10% elongation at break 
increased proportionally to the number of continuous windings [10]. While unrein-
forced PP specimens failed at 3.7 kN, adding two continuous closed loop windings 
(equivalent to 6 wt.-%), increased the breaking load by 194%. Reinforcing the compo-
nent with four (12 wt.-%) and six (18 wt.-%) windings, further increased the breaking 
load compared to the unreinforced reference sample by 425% and 511% respectively.

When conducting the same test campaign with a 30 wt.-% short-fiber-reinforced 
PP matrix with only 2.6% elongation at break, the increase in breaking force relat-
ing to the winding number is significantly lower [11]. Without continuous windings, 
the short-fiber-reinforced overmolding material showed 82% higher breaking forces 
than the unreinforced material. When adding six continuous windings, however, the 
short-fiber-reinforced overmolding material showed 20% lower breaking forces. 
Consequently, the maximum utilization of wound continuous fibers can be achieved 
when the overmolded matrix has higher elongation at break than the reinforcing fib-
ers, i.e. approx. 4.8% [2, 12].

A similar investigation was carried out using unreinforced and short-glass-fib-
er-reinforced PPS materials in injection molding, which further highlighted the dis-
advantage of brittle matrix materials in combination with continuous windings. By 
considering a 40 wt.-% short-fiber-reinforced PPS material, no significant improve-
ment in breaking load was determined depending on the winding number. All tested 

Fig. 7.  Testing fixture for FX and FY load cases and stress distributions
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samples showed, as expected, matrix failure instead of fiber failure. The same inves-
tigation with impact modified unreinforced PPS material with increased elongation at 
break (14% [13]) improved the breaking load of the unreinforced PPS reference sam-
ple by 37%, 78% and 125% when adding two, four and six windings respectively (see 
Fig. 8).

Since the short-fiber-reinforced matrix materials have different fiber contents for 
PP and PPS, the investigations with short-fiber-reinforced matrices are to be regarded 
independently. Nevertheless, the conclusion can be drawn that the elongation at break 
of the overmolding material - which can be adjusted, for instance, by the short fiber 
content - has a decisive influence on the achievable breaking force of the continuous 
fiber-reinforced components. The fiber weight percentage of the PP/GF and PPS/GF 
commingled yarns was chosen to be identical at 60 wt.-%, while using similar tex 
numbers (see Sect. 4.2). However, the density of PPS (1.29 g/cm3) compared to the 
density of PP (0.9 g/cm3) results in higher fiber volume content of the PPS strand 
compared to the PP strand [10, 13]. As the same impregnation die diameter was 
used for both materials at the same pull-off speed, higher impregnation quality was 
achieved with PP. This describes one reason for the higher breaking loads when com-
paring unreinforced overmolding matrices with four and six continuous windings, 
while at two windings the better impregnation quality of PP/GF commingled yarns 
was compensated by the superior mechanical properties of the PPS matrix.

When the reinforced 3D structural component was loaded in the Y-direction, 
while almost all the continuous fibers were aligned in the load direction, a significant 
improvement in strength was achieved as well as a remarkable improvement in the 
failure mode. Where PP specimens were investigated, unreinforced 3D samples failed 

Fig. 8.  Simple loop structure tensile test results: PP (left), and PPS (right)
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at 7.2 kN load at weld line A, as shown in Fig. 9 (failure mode A). By reinforcing 
PP with 30 wt.-% short glass fibers, the breaking force increased by 71% to fail at 
12.4 kN load at weld line A (see Fig. 9, failure mode B). Pure PP with wound contin-
uous fibers (equivalent to only 5 wt.-%), increased the breaking load by 147% to fail 
at 17.8 kN. The fiber skeleton increased the resistance to weld line failure and thereby 
the fiber breakage indicating full utilization of the continuous fibers (see Fig. 9, failure 
mode C). Meanwhile, unreinforced PPS components bore up to 27.3 kN load. Due to 
the complex part geometry, induced bending forces were critical for the load cell of 
the testing machine. Reinforced PPS components with wound fiber structure reached 
the machine safety limit by 30 kN and the test was stopped without failure.

Breaking forces, resulting from loading the component in X-direction are gener-
ally lower than in Y-direction, as only the fiber loop in the lower leg is under ten-
sion, as illustrated in Fig. 7. While the load is applied perpendicularly to the fibers of 
the middle leg, the side leg in load direction is completely under compression load, 
whereby the continuous fibers do not significantly contribute to the component’s 
strength. By loading the unreinforced PP 3D structural component in the X-direction, 
weld line failure of the lower leg occurs at 3.8 kN load. When reinforcing PP with 
30 wt.-% short glass fibers, the matrix failed (brittle failure) at 9.3 kN load. When PP 
is reinforced with two continuous windings (equivalent to 5 wt.-%), the breaking load 
increased by 191% and the specimen failed at 11.1 kN through fiber failure.

Unreinforced and continuous-fiber-reinforced PPS specimens showed signif-
icantly higher breaking force values than PP specimens, as illustrated in Fig. 10. 
Unreinforced PPS specimens failed (ductile failure) at 16.2 kN load. Adding two con-
tinuous windings increased the breaking load by 23% and the specimen failed with 
fiber fracture at 20 kN. The percentage increase in breaking load by using continuous 
fiber reinforcements in PPS is low compared to PP due to the relatively high strength 
of PPS (65 MPa [13]) and thus higher critical fiber content. Consequently, two contin-
uous windings provide lower reinforcing effect to PPS compared to PP. Meanwhile, 
short fiber reinforced PPS (40 wt.-%) showed remarkable brittle failure behavior.  

Fig. 9.  PP 3D structural component test results under load case FY (left); Stress distribution at 
weld lines and at fibers (upper right); breaking loads and failure mode (lower right)
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The matrix failure occurred at the end of the vertical ribs of the side leg at 7 kN 
load, leading to 57% decrease in breaking load compared to the unreinforced PPS 
specimens.

6  Conclusion

Using the developed 3D skeleton winding process (3DSW), two generic structural ther-
moplastic components were manufactured to investigate the influence of wound con-
tinuous fibers in combination with injection molding. It was possible to demonstrate 
the potential of overmolded fiber skeletons, where wound continuous reinforcements 
connect load application elements to transfer external loads. By using continuous fib-
ers only locally with the right orientation according to the load path, it was possible to 
significantly increase the breaking forces of the tested components. However, this rein-
forcing effect was substantially lower if fewer fibers were oriented in load direction. 
Additionally, it was shown that high elongation at break of the overmolding matrix 
played a decisive role in utilizing the material properties of the continuous-fiber-rein-
forcements to increase the breaking load. Furthermore, it was possible to demonstrate 
improvements in failure modes when using wound continuous fibers, whereby the 
resistance to weld line failure increased and fiber fracture occurred instead.
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Abstract.  To boost high productivity when manufacturing composite pro-
files with consistent quality in pultrusion, simulation methods are widely used 
to identify optimum process parameters. Although polyurethane resins are of 
interest for high speed production due to their low viscosity and high reactivity, 
no in-depth process simulation of the polyurethane pultrusion process has been 
published yet. In this paper, a new kinetic model for a polyurethane pultrusion 
system is presented and applied in a process simulation routine. After compar-
ing simulation results with on-line measurements, the effect of varying process 
and profile parameters on the resulting degree of cure and temperature distri-
bution is evaluated. It can be confirmed that increasing line speed or profile 
thickness significantly decreases the average degree of cure at the die exit. This 
effect can at least partly be compensated by major die temperature adjustments 
which in turn lead to an overall higher profile temperature. Line speed and die 
temperatures also determine length and position of the gel zone. The initial 
material temperature has no significant impact on the resulting degree of cure 
and temperature distribution.

Keywords:  Pultrusion · Polyurethane · Simulation · Kinetic model · Curing · 
Temperature · Die

1  Introduction

As one of the few processes to produce fibre-reinforced plastic (FRP) parts continu-
ously and thus efficiently, pultrusion has been well established in the market for dec-
ades [1]. To enable high quality mass production of complex shapes such as profiles 
for the automotive and window industry, a thorough understanding of process and 
profile parameters affecting part quality and process stability is needed. In addition, 
process productivity has a significant impact on the manufacturing profitability [2, 
3]. As a consequence, polyurethane (PU) resin systems have recently gained increas-
ing attention in industry and science [3–11]. In addition to its good mechanical prop-
erties such as high tensile and flexural strength and stiffness, the low viscosity and 
high reactivity of PU offers potential to increase the production speed [4, 5, 7, 12]. 
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Nevertheless, the heat transfer and curing taking place inside of the pultrusion die still 
can be limiting factors for productivity [3, 13, 14]. Modelling and simulation have 
been shown by various researchers to be powerful tools to reduce the experimental 
effort needed to identify optimum process conditions for a high line speed, but so far 
only for unsaturated polyester, vinyl ester and epoxy resin systems [13, 14]. Although 
PU resins in principle enable a high line speed, no in-depth process simulation of the 
PU pultrusion process has been published yet.

Figure 1 schematically shows the resin injection pultrusion process which is 
commonly used for PU pultrusion. After being hauled off of the fibre rack and being 
aligned, the reinforcing fibres and optionally textiles are guided through the injection 
box where the already mixed, but still unreacted and low viscous resin impregnates 
the fibres. The wetted fibre strand is then pulled through the heated curing die. The 
heat is transferred from electrical heaters to the fibre strand and accelerates the chem-
ical reaction of the resin. After the die, the profile is cooled down and finally cut to 
length [12].

2  State-of-the-Art

The pultrusion process has been developed in the 1950s [1]. After focusing on improv-
ing the process and broadening the range of applications in the first decades, research-
ers began to model the pultrusion process in the late 1970s [15]. Since then, numerous 
process models covering different types of analysis (steady-state/transient), dimen-
sionality (1D/2D/3D), numerical models (finite difference/finite element method), 
resin systems, reinforcements and profile geometries have been published. A compre-
hensive overview of state-of-the-art process models can be found in [13, 14, 16].

A holistic pultrusion master model consists of various inter-related sub models 
describing the chemical reaction, the evolution of viscosity, the heat transfer, the resin 
flow and pressure increase, the pulling force, the mechanical properties evolution and 
finally stress and strain in the profile at the end of the process [14]. The present paper 
focuses on modelling the chemical reaction of a PU resin system along with the heat 
transfer in the pultrusion die.

Fig. 1.  The resin injection pultrusion process



164    B. Kilian et al.

To describe the exothermal chemical reaction of arbitrary thermoset resins 
depending on temperature and time, usually the degree of cure r is used, representing 
the extent of polymerization [14]. r can be defined as the ratio of heat generated up to 
the time t, H(t), to total heat of reaction generated during a complete cure Htr:

The rate of cure dr/dt is assumed to be proportional to the heat flow dH/dt during 
reaction:

Usually, empirical or semi-empirical kinetic models are used to describe the rate of 
cure by first or second order partial differential equations, combining a conversion 
function f(r) depending on the resin type with an Arrhenius function K(T) to account 
for the reaction’s temperature dependence [13, 14, 16]:

In this regard, m and n are the orders of reaction, A is a pre-exponential factor, Ea is 
the activation energy of the cure reaction and R is the universal gas constant. Kamal 
& Sourour developed an autocatalytic model which incorporates an initial rate of cure 
(at r = 0) differing from zero:

where K1(T) and K2(T) are Arrhenius functions [17]. The models described above 
are widely used in pultrusion modelling with unsaturated polyester and epoxy resins. 
The model parameters usually are fitted to measurement data of the heat generated 
during reaction in isothermal and dynamic differential scanning calorimetry tests. As 
the models do not consider deceleration of the reaction due to the reactants’ limited 
mobility in the later stage, they tend to overestimate the rate of cure to the end of the 
reaction.

Chen et al. were the first to propose a mathematical process model specifically for 
PU pultrusion [18–21]. They used a standard autocatalytic model to describe the reac-
tion of a special blocked NCO-terminated PU prepolymer [20]. Connolly & Heberer 
proposed a simplified mechanistic first order model to describe the PU reaction in a 
pultrusion process:

(1)r =
H(t)

Htr

(2)
dr

dt
=

1

Htr

dH

dt

(3)
dr

dt
= f (r) · K(T)

(4)f (r) = (1− r)n for n - th order models

(5)f (r) = rm(1− r)n for autocatalyticmodels

(6)K(T) = A · exp

(

−
Ea

RT

)

(7)
dr

dt
=

(

K1(T)+ K2(T) · rm
)

(1− r)n
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where keff is an effective curing rate described by an Arrhenius term and β is the initial 
isocyanate-to-polyol ratio [5]. Their model is able to describe the beginning of the 
reaction but does not account for diffusion effects to the reaction’s end.

To predict the local temperature at any position within the pultrusion profile when 
it passes through the die, usually a three dimensional energy balance is applied [13]:

where x is the pulling direction and y and z are the coordinates in width and thickness 
direction, ρ and cp are density and heat capacity of the composite, k is the thermal 
conductivity of the composite in the respective direction, v is the pulling speed and q 
is the source term for heat generated during the exothermal reaction. The bulk proper-
ties of the composite can either be measured directly or derived from the components’ 
properties via rules of mixture. The source term can be derived from fibre volume 
content ϕ, resin density ρr, total heat of reaction Htr and rate of cure dr/dt:

In the beginning of pultrusion process modelling, Eq. 9 often was simplified to a one 
dimensional form and the die wall temperature was imposed as a boundary condition 
[13]. Nowadays, the pultrusion die itself including the electrical heaters can be mod-
elled three dimensionally and the resulting equations for the die and the profile are 
solved using diverse numerical methods. In addition, sophisticated models also take 
the temperature dependence of material properties, a variable heat transfer coefficient 
between die and profile and the thermally and/or chemically induced changes of the 
profile and die volume into account [13, 14].

3  A New Kinetic Model and Its Parameters

To improve accuracy of prediction, especially in the later stages of reaction, a new 
kinetic model for polyurethane systems has been developed earlier at Covestro 
Deutschland AG, Leverkusen, Germany [22, 23]. The semi-empirical model uses the 
Rabinowitch approach to compute the total reaction rate constant ktot(T) by combining 
a kinetic rate constant kkin(T) with a diffusional rate constant kdiff(T). The diffusional 
rate constant is necessary to describe the reaction hindrance due to diffusion effects 
at high conversion levels. kkin(T) is expressed as the sum of a traditional and an m-th 
order autocatalytic Arrhenius term. Another Arrhenius term is used in combination 
with an empirical sigmoidal term to yield kdiff(T):

(8)
dr

dt
= keff (1− r)

(

β−1
− r

)

(9)ρcp
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In this regard kkin,0, kauto,0 and kdiff,0 are kinetic, autocatalytic and diffusive pre-factors, 
Ea, Eauto and Ediff are kinetic, autocatalytic and diffusive activation energy, R is the 
universal gas constant, n is the reaction order, m and p are fitting parameters, xdiff and 
rinfl are variables to reduce the diffusive rate constant and ∆Tad is the adiabatic tem-
perature increase.

To adjust the general model to a specific PU system, a set of parameters has to 
be identified which describes best the development of degree of cure and tempera-
ture for a broad range of temperature conditions. For this purpose, measurements of 
temperature and NCO conversion in a defined volume of mixed PU resin under qua-
si-adiabatic conditions and for multiple initial material temperatures TMaterial,0 are con-
ducted. Pre-heated components of the PU system are mixed in a paper cup, which is 
then placed in an oven with the same temperature as the initial material temperature. 
During reaction, the development of the material temperature is measured continu-
ously using temperature sensors placed in the middle of the resin volume. Due to the 
low thermal conductivity of the resin, the stage of the exothermic temperature increase 
can be approximated as adiabatic. In addition, material samples of the liquid and 
solidified polyurethane are extracted discontinuously to measure the NCO conversion 
with attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR).

For the experiments and simulations described in this paper, the commercial PU 
pultrusion system Baydur® PUL from Covestro Deutschland AG is used. For tem-
perature and NCO conversion measurements a total resin mass of 210 g ± 15% is 
prepared. Temperature measurements are conducted with initial material and oven 
temperatures of 30, 40, 50, 60, 70 and 80 °C. NCO conversion is measured for the 
experiments starting at 60, 70 and 80 °C. The higher temperatures lead to reaction 
times of the resin in the range of common residence times in the pultrusion die for 
standard line speeds (v ≈ 0.5 m/min). To account for the deviation naturally occurring 
in experiments, multiple measurements per temperature are averaged. The generalized 
reduced gradient (GRG) nonlinear solver of Microsoft Excel is used in combination 
with multiple starting points to identify the optimum set of model parameters for the 
specific PU system in the described temperature range by minimizing the sum of error 
squares between measurement and model prediction. The final parameter values are 
listed in Table 1.

(12)
1

ktot(T)
=

1

kkin(T)
+

1

kdiff (T)
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To validate the material model, the temperature and conversion in the neat resin 
during the first 1000 s are exemplarily calculated with the model (Tcalc/rcalc) for 
TMaterial,0 = 40, 60 and 80 °C and compared to the measurements of temperature Tmeas 
at TMaterial,0 = 40, 60 and 80 °C (Fig. 2) and conversion rmeas at TMaterial,0 = 60 and 
80 °C (Fig. 3). As can be seen in the graphs, the model is able to predict the tem-
perature rise accurately for a broad temperature range with only one set of parame-
ters, although it tends to underestimate the maximum temperature for lower TMaterial,0 
and to overestimate the maximum temperature for higher TMaterial,0. After the initial 

Table 1.  Fitted parameter values of the kinetic model

Parameter Unit Value

n – 2

kkin,0
1/s 54,523

Ea
J/mol 49,570

R (kg * m2)/(s2 * mol * K) 8.31

kauto,0
1/s 100

Eauto
J/mol 25,239

m – 1.49

kdiff,0
1/s 1.06 * 1012

Ediff
J/mol 88,387

xdiff
– 0

rinfl
– 0.79

p – 60

∆Tad
K 157

Fig. 2.  Comparison of predicted and measured temperature for model validation
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temperature rise the measured temperature drops due to cooling of the resin, which is 
not considered in the model. Regarding conversion, the initial rise is predicted quite 
well, but the final degree of cure is overestimated (Fig. 3).

4  Simulation Model and Validation

In pultrusion production, besides line speed usually the electrical heater tempera-
tures of the pultrusion die are controlled. For a realistic prediction of temperature and 
degree of cure evolution in the profile for diverse scenarios, a sophisticated 3D sim-
ulation model of the pultrusion die including the electrical heaters is needed. In this 
paper, a flat profile with 3 mm thickness and 115 mm width is used to validate the 
simulation and to assess the influence of varying process parameters. As the profile as 
well as the pultrusion die are symmetrical to two adiabatic planes, only one quarter of 
die and profile needs to be modelled. The model is implemented in Abaqus R2016x 
HotFix 9, Dassault Systèmes, France, and shown in Fig. 4 along with the coordinate 
system and the boundary conditions.

The profile mesh consists in total of 6600 elements (three in thickness direction, 
eleven in width direction, 200 in pultrusion direction), whereas the element size 
decreases in width and thickness direction towards the die wall to account for the 
higher temperature and conversion gradient. The pultrusion die is 1000 mm long and 
has a constant element size. It is heated by six pairs of planar electrical heaters in six 
heating zones (TH1–TH6) along the die. The upper surface of the heaters as well as the 
die front surface are defined to be adiabatic. Everywhere else convective cooling of 
the die with αd-a = 10 W/(m2K) is assumed. Heat transfer from the die to the profile is 
assumed to be ideal.

Fig. 3.  Comparison of predicted and measured conversion for model validation



Towards Process Optimisation of Polyurethane    169

Eq. 9 is solved for the pultrusion die and the profile respectively. The source term 
equation is slightly modified:

ρc and cp,c are density and heat capacity of the glass fibre reinforced composite. The 
physical properties for die material (steel) and composite profile are assumed to be 
constant and listed in Table 2.

Mass transport of the profile through the die is implemented via subroutines of 
Abaqus. To compare results of different simulation runs, the steady state values of 
temperature and degree of cure at the integration points (IP) of the elements are used. 
Due to their slightly inward shifted position within the finite elements, the exact edges 

(16)q = (1− ϕ)�Tadρccp,c
dr

dt

Fig. 4.  Simulation model for a flat profile

Table 2.  Physical properties of the materials used

Property Unit Value

Pultrusion die

Density ρd kg/m3 7850

Specific heat capacity cp,d J/(kgK) 430

Thermal conductivity kd W/(mK) 57

Composite profile (PU + glass fibres)
Density ρc kg/m3 2090

Specific heat capacity cp,c J/(kgK) 855

Thermal conductivities kc,x W/(mK) 0.678

kc,y
W/(mK) 0.511

kc,z
W/(mK) 0.501

Others
Heat transfer coefficient die – air αd-a W/(m2K) 10

Fibre volume content ϕ % 61
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and outer surfaces of the profile cannot be evaluated (see Table 3). When referring to 
edges or profile surfaces later, the IP closest to the respective nodes are analysed.

The following boundary conditions are used:

• Profile temperature at x = 0: T = TMaterial, initial (=25 °C for standard conditions)
• Profile degree of cure at x = 0: r = 0
• Heater temperatures TH1–TH6: see Table 4

To validate the simulation model, the predicted temperature evolution (Tsim) for dif-
ferent positions in the profile and for two different line speeds (v = 0.5 m/min and 
v = 1.5 m/min) is compared to experimental on-line measurements (Tmeas) with stand-
ard temperature conditions (see Table 4). The temperature in the profile is measured 
by feeding type J thermocouples through the die. Figure 5 exemplarily shows simu-
lated and measured temperatures for two different line speeds and positions. Although 
the model uses some simplifications, such as constant material properties and no 
shrinkage of the profile, the simulated temperature evolution qualitatively meets the 
measured temperature. Nevertheless, an almost constant offset in temperature in pul-
trusion direction is observed, which is bigger for a higher line speed (~35–50 mm at 
v = 0.5 m/min; ~105 mm at v = 1.5 m/min). This can at least partly be attributed to 
inaccuracies in experimental measurement. Batch & Macosko estimated the uncer-
tainty of measurement to be ±50 mm in axial direction and ±5 °C in temperature 
for a line speed of v = 0.6 m/min [24]. Prediction quality of the model can further be 
improved by using variable material properties and a variable heat transfer coefficient 
between profile and die [24, 25]. In addition, the adiabatic boundary condition of the 
die entrance leads to a higher simulated die temperature in the first zones. In total, 
the model obviously tends to overestimate the temperature rise and, as a consequence, 
also the resulting degree of cure.

Table 3.  Comparison of node and IP coordinates for analysed relevant surfaces and edges

Node coordinates [mm] IP coordinates [mm]

x y z x y z

Profile surfaces x = max 1000 Var. Var. 998.9 Var. Var.

y = max Var. 57.5 Var. Var. 57.43 Var.

z = max Var. Var. 1.5 Var. Var. 1.433

Edges y, z = 0 Var. 0 0 Var. 4.1 0.15

y = 0, z = max Var. 0 1.5 Var. 4.1 1.433

y = max, z = 0 Var. 57.5 0 Var. 57.43 0.15

y, z = max Var. 57.5 1.5 Var. 57.43 1.433

Table 4.  Heater temperatures for different scenarios in °C

Scenario TH1 TH2 TH3 TH4 TH5 TH6

Standard 52.5 140 160 180 180 170

+20 °C 72.5 160 180 200 200 190

+40 °C 92.5 180 200 220 220 210
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5  Criteria for Process and Part Quality

To evaluate, compare and optimize the quality of the production process as well as of 
the parts produced for different simulation scenarios, specific quality criteria have to 
be defined. Those criteria can be (among others specifically defined by the producer 
for its process/profile): 

• Minimum degree of cure to be reached everywhere in the profile at the die exit 
(rmin)

• Average degree of cure to be reached in the profile at the die exit (rav)
• Deviation in degree of cure in the profile’s cross-section at the die exit (∆rav)
• Maximum temperature in the profile when it passes through the die (Tmax)
• Average temperature reached in the profile at the die exit (Tav)
• Deviation in temperature in the profile’s cross-section at the die exit (∆Tav)
• Length of the gel zone (Lgel)
• Position of the gel zone in the die (xgel)

The minimum and average degrees of cure at the die exit correlate with the profile’s 
ability to bear the clamping forces of the pullers. The maximum deviation in temper-
ature and degree of cure is important for induced stresses and resulting warpage in 
more complex profiles [26]. The maximum temperature should not be exceeded to 
avoid thermal decomposition of the resin. Length and position of the gel zone influ-
ence the height of the pull force [13, 14]. The gel zone is here defined as the area in 
the pultrusion die where at least part of the resin somewhere in the profile currently 
has the degree of cure at gelation rgel. In a three dimensional visualization, this area 
is a curved surface of which the extent in x-direction (Lgel) as well as the average 
x-value (xgel) can be analysed. Figure 6 exemplarily shows the evolution of tempera-
ture and conversion in the profile middle (y, z = 0) and the profile corner (y, z = max) 

Fig. 5.  Comparison of simulated and measured temperature for simulation validation
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together with the quality criteria defined above. The degree of cure at gelation of the 
PU system is calculated according to the cascade theory of Miller-Macosko [27] to be 
rgel = 0.56. Specific target values for the quality criteria need to be specified when the 
simulation model is used for process optimization.

6  Parameter Study: Influence of Line Speed, Die 
Temperatures, Profile Thickness and Initial Material 
Temperature

The simulation model is used to investigate the influence of line speed, die tempera-
tures, profile thickness and initial material temperature on the degree of cure (conver-
sion) and temperature of the profile at the die exit (rav, ∆rav, Tav, ∆Tav), the maximum 
temperature (Tmax) and the length and average position of the gel zone (Lgel, xgel).

Figure 7 shows rav and its standard deviation ∆rav (depicted as error bars) depend-
ing on line speed v and for three different die temperature settings (see Table 4). As 
expected, the average degree of cure decreases with increasing line speed. The devi-
ation in the profile ∆rav is increasing with higher line speed, but can generally be 
considered as low as the profile is relatively thin. With higher die temperatures, rav 
increases particularly at higher line speeds. For line speeds below v = 0.75 m/min, an 
increase in die temperatures has almost no effect on rav due to the promoting diffusion 
control in the rate of reaction.

With an increase in line speed, the average temperature in the profile at the die exit 
Tav is increasing due to the exothermal peak being shifted to the die exit (Fig. 8). The 
same is observed for the maximum temperature in the profile. Due to the exothermic 
reaction, the profile effectively is cooled by the die in the later heating zones. At a 
higher line speed, the exothermal peak moves to the die exit and time for cooling is 
shortened. At very high line speeds, e.g. above v = 1.5 m/min at standard temperature 

Fig. 6.  Exemplary temperature and conversion evolution with quality criteria
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conditions, Tmax slightly decreases again, as the exothermic peak seems to be shifted 
outwards of the die. An increase of the die temperatures leads to an almost similar 
increase in Tav and Tmax. As a certain temperature in the resin should not be exceeded 
to avoid decomposition, this effect will be a limitation for process optimisation. In 
Fig. 8, ∆Tav is depicted as the error bars of Tav and increases slightly with increasing 
line speed, but generally can be considered as low.

Figure 9 shows position and length of the gel zone depending on line speed and 
die temperatures. The length is depicted as the respective error bars. With an increase 
in line speed, the gel zone gets longer and is shifted towards the die exit. An increase 
of the die temperatures moves the gel zone backwards, but does not have a significant 
effect on the length.

In Fig. 10, Tav along with ∆Tav (as error bars), Tmax and rav along with ∆rav (as 
error bars) are shown for three different initial material temperatures (25, 35 and 

Fig. 7.  Conversion at the die exit depending on line speed and die temperatures

Fig. 8.  Temperatures in the profile depending on line speed and die temperatures
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45 °C, profile thickness is 3 mm) and three different profile thicknesses (2, 3 and 
4 mm, initial material temperature is 25 °C). Line speed is v = 1.5 m/min and the 
die temperatures are set to standard (see Table 4). With increasing profile thickness, 
the average conversion at the die exit decreases and at the same time the deviation 
increases (Fig. 10 left). This can be attributed to the longer time it takes for the heat to 
be conducted from the die to the profile centre and hence a delay in the chemical reac-
tion. In addition, the exothermal peak moves towards the die exit at a higher profile 
thickness, which in turn leads to a higher average temperature at the die exit. The ini-
tial material temperature at the die inlet does not have a significant effect on Tav, ∆Tav, 
Tmax, rav and ∆rav in the simulated range (Fig. 10 right).

Fig. 9.  Average gel point position and gel zone length (error bars) depending on line speed and 
die temperatures

Fig. 10.  Influence of the profile thickness and the initial material temperature
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7  Summary and Outlook

In this paper, a process simulation tool with a new kinetic model for the exothermic 
reaction of polyurethane systems has been presented. The model is able to predict the 
evolution of material temperature and degree of cure for a broad range of initial mate-
rial temperatures. It also takes the deceleration of the reaction in the later stage due 
to the reactants’ hindered mobility into account. The model parameters were altered 
to fit to temperature and NCO conversion measurements in neat resin samples with 
different initial material temperatures. The reaction kinetic model was utilized in 
a 3D simulation tool to predict heat transfer and cure phenomena in the pultrusion 
die. Although some simplifications were made, such as constant material properties 
and no shrinkage of the profile, comparison of simulation runs with on-line temper-
ature measurements during pultrusion trials shows good agreement despite an almost 
constant offset which at least partly can be attributed to inaccuracies in experimen-
tal measurement. The process simulation tool was used to predict the degree of cure 
and temperature within a flat profile along the pultrusion die depending on line speed, 
die temperatures, profile thickness and initial material temperature. It was shown that 
production speed has a significant influence on the average degree of cure at the die 
exit as well as the length and position of the gel zone, which at least partly can be 
compensated by die temperature adjustments. In addition, the degree of cure and the 
temperature in the profile are influenced by the profile thickness, whereas the initial 
material temperature does not have a significant effect.

To reach better agreement between simulation and measurement, variable material 
properties and non-ideal heat transfer between die and profile can be incorporated in 
the model in future. The simulation tool then can be used to optimize the process con-
ditions for a given profile to reach optimum part and process quality at the highest line 
speed possible.
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Abstract.  Bulk molding compounds (BMC) are short fiber reinforced polyes-
ter molding compounds and mostly processed by injection molding. They con-
sist essentially of polyester resin, styrene, additives, fillers and glass fibers and 
are fabricated in a conventional Z-kneader by mixing the resin and the solid 
fillers. Due to its doughy and moist consistency BMC requires force feeding 
to the barrel of the injection molding machine by a piston or screw stuffer. 
Furthermore, the raw material has a limited shelf life and needs special stor-
age conditions. Because of the considerable proportion of volatile styrene, the 
dwell time of the material during processing is an important parameter. In this 
study the styrene loss is quantified during the injection molding production 
with a screw stuffer and evaluated for different loading scenarios. As a result, 
an assistance machine function is developed which optimizes the load opera-
tion in order to reduce the impact of styrene loss.

Keywords:  BMC · Injection molding · Styrene evaporation

1  Introduction

Polyester molding compounds form a quarter of Europe’s glass fiber reinforced plas-
tics production [1]. Bulk molding compounds (BMC) are short fiber reinforced pol-
yester molding compounds and mostly processed by injection molding. Due to their 
excellent mechanical and electrical properties as well as very good thermal and 
dimensional stability, BMC have been developed and used mainly for the produc-
tion of automotive reflectors, cylinder head covers, tailgates and especially electronic 
applications. Additionally, the flexibility in formulation and the broad property profile 
at low costs offer a high potential for BMC to be used in further sectors and particu-
larly for substituting metal parts [1, 2]. However, there are several particularities that 
make BMC injection molding susceptible to instabilities. Examples are sensitive stor-
age conditions, volatile additives, its limited shelf life, the defined curing conditions 
and possible batch variations. Furthermore, the development progress and investiga-
tions of process to part correlations in the past were mainly project specific and not 
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universally usable [3–5]. In order to enable a reproducible and quality assured process 
chain a comprehensive knowledge of the correlations between process parameters and 
the part properties is required [4].

Unsaturated polyester resins are oligomeric linear molecules with reactive double 
bonds and are used as coatings since the 1920s. Initially described in the invention 
of Ellis and Foster in 1936 they are solved in the reactive diluent styrene [6], which 
acts as a solvent for the viscosity modification and as reaction partner for the radicalic 
copolymerization with the unsaturated polyester resin. The reactivity of the resin is 
dependent on its styrene content to a certain extent due to an increasing share of dou-
ble bonds [7], which leads to a higher glass transition temperature [8]. The reaction 
is started by an initiator, mostly organic peroxides, which are initially consumed by 
an inhibitor. The reaction starts after an induction time depending on the initiator and 
inhibitor ratio causing a viscosity and an exothermic temperature increase, which are 
well investigated and described by mechanistic kinetic models [9–15].

The initial viscosity of the polyester resin is modified by using magnesium oxide 
as a thickening agent. For a further viscosity increase and cost reduction silanized 
CaCO3 is added as a filler up to 60 wt%. Glass fibers provide most of the mechanical 
strength to the compound up to a content of 25 wt% [16, 17]. Polymerisation causes a 
shrinkage of 7–10% of the resin, which depends on the conversion degree [18–20]. By 
adding low-profile-additives (LPA), in styrene dispersed thermoplastic additives, the 
shrinkage of the polyester resin is overcompensated by the formation of a two-phase 
structure and microvoids [19–21]. Furthermore, the shrinkage is reduced by the volu-
metric proportion of fillers [22, 23].

Bulk molding compounds are doughy and moist materials, which are fabricated in 
a conventional Z-kneader by mixing the resin and solid fillers. Afterwards, the com-
pound is portioned and packed into sealed bags in order to reduce styrene evaporation. 
Due to its high vapor pressure styrene is classified as a volatile organic compound 
[23, 24]. Additives such as paraffins are used to reduce dynamic emissions by build-
ing a tight skin [25]. The bags have to be transported and stored at temperatures of 
15–20 °C in order to prevent an early degradation of the inhibitor. Due to the gradual 
styrene loss and inhibitor degradation their shelf life is limited [16, 17]. After opening 
the bag styrene is evaporating, which leads to a weight loss of the raw material [4].

Due to its raw material condition BMC requires force feeding to the barrel of 
the injection molding machine by a piston stuffer or screw stuffer [1, 26]. The pis-
ton stuffer pressurizes the material in a cylinder with a constant stuffing pressure, 
which reaches up to 40 bar dependent on the material and is measured as well as con-
trolled at the feed port to the plastification unit. The wear and stress on the fibers as 
well as the styrene emission are very low, as the piston is sealed. However, at high 
material throughputs the piston stuffer reaches its limits since the material charging 
takes some time and makes the process discontinuous [26]. The screw stuffer oper-
ates continuously and is demonstrated in Fig. 1 (KraussMaffei Polyload AZ 100). The 
bulks are charged through the flap of the storage tank (2) to the electrically driven 
(5) hopper (3). During the dosing phase the material is transported by the electri-
cally driven (1) rotating feeding screw (6) to the plastification unit. Simultaneously, 
the counter-rotating movements of the hopper ensure a homogeneity of the material 
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and a self-cleaning of the machine unit [26]. At the feed port a pressure sensor (4) 
is located, which is used to control the feeding screw speed. This control method 
ensures a constant flow rate [27, 28]. An additional screw stuffer includes a fixed hop-
per and two opposite rotating screws [29]. Both screw stuffing systems can be refilled 
continuously and automatically [30] with virgin material in order to reduce the dwell 
time and hardening of the material because of styrene loss [1, 26].

In this study the styrene loss is quantified and evaluated for different loading sce-
narios during the injection molding production with a screw stuffer. Furthermore, an 
assistance machine function is developed which optimizes the load operation in order 
to reduce the impact of styrene loss.

2  Experimental

The focus is set on the quantification of the styrene loss, occurring from unpacking of 
the bulk and its loading into the hopper up until the demolding of the part. Hence, the 
material type, the storage conditions, process parameters and mold are kept constant. 
Only the dwell time of the rough material in the hopper is changed by varying the 
time and amount of bulks during reloading phase. The effect of styrene evaporation on 
the chemical reaction during molding is not part of this study. All trials are carried out 
with one BMC formulation containing 65 wt% mineral fillers and 10 wt% glass fibers, 
which is mainly used for the serial automotive light reflector production. The mold 
geometry forms a test specimen, which consists of two tension bars, bending arms and 
notched bars, symmetrically placed to the gate (Fig. 2).

Fig. 1.  Screw stuffer AZ 100 Polyload, equipped with a electrically driven (5) hopper (3), a 
storage tank (2), an electrically driven (1) rotating feeding screw (6) and pressure sensor (4) at 
the feed port
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First, the processing of two bulks (30 kg) at constant process settings is inves-
tigated on a KM 200–750 CX PolySet injection molding machine equipped with a 
special BMC screw (diameter 50 mm), a non-return valve and a watercooled barrel 
as a reference. The feeding system is a screw stuffer Polyload AZ 50 with a hopper 
volume of 50 l and activated stuffing pressure control. The mold is electrically heated 
up to 160 °C. The bulks are thrown in at the beginning and processed until they are 
completely consumed.

In the next step four bulks with two different loading scenarios (visualized in 
Fig. 3) are processed using the same process settings. The batch packing of BMC 
causes the shown saw tooth reloading profile. Initially, the hopper is loaded with two 
bulks. After 100 cycles a third bulk is added. In the series (a) the hopper is refilled 
after additional 150 cycles and in (b) after additional 100 cycles. Afterwards the hop-
per is completely emptied.

The styrene loss is evaluated by gravimetric analysis of the part. The whole speci-
men and one tension bar of all cycles are measured with a precision scale. The density 
of 20% of all tension bars is measured based on Archimedes’ principle. 20% of the 
tension bars are incinerated in a pyrolysis furnace at 450 °C and weighted. The pre-
cision scale Masterpro LP620S, Sartorius AG, is used for all measurements and has 
an accuracy of 0.001 g. Additionally, the weight loss of the rough material samples is 
measured. In addition, three tension bars of test series (a) are characterized by ther-
mogravimetric analysis (TGA) of TA Instruments. All available sensor signals of the 
injection molding machine and the screw feeding device are recorded.

Fig. 2.  Test specimen consisting two tension bars, bending arms and notched bars

Fig. 3.  Loading scenarios for two test series on a KM 200-750 CX PolySet, AZ50 Polyload
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3  Results

The resulting part weight of the test specimens and one respective tension bar, result-
ing from processing two bulks on a KM 200-750 CX PolySet, AZ50 Polyload is dis-
played in Fig. 4 for 130 consecutive cycles (30 start-up cycles are excluded). Both 
parameters correlate by 96.9% and are rising by 0.90% with a variation coefficient 
of 0.05% for the first 10 parts. In the following, only the tension bar will be regarded. 
The tension bar density increases by 0.87% due to a filler content rise of 0.37 wt% 
with variation coefficients of 0.04% of both values, which is shown in Fig. 5(a). The 
part volume is calculated and compared to the part weight in Fig. 5(b). It stays sta-
ble with a variation coefficient of 0.10%, which indicates that the weight rise can 
be traced back to a higher filler content. Figure 5(c) shows the filler weight of the 
incinerated tension bars and the burnt polymer weight as the difference between the 
part weight before and after the incineration. The polymer weight is decreasing by 
0.85 wt%, whereas the filler weight increases by 1.37 wt%. This indicates, that with 
increasing dwell time more fillers and less resin is injected. Before the hopper is com-
pletely emptied at cycle 100, five raw material samples I were taken from the hopper, 
whose positions are marked in the right picture of Fig. 6, and compared to five sam-
ples II from a packed BMC. The weight loss due to styrene evaporation of the samples 
I and II is presented in the diagram of Fig. 6. The weight loss of the samples I from 
the hopper is 0.20% lower compared to the samples II from the package with a total 
weight loss of 8.85 wt%. The variation coefficient of the first measurements of sample 
II is higher due to local mixture differences in the hopper. Presuming no styrene res-
idue after 150 h 2.25 wt% of styrene has already evaporated from the raw material in 
the hopper.

Fig. 4.  Weight of the test specimen and one respective tension bar resulting from the 
processing of two bulks
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Fig. 5.  Density and filler weight content (a), tension bar weight and volume (b), filler and 
polymer weight of incinerated tension bars (c)
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In the next step the average dwell time of the material in the hopper is changed by 
varying reloading profiles. In Fig. 7 the tension bar weight is compared to the density 
measurements and the resulting part volume of the test series (a), presented in Fig. 3. 
The weight and density are increasing until reloading of the second bulk at cycle 250. 
As soon as fresh material is processed, weight and density decrease rapidly to their 
initial value and rise again, when the hopper is completely emptied. The maximal 
weight and density increase are 0.85% and 0.74% at a variation coefficient of 0.10% 
for the first 20 parts. The part volume stays constant with a total variation coefficient 
of 0.10%. Additionally, the weight and its derivative of sample 1 from cycle 50 and 
sample 2 from cycle 350 in dependence of the temperature are measured by TGA in 
Fig. 8. The first weight decrease I at approx. 365 °C marks the polymer decomposi-
tion, whereas the second drop II at approx. 750 °C is induced by the decarboxylation 
of CaCO3 to CaO and CO2. The residue consists of CaO and glass fibers, whose pro-
portion is measured by CO2 evolution. Sample 1 decomposes generally at lower tem-
peratures and is composed of 20.60 wt% polymer, 68.71 wt% CaCO3 and 10.69 wt% 
glass fibers. Sample 2 consists of 20.26 wt% polymer, 68.94 wt% of CaCO3 and 
10.80 wt% glass fibers, which shows a decrease of 1.68% of polymer and an increase 
of 1.35% of fillers from the beginning to the end of test series (a). This indicates, that 
more fillers and less resin are injected due to styrene loss.

In Fig. 9 the tension bar weight is compared to the density measurements and the 
resulting part volume of the test series (b) with an earlier loading of the second bulk 
at cycle 200 compared to trial (a). Part weight and density show a slight increase of 
0.40% and 0.35% at cycle 200 and a rapid rise by 0.85% and 0.79% up until the end 
of the test series, respectively at a variation coefficient of 0.10%. Part volume is con-
stant with a variation coefficient of 0.10%. Compared to test series (a) the maximal 
part weight and density increase have the same relative value but appear later and 
affect less parts. Concluding, the current proportion of unpacked and virgin material 
in the hopper influence the effect of styrene evaporation on the part composition in 
dependence of the reload timing. This becomes visible at a certain filling level of the 
hopper, which can be compensated by a defined reloading routine.

Fig. 6.  Weight loss of samples taken from an unpacked bulk (sample I, n = 5) and from hopper 
at cycle 100 (sample II, n = 5), position marked in the right picture
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Fig. 8.  Weight and its derivative over temperature of sample 1 and sample 2 from test series (a)

Fig. 7.  Tension bar weight, density (a) and part volume (b) for reloading variation (a)
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Figure 10 demonstrates the average drive torque of the hopper for test series (a) 
and (b). According to the Newtonian equation of motion the torque T of a rigid rotat-
ing body is the product of its inertia moment I and the angular acceleration α. The 
torque of the conical rotating hopper T with the mass mH and the radii rmin and rmax, 
loaded with a mass m at the radius r is described by Eq. (1). A decreasing loaded mass 
m at a resulting lower fill level with smaller radius leads to a decreasing torque T at a 
constant angular acceleration α by neglecting the starting torque due to friction.

Therefore, the drive torque signal of the hopper can be used as a continuous display 
of the loaded mass. The drive torque in Fig. 10 correlates to the reloading profile in 
Fig. 3 as the torque decreases during the material consumption and increases as soon 
as a bulk is reloaded. Below 3 Nm the torque decreases rapidly. From this point on 
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Fig. 9.  Tension bar weight, density (a) and part volume (b) for reloading variation (b)
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an increase in part weight and density is visible in Figs. 7 and 9. At the end of the 
test series the torque is constant and the remaining material dwells on the feeding and 
plastification screw until it is completely used up.

4  Discussion

The results show a gradual increase of part weight due to a higher filler proportion 
and lower amount of injected polymer at a constant injected compound volume. The 
unpacked raw material loses volatile styrene, which is indicated by a gradual weight 
loss over time. This may lead to the assumption that the effect appears with a longer 
material dwell in the hopper. But the part weight rise is not as gradual as the dwell 
time of the material in the hopper. Since it appears at a certain point, the effect of 
styrene loss is compensated and delayed by reloading the hopper and mixing the 
unpacked dried material with fresh material. The valuation of the hopper drive torque 
allows a continuous display of the fill level of the hopper. As soon as a critical fill 
level is reached, the effect of styrene loss and a different material composition of the 
part becomes visible. After this point, the torque decreases rapidly. At a high filling 
mass in the hopper the material is mixed by the hopper rotation. Before the hopper 
is emptied at a low filling mass, the material sticks to the inner surface of the hopper 
without relative movement, leading to a large exposed surface of the material. The 
hopper torque further decreases and the material is pulled-in gradually by the feeding 
screw. The styrene loss of residual material in the hopper leads to a linear increase of 
the part weight. An undershot of a hopper torque of 3 Nm signals material sticking 
to the hopper surface. In order to prevent this effect, raw material should be reloaded 
to cause blending of the material in the hopper. The hopper torque signal as a dis-
play of the filling level can be used as an alarm for refilling in order to prevent the 
effect of styrene loss. The effect of styrene loss on further part characteristics such as 

Fig. 10.  Average drive torque of hopper of test series (a) and (b)
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mechanical properties, the degree of conversion and the volume shrinkage are evalu-
ated in prospective analysis.

5  Conclusion

Bulk molding compounds (BMC) essentially consist of polyester resin, styrene, addi-
tives, fillers and glass fibers and are fabricated in a conventional Z-kneader by mix-
ing the resin and the solid fillers. Because of the considerable proportion of volatile 
styrene, the dwell time of the material in the hopper during processing is an impor-
tant parameter. In this study the styrene loss is quantified during the injection mold-
ing production with a screw stuffer and evaluated for different loading scenarios. The 
results show a gradual increase of the part weight due to a higher proportion of fillers 
and lower amount of injected polymer at a constant injected compound volume. By a 
defined reloading routine, the effect of styrene evaporation can be reduced, as fresh 
and unpacked material is mixed with already dwelled material. Monitoring the hopper 
drive torque allows a continuous display of the fill level of the hopper. This signal 
could be used by an assistance machine function, which optimizes the load operation 
in order to reduce the impact of styrene loss.
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Abstract.  According to Witten [55], the market for fiber-reinforced plas-
tics has been growing steadily in recent years due to advantages such as the 
combination of lightweight construction, high design freedom and functional 
integration. The fiber composite parts are exposed to various environmen-
tal conditions during their service life, which lead to an aging of the materi-
als and an accompanying change of the material properties up to pre-failure of 
the components. Therefore, the scope of this article is to investigate the aging 
behavior and the resulting property changes of selected continuous fiber-rein-
forced thermoplastics. In addition, an ultrasonic measuring system is presented 
with which age-related property changes of continuous fiber-reinforced ther-
moplastics can be determined non-destructively during service. A PP, PA6 
and their respective reinforcements with continuous glass fibers in the form 
of composite sheets were aged in a saline solution at 90 °C up to 3000 h and 
then examined destructively and non-destructively. The age-related property 
changes could be determined. Both the conventional destructive and the ultra-
sonic-based non-destructive measuring methods showed qualitatively consist-
ent results. Only the absolute values were overestimated with the ultrasound 
method, since this, in contrast to quasi-static destructive testing, takes place in 
high frequency ranges.

Keywords:  Aging · Non-destructive · Ultrasound · Hydrothermal · Fiber-
reinforced thermoplastics

1  Introduction

The strong intention of the automotive industry to produce resource-saving and ener-
gy-efficient vehicles is one of the main growth drivers for lightweight construction. 
This is primarily due to the current climate debate and the resulting legal regulations, 
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which oblige OEMs to produce vehicles with a maximum CO2 emission of 95 g per 
km by the year 2020 [19, 52].

The traffic sector’s share in global CO2 emissions as determined by the 
International Energy Agency (IEA) is, in total, 24% [2]. Hence, fiber-reinforced plas-
tics are of particular importance as they represent one of the major approaches to 
reduce CO2 in automotive construction. According to Vogt et al. [53], it is estimated 
that by 2035 the proportion of polymers and FRPs in cars will be approximately as 
high as that of conventional steel and higher than that of aluminum, at around 20% 
and 15% respectively.

Thermosets or thermoplastics are generally used as matrix materials for fiber com-
posite plastics, whereby thermoset matrix materials still dominate the market. The 
thermoplastic-based continuous fiber-reinforced plastics – also called composite sheet 
– are gaining importance because the properties and the processing of this group of 
materials are particularly favorable. Generally speaking, composite sheet parts are 
versatile and range from simple cladding elements in the car interior to load-bear-
ing or safety-relevant components in the exterior [26, 51]. Examples are seat shells, 
door modules, front-end modules, airbag housings, pedals, underbody protection and 
bumpers [7, 12, 47]. The matrix material is usually a polyamide or polypropylene. 
Apart from that, parts based on continuous fiber-reinforced plastics are already being 
utilized in the aviation industry. However, high-priced, high-performance thermo-
plastics such as PEEK or PPS are used as matrix to meet the extreme thermal and 
mechanical requirements of the aircraft industry. The wing’s front edge on the Airbus 
A340 represents a corresponding application example [8, 24].

1.1  Influence of the Fiber-Matrix Boundary Layer on the Composite 
Material

The synergy effects of a fiber composite can only be achieved if the individual com-
ponents fiber and matrix adhere optimally to each other. Since the chemical affinity 
between the partners is generally not guaranteed, a chemical modification on the fiber 
or matrix side is necessary. In practice, the most common solution is to apply a size to 
the glass fibers. The size has to be adapted to the respective components and the sub-
sequent processes to semi-finished products. Primarily, the fibers need to be protected 
from abrasion or friction and moisture during further processing. In addition, the indi-
vidual filaments should be held together to form a more manageable roving and also 
ensure adhesion to the matrix [15, 30]. The latter is, depending on the composition of 
the size, not always the case, which means that the textile sizing agent has to be ther-
mally removed after weaving and the fiber prepreg has to be saturated with a finish 
containing bonding agent. So-called plastic sizes are a compromise between a textile 
size and a finish [46].

The size is a multi-phase system which is applied as an aqueous emulsion dur-
ing the spinning process of the filaments. The main constituents are one or more 
film-forming agents and bonding agents. Furthermore, lubricants, wetting agents and 
antistatic agents can be incorporated to ensure improved processability of the fiber 
roving in subsequent processes [44, 50].
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The film-forming agent’s tasks is to completely cover the glass fiber surface with 
a thin film so that the fibers stick together and are protected against mechanical stress. 
In order to ensure optimum compatibility with the later matrix polymer, suitable, 
chemically similar polymers are used as film-forming agents. Thus, polyurethanes are 
used for polyamide matrices and polypropylene film-forming agents are used for PP 
matrices [31, 44].

Organofunctional silanes are typically used as bonding agents. They increase the 
adhesion between fiber and matrix to create a composite. The silanes are hydrolyzed 
to silane oils and subsequently condensed to siloxanes. These can be bonded to the 
silane oils of the glass surface via hydrogen bonds. By splitting off water, they can 
then be converted into covalent bonds which stabilize the coupling between the adhe-
sion agent and the glass surface [27, 38, 39].

The sizing system consists, to a large extent, of water which accounts for approx. 
80–95% by weight. The water is removed by a drying process after application so 
that the fibers are covered with the remaining multi-phase system. The coating is dis-
persed inhomogeneously so that the resultant surface roughness and the accompany-
ing increased surface area have a positive effect on the composite’s properties [3, 56].

The second possibility to provide the necessary adhesion between the fiber com-
posite components is to modify the matrix. This variant is predominantly used with 
non-polar plastics such as polypropylene, because the adhesion can only be attained 
to a limited extent via hydrogen bonds. During polymer synthesis, maleic anhydride 
groups are grafted onto the PP, which can react with the OH groups on the glass fiber 
surface. This enables a covalent and a hydrogen bond to be formed between the glass 
fiber and the maleic anhydride group [15, 31].

1.2  Aging of Fiber-Reinforced Thermoplastics

On condition that fibers and matrix adhere well to one another, a wide variety of com-
ponents can be developed and produced from the fiber composite plastics. They are 
used in many different applications and are exposed to all kinds of individual environ-
mental influences during their service life including, for example, temperature change, 
moisture, UV radiation, salt-containing media and mechanical loads. These result in 
physical and chemical aging processes in the material and influence the respective 
material properties [14, 41].

According to standard DIN EN ISO 50035, physical aging is one or several pro-
cesses that take place by altering the microstructure or the molecular order state, pro-
vided that chemical aging processes are not the cause. Aging processes involving a 
change in the chemical composition or the molecular structure or molecule size of the 
material are defined as chemical aging. These include, for example, oxidation, chain 
degradation, hydrolysis, post-condensation and post-polymerization [40].

A comprehensive look at the aging process of fiber-reinforced plastics can only be 
carried out with all the components involved. Accordingly, the reinforcing fibers and 
the fiber-matrix adhesion have to be considered, since the failure behavior of the com-
posites is determined by these factors [9].
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In the dry state, failure of the fibers themselves often predominates. Aging pro-
cesses of the matrix do not influence the fiber-matrix adhesion here. However, if mois-
ture or other fluid media are present, the glass fibers can be partially exposed and the 
fiber-matrix adhesion can be diminished. The size system is of great importance for 
fiber-matrix adhesion. The better the sizing agent performs at elevated temperatures 
and high humidity, the more resistant the fiber-reinforced plastic is to hydrothermal 
aging. Exposed fibers that are in direct contact with the media can be damaged by 
them [16, 49].

With regard to the application of fiber-reinforced plastics, it can be stated that age-
ing processes have a proven negative impact on the mechanical material properties of 
composites. This influence has been investigated and characterized for thermosets and 
especially for continuous fiber-reinforced thermosets in great detail in various differ-
ent studies [13, 22, 29, 36, 42].

Numerous studies are also known on the topic of unreinforced and discontin-
uously fiber-reinforced thermoplastics, all of which show a deterioration of the 
mechanical properties over aging [10, 17, 18, 20, 21, 32, 40, 48, 54]. The resultant 
effect is always strongly dependent on the prevailing ambient conditions and the 
respective material configuration. Bergeret et al. [5, 6] and Sayer [45], for example, 
examined the influence of hydrothermal aging on the mechanical properties of fib-
er-reinforced polyamide PA 6.6, polybutylene terephthalate (PBT) and polyethylene 
terephthalate (PET) and also found a significant decrease in the mechanical proper-
ties. The same applies to the studies by Rudzinski [44], Maeder [31] and Lariviere 
[27], who focused on the resistance of different size systems to various ambient 
conditions.

Only a few published studies are currently known for continuous fiber-reinforced 
thermoplastics. Bergamo et al. [4], for example, have studied the influence of material 
moisture on the mechanical properties of glass fabric-reinforced thermoplastics based 
on PA 6.6, but did not examine the material-damaging aging over a prolonged period. 
Arici [1] studied the hydrothermal aging behavior of carbon and glass fiber-reinforced 
PEI, in which, however, under long-term changing climate conditions, no influence 
on the mechanical properties was detected. Neft [37] subjected glass fiber laminates 
with a PP matrix also to changing climate tests and observed a slight decline in the 
mechanical data. Robert et al. [43] also examined the aging behavior of glass fiber PP 
laminates under hydrothermal load through immersion in water and was able to show 
that the mechanical properties can decline by up to 40%. Some studies by the authors 
[33–35] also show that, for continuous glass fiber-reinforced polyamides, reduced 
material properties result from a hydrothermal load that can be attributable to reduced 
fiber-matrix adhesion.

At present, there are only very few known publications that deal with the aging-re-
lated long-term behavior of types of continuous fiber-reinforced thermoplastics that 
could potentially be used in the automotive and aviation industries. Yet, precise infor-
mation about the long-term behavior of these materials is of elementary importance 
for their use in safety-related applications. Only in this way can the range of applica-
tion of these materials be successively extended.
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Apart from a knowledge of the effects of aging on continuous fiber-reinforced 
thermoplastics, it is also important to develop test methods with which material dam-
age can be non-destructively detected [25]. This is the only way to ensure that the 
safety-related and in some cases cost-intensive parts can be replaced before failure. 
Several non-destructive test methods for detecting defects or mechanical damage 
already exist that are also suitable for fiber-reinforced components. However, they 
cannot detect environment-related material aging before significant macroscopic dam-
age occurs.

A more precise knowledge of the long-term behavior of these materials and the 
possibility of non-destructive tests on the deterioration of material properties over 
time would significantly increase their acceptance in industry and thus offer new 
potential for application.

2  Experimental Investigations

In order to reduce the complexity of the environment-related ageing mechanisms, 
only the hydrothermal aging process is considered in the present study. In particu-
lar, polycondensation-based thermoplastics show a high level of susceptibility to the 
effects of hot water, as the ensuing hydrolysis reaction splits the polymer chains. For 
this reason, aging experiments are carried out in which a variety of homogeneous pol-
ymers and composite sheets are aged at a constant temperature of 90 °C in a sodium 
chloride/water mixture for up to 3000 h. The salt concentration is set at a constant 
50 g/L and is determined at regular intervals of approx. 3 days using a refractometer. 
Since the water in the solution evaporates slowly, water must be added if necessary. 
Table 1 shows the investigated materials and their differences in properties.

In addition to polyamide materials susceptible to hydrolysis, equivalent poly-
propylene materials are also examined. The aim of this is to effectively eliminate 
hydrolysis-related chain degradation and the influence of moisture on the mechani-
cal properties, so other effects may be observed. The polyamide and polypropylene 
composite sheet examined here have identical fabric types of glass roving with a 
weight per unit area of 600 g/m2, so that only the fiber size is adapted to the respective 
matrix type. The fiber volume content, the twill, the fiber undulation and the laminate 
thicknesses (3 mm) are thus quasi-identical for the materials Tepex 102 RG600 (PA6-
based) and Tepex 104 RG600 (PP-based).

Table 1.  Investigated materials

Material Synonym Fiber content No. of layers

Moplen HP 500V PP - -

Tepex 104 RG600 PP-CS 47 Vol.-% 6

Durethan B30S PA6 - -

Tepex 102 RG600 PA6-CS 47 Vol.-% 6
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The composite sheets are aged and characterized in a fabric orientation of 0°/90° 
to the loading direction. For the chemical, physical, mechanical and acoustic measure-
ments, identical specimens are used. The measuring methods used for material char-
acterization are listed in Table 2.

In addition to the mechanical tensile properties, the polyamide-based materials are 
tested with regard to their molecular change over time. For this, solution viscometry is 
used and the viscosity number is determined, which represents a measure for an aver-
age molecule chain length. By means of scanning electron microscopy, the fiber-ma-
trix adhesion of the fracture surfaces is also examined.

The non-destructive testing is carried out by an ultrasound-based measurement 
method, with which, among other things, the material’s characteristic wave velocities 
can be determined by applying an inverse procedure. The strong material depend-
ence of Lamb wave modes in plate waveguides is exploited. The measuring system is 
shown in Fig. 1.

In the sheet specimens, photo-acoustic ultrasound waves are excited by a pulse 
laser (225 µJ, 3 ns per pulse). These waves propagate through the material and are 
detected with a piezo-electric ultrasound transducer. The excitation of the ultrasound 

Table 2.  Used test methods

Value Test method Norm

Viscosity number Solution viscosimetry DIN EN ISO 307

Tensile strength
Young’s modulus

Tensile test DIN EN ISO 527

Fiber-matrix-adhesion Scanning electron microscopy -

Ultrasound wave velocities Ultrasound measurement -

Piezoceramic receiver

Specimen

Lens

Mirror

Linear axis
= 337.1 nm MNL 103-PD

N2-Laser

Fig. 1.  Ultrasound-based non-destructive measurement system [11]
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waves is carried out at different positions so that spatially resolved measuring data is 
generated.

The longitudinal and transverse wave velocities can be determined from the data 
using a two-dimensional Fourier transformation and a suitable material model. With 
the help of these values it is possible to calculate the Young’s modulus [23]. For 
the composite sheets examined in the present study, a linear-elastic and orthotropic 
material model was chosen and the material was assumed to be macroscopically 
homogeneous.

The determined ultrasound wave velocities can, by including the material den-
sity, be converted into the elasticity modulus through the following functional relation 
[28]:

E: Young’s modulus
cT: transverse wave velocity
cL: longitudinal wave velocity
ρ: density

In [23] it was shown that since the wave velocities mentioned above depend on the 
direction of wave propagation with respect to the fiber orientation, a consistent ortho-
tropic material model can be identified if multiple propagation paths are investigated. 
From this model, the direction-dependent elasticity modulus can be evaluated for 
 arbitrary orientations and displayed, for example, in polar diagrams, as is typical for 
fiber-reinforced composites.

In this way, the aging-related changes in the properties of the composite sheets is 
determined in the present study.

3  Results and Discussion

The results of the experiments show that the influence of hydrothermal aging on the 
chemical and physical properties of the unreinforced polymers and composite sheets 
with an analog matrix is in principle comparable, but has different effects on the 
mechanical properties.

For the polyamide 6 materials, a reduction of the average chain length due to the 
hydrolysis reaction was shown as can be seen by a decreasing viscosity number. In 
Fig. 2, the viscosity numbers standardized to the starting condition are shown for the 
unreinforced and fiber-reinforced PA 6 over time.

In addition, the molecular weight loss was validated by additional Gel permeation 
chromatography (GPC) measurements and a determination of the average molecular 
weight. Figure 3 shows the comparison between the viscosity numbers (VN) and the 
average molecular weights (MW) in a normalized representation.

Taking the standard deviation into account, the chemical properties of the non-re-
inforced polyamide and the relevant composite sheet change approximately to the 
same extent over the period under investigation.
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The results from the mechanical characterization show different effects. For this, 
the tensile strengths of the materials in relation to aging time are shown, also in nor-
malized form, in Fig. 4.
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Whereas the non-reinforced PP shows virtually no change in mechanical strength, 
the strength of the PP composite sheet decreases significantly over time. The constant 
tensile strength of the non-reinforced polypropylene over the aging period confirms 
the assumption that the hydrothermal aging does not have any significant influence on 
the properties of this material.

Comparing the non-reinforced polyamide with the respective composite sheet, it 
can be seen that the strength of the unreinforced material also changes. This is attrib-
utable not only to the declining molecular weight but also to the softening effect 
of water stored in the material, which cannot be avoided even despite pre-drying. 
Moisture measurements confirm an increased moisture compared with the starting 
condition, which however is virtually constant after 250 h. The image after 1000 h 
shows a slightly reduced moisture, which is also reflected in a higher strength value of 
the non-reinforced PA 6, and can be classified as a statistical outlier. For simplicity, a 
detailed presentation of the moisture is omitted here.

To explain the changes in the mechanical properties of the composite sheets, the 
entire composite material has to be investigated. Apart from the polymer matrix, the 
glass fibers and especially the fiber-matrix adhesion are influenced by aging mecha-
nisms. The fiber-matrix adhesion – which is ensured, for example, by the application 
after fabric production of a suitable bonding agent containing size – can be visualized, 
among other things, by scanning electron micrographs. For the examined composite 
sheets SEM pictures show that the fiber-matrix adhesion decreases significantly over 
the aging period, so that the reduced mechanical data can also be explained. Figure 5 
shows as an example the fracture surfaces of the examined composite sheets and illus-
trates the declining fiber-matrix adhesion through aging, highlighting selected points 
in time. The images were taken without any special sample preparation after the 
mechanical tests.
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Whereas in the unaged condition, the fibers of both types of composite sheet are 
still covered with polymer matrix (dark areas in Fig. 5), the fibers (bright areas in 
Fig. 5.) are exposed increasingly during the aging period. Due to the reduced adhe-
sion between fibers and matrix, the occurring stresses can no longer be completely 
absorbed and transmitted, which leads to a prematurely failure of fiber-plastic com-
posites. The effect of the deterioration in resistance is significantly more pronounced 
and more critical for the PP-based composite sheets than for the PA6-based composite 
sheets. This can be attributed to the fact that the sizing system between the polyam-
ide and the glass fibers must be generally resistant to the effect of water and must be 
adjusted accordingly [44]. The hydrophilic character of the polyamide necessitates a 
constant presence of water molecules in the material, against which the fiber-matrix 
adhesion must be protected. Because polypropylene can absorb only very little water, 
protection against water is only necessary to a limited extent. Furthermore, the fib-
er-matrix adhesion between PP and glass fibers can only be guaranteed through addi-
tional modifications, because of the non-polar character of the polymer.

For this reason, on the matrix side, a PP is used which is specially grafted with 
maleic anhydride groups (MAH), with the MAH groups ensuring adhesion to the 
glass [15, 27]. In addition, a PP film-forming agent is typically used in the sizing sys-
tem in order to increase the compatibility to the PP matrix [31, 44]. If this size is 
degraded or damaged, for example by aging processes, an adequate fiber-matrix adhe-
sion can no longer be guaranteed.

On the other hand, the effect of the deterioration proves to be less significant for 
the composite sheet’s respective values of Young’s modulus. The time dependence is 
illustrated in Fig. 6, in normalized form.

The Young’s modulus is typically determined in the linear-elastic range (up to 
0.25% elongation) of a material, so that the material experiences a relatively low 
stress. The acting forces can still be adequately absorbed by the existing fiber matrix 
adhesion, so that there is only a small reduction of this value over the aging period.
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Fig. 5.  SEM of the fracture surfaces of the composite sheets over the aging time
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However, the determined minor changes in Young’s modulus can also be detected 
with the non-destructive ultrasound measuring system. The graphs of the mechani-
cally (destructively) and the acoustically (non-destructively) determined data are plot-
ted for the two composite sheet types in Fig. 7 for PA 6 and in Fig. 8 for PP.

Considering the respective standard deviations, the results show that the curves for 
both composite sheet configurations show an adequate level of conformity. Not only 
the immediate decline in the Young’s modulus for the PA6-based composite sheet 
but also the declining Young’s modulus of the PP composite sheet after 1000 h are 
detected by the ultrasound measurements.
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Overall, it can be said that the acoustically, non-destructively determined values of 
Young’s modulus are higher than the destructively determined values. A comparison 
of the normalized values determined with the respective measuring process is shown 
in Fig. 9. The deviations are within 10%.
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This can be attributed to the fact that the acoustically determined elasticity mod-
uli are generally up to 3 GPa above those of the mechanically determined values. 
The overestimation is due to the fact that the relevant excitation frequencies are sig-
nificantly different. Whereas in the mechanical tensile test, a quasi-static excitation 
occurs, the materials for the ultrasound measurements are excited in the megahertz 
range. Higher frequencies result in an effective stiffening effect due to the viscoelas-
tic nature of the materials (see also: time-temperature superposition). Hence, a direct 
comparison between the results of the two measuring processes is only possible to a 
limited extent, as viscoelastic behavior was neglected in the acoustic material model. 
For future works, this model will be adapted accordingly. Nevertheless, a qualitative 
comparison of the normalized curves for Young’s modulus is also easily possible in 
this way, so both procedures yield the same information about the (relative) material 
degradation process.

4  Conclusion and Outlook

Based on the results it can be summarized that the aging behavior of composite sheet 
exerts a considerable influence on the mechanical properties. In particular, the fib-
er-matrix adhesion is significantly weakened in all examined materials, thereby reduc-
ing mechanical strength and resistance. The aging effects resulting at microscopic 
level are, in principle, very similar for non-reinforced polymers and composite sheet 
of the same matrix type. However, because of the heterogeneity and the additional 
influences of the other material components, the influence on the resultant mechanical 
properties is of a different form.

In addition, it was shown that the aging-related changes in Young’s modulus can 
also be measured non-destructively by means of an ultrasound measuring system. 
This possibility will be developed further in subsequent projects so that even more 
accurate conformity between the results can be ensured.
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Abstract.  Motivated by the concept of the integrative production systems, 
the hybrid process of polymer injection molding and sheet metal forming, 
known as polymer injection forming (PIF), has been introduced to manufac-
ture sheet metal-polymer components in a single operation. Despite the wide 
potential application of this technology, its implementation in actual industrial 
production has been hindered due to several challenges; a thick layer of pol-
ymer where there is deep deformation, non-uniform deformation due to pres-
sure loss and the opposite phenomena of shrinkage and springback. To mitigate 
these practical issues, the novel idea of integrating supercritical fluid (Sc.F.) 
technology with the PIF process is introduced in this work. As the proposed 
technology is a manufacturing innovation, with no available information in the 
literature correlating to this concept, two sets of experiments are designed to 
investigate the feasibility of this integration. In the first set, the effect of blank 
material and shot volume as design variables were investigated over a range of 
Sc.F. weight percentage. To improve the cell morphology in experiments with 
the low-strength sheet material, several other processing scenarios are explored 
in the second set of experiments. The results of this study clearly demonstrate 
the capabilities of this concept manufacturing process in terms of initiating the 
foaming process within the simultaneous injection/forming process, ensuring 
weight reduction (of up to 16%) and complete elimination of issues related to 
shrinkage.
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1  Introduction

1.1  Polymer Injection Forming (PIF)

Hybrid production system (HPS) involves the combination of multiple, diverse mate-
rial systems (i.e. plastics and metals), which is of great interest for the complementary 
characteristics they offer to a single hybrid component [1]. Although several processes 
are used to produce metal-polymer hybrid components, all of them involve issues 
such as a large number of processing steps and limitations in terms of both productiv-
ity and complexity for the component produced [2]. Motivated by the aforementioned 
aspects, a new platform technology has been recently developed to manufacture sheet 
metal-polymer macro composites in a single operation – known as Polymer Injection 
Forming (PIF) [3]. PIF is a hybrid production system that integrates the best-in-class 
manufacturing technologies in polymers and metals, viz., injection-molding and sheet 
metal forming. However, injection molding and sheet metal forming have differing 
physical principles (materials and process levels) and working mechanisms. Hence, 
while combining these methods can lead to increased output – which meets the objec-
tives of using HPS – it is also a challenging initiative [4]. A schematic of the PIF pro-
cess is shown in Fig. 1.

During this process, the sheet metal blank is first placed into the mold cavity, fol-
lowed by the injection of polymer melt. This melt serves as a pressure medium to 
deform/shape the blank during the filling stage of the injection molding process. After 
the injection stage, the polymer-metal joint is also achieved after solidification of the 
system by either thermal bonding, mechanical interlock or adhesive coating [5]. The 
solidified polymer remains as a reinforcing or functional element, depending upon the 
targeted design. PIF improves the production process/cycle by reducing the number of 
production steps while facilitating easy assembly via embedding several functionality 
features into a single product. Only a single tool is needed in PIF, thus greatly reduc-
ing tool costs [6].

Fig. 1.  Schematic of the PIF process



Integration Concept of Injection, Forming and Foaming    207

1.2  Supercritical Fluid (Sc.F.) Assisted Injection Molding

Supercritical fluid (Sc.F.) assisted injection molding is a unique technology in which 
CO2 or N2 in a supercritical state is used to form structural foamed products with 
superior strength-to-weight and cost-to-performance ratios to that of conventional 
injection-molded products [7]. In this process, after solid polymer reaches its molten 
state at the midpoint of the injection molding barrel, Sc.F. is introduced into the barrel 
via an auxiliary metering system. Both Sc.F. and the polymer melt continue through 
the barrel, undergoing shear mixing in which the polymer melt is super-saturated with 
the Sc.F. fluid. This high-pressure single-phase solution is then injected into the mold 
cavity at atmospheric pressure (below the gas saturation pressure). This pressure drop 
below the saturation point triggers thermodynamic instability, inducing cell nuclea-
tion. Cell growth is controlled by gas diffusion rate and the stiffness of polymer-gas 
solution which directly influence the morphology of the part after solidification [8]. 
The benefits of Sc.F. assisted injection molding (SFAIM) technology are listed in 
Table 1 along with a brief reasoning for each benefit [9].

1.3  Supercritical Fluid-Assisted Polymer Injection Forming (SFPIF)

PIF is an HPS with the potential for expanding manufacturing research through the 
creation of multi-material constructs. However, several practical issues hinder its use 
in industrial applications. Comparing these hindrances with the benefits of Sc.F. tech-
nology (Table 1) shows the synergy of integrating these two processes. For example:

• A thick polymeric part resides (after solidification) at the location where the sheet 
is considered to deform deeply by means of melt pressure. This thick layer of pol-
ymer is not desired in conventional injection molding process for multiple rea-
sons: (i) it increases the weight of the part; and (ii) It causes several issues such as 
increasing cooling time, possibility of warpage and local excessive shrinkage or 
sink marks. Such issues were observed in some of our initial experiments as shown 
in Fig. 2(a). Therefore, integration of PIF with Sc.F. technology can maintain the 

Table 1.  A list of benefits achievable by implementing Sc.F. assisted injection molding 
technology

Benefits Reasoning

Part weight reduction Due to creating the foamed core of the injected part

Faster cycles Due to the elimination of packing phase and reduction in 
cooling time

Lower injection pressure Due to lower viscosity of polymer melts with dissolved Sc.F.

Lower clamping force Due to lower injection pressure

Reduced energy consumption Due to the reduction in required injection pressure, clamping 
force and cooling time

Less shrinkage Polymer melts with dissolved Sc.F. tends to expand rather than 
shrink

Less warpage and sink marks Due to the less shrinkage and more uniform cooling condition
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lightweight condition owing to the nature of foaming process and eliminate the 
issues such as warpage and sink marks due to the significantly lesser shrinkage in 
the SFAIM process.

• The flow of polymer melt through a thin channel increases pressure loss along the 
flow path due to the viscous nature of melt. This excessive pressure loss causes 
a non-uniform pressure distribution and consequently non-uniform deformation as 
reported in prior works [10] and schematically illustrated in Fig. 2(b). Therefore, 
combining PIF with Sc.F. injection molding can help overcome this drawback as 
the dissolution of Sc.F. into the polymer melt significantly reduces its viscosity and 
thereby ensures uniformity in sheet metal deformation.

• Shrinkage and springback are common problems in injection molding and sheet 
metal forming, both of which play opposite roles in the hybrid PIF process, induc-
ing significant residual stresses on the contact area that in turn reduces the bonding 
strength and leads to the delamination of sheet metal from the polymeric part (see 
Fig. 2(c)). Although reverse geometrical modification can compensate springback 
in conventional sheet metal forming processes, it is an imperfect solution for the 
PIF process as the injected polymer takes the deformed sheet shape and shrinks 
from that point. Therefore, reducing the residual stress and geometrical instabil-
ity is possible by integrating PIF with Sc.F. injection molding as the polymer melt 
with dissolved Sc.F. tends to expand more (and shrink less), and such less shrink-
age is one of the main benefits of Sc.F. assisted technology.

Given the aforementioned benefits of conducting PIF process with Sc.F. technol-
ogy, SFPIF – the integration of both processes – will yield lightweight, hybrid pol-
ymer-metal components for use in automotive, aerospace, and home appliance 
applications. As the proposed technology is a transformative manufacturing innovation, 
with nothing in literature relating to this concept, two sets of experiments based on dif-
ferent processing scenarios are designed to investigate the feasibility of this integration.

2  Design of Experiments and Process Settings

In the first set of experiments, it was assumed that the optimum process parameters 
of the SFPIF process is identical to that of the regular SFAIM process. Hence, all 

Fig. 2.  Major practical issues associated with the application of the PIF process (Fig. 2(b) was 
reproduced from [10])
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the parameters except the Sc.F. dosing time and shot volume were set based on the 
optimum condition previously obtained in our experiments related to regular SFAIM 
process as listed in Table 2. Unless otherwise mentioned, all parameters listed in this 
table remain identical for all the experiments.

The weight percentage of the Sc.F. (defined by dosing time) was considered as 
one of the plasticizing parameters in order to examine its influence on the deforma-
tion of the sheet metal and the morphology of the final foamed part. Regarding the 
molding parameters, the shot volume was chosen as another variable parameter given 
its direct effect on the depth of deformation and consequently the thickness of the 
polymeric region. Two aluminium alloys (AA1100 and AA6061) exhibiting a signif-
icant difference in the strength and formability were considered for the sheet metal 
blank to investigate the expected effect of the sheet strength on the melt pressure and 
consequently on the cell morphology of the foamed part. The polymer selected as the 
injected material is ADX-2075 from Advanced Composites, Inc. It is an impact-re-
sistant thermoplastic composed of polypropylene, rubber, and talc as fillers. The high 
melt flow rate (MFR) of 29 g/10 min and the fillers make this polymer a suitable 
option for the Sc.F. foaming process. Given all, the first set of the experiments were 
designed as listed in Table 3.

Table 2.  A summary of fixed process parameters in this study

Clamp 
force

Inj. rate Melt 
temp.

Mold 
temp.

switch 
over

Cool. 
time

Back 
press.

Sc.F. 
press.

Sc.F. Rate

100 kN 30 cm3/s 240 °C 35 °C 99% 
volume

120 s 150 bar 200 bar 0.07 kg/h

Table 3.  Variable parameters in the first design of experiments (E1)

Effect of the Sc.F. dosing time

Blank: AA1100 Blank: AA6061

Shot volume: 30 cm3 Shot volume: 20 cm3 Shot volume: 20 cm3

Exp. # Dosing
time (s)

Exp. # Dosing
time (s)

Exp. # Dosing
time (s)

E1-1 0 E1-5 0 E1-8 0

E1-2 2 E1-6 4 E1-9 4

E1-3 4 E1-7 6 E1-10 6

E1-4 6

Effect of shot volume at constant dosing time of 4 s

Blank: AA1100 Blank: AA6061

Exp. # Shot volume (cm3) Exp. # Shot volume (cm3)

E1-11 20 E1-14 20

E1-12 26 E1-15 26

E1-13 30 E1-16 30
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The results of the first set, as will be later shown and discussed in Sect. 4.4 
(Fig. 8), revealed that a microcellular morphology cannot be achieved by only varia-
tion of Sc.F. percentage, especially in the experiments with low strength sheet mate-
rials (AA1100). Hence, in the second set of the experiments, several other processing 
scenarios were examined to see whether it is possible to improve the cell morphology 
in low cavity pressure condition. In this regard, influence of injection speed, eliminat-
ing packing phase and adding decompression action (before plasticizing phase) were 
examined in the second set of experiments as listed in Table 4.

3  Measurements and Sample Preparation

Both the sheet metal blank (before the experiment) and final hybrid part (after com-
pletion of each experiment) were weighed to record the weight of the injected part. 
Then, the height and volume of the deformation were determined by measuring the 
deform sheet metal. To assess the light-weighting potential of the proposed SCPIF 
process, the density of the injected parts was calculated and compared with the den-
sity of the injected parts with zero percent Sc.F. (regular PIF). Using these values, the 
light-weighting percentage of each experiment was calculated using Eq. (1) where ρ0 
is the density of the solid part and ρ is the density of the foam part.

The supercritically foamed samples were imaged at the cross-section using the fol-
lowing procedure, as demonstrated in Fig. 3:

1. A blade is used to notch the flat face of the samples along their diameters.
2. The samples are immersed in a dewar of liquid nitrogen for 45 min.
3. The samples are removed, secured in a vise and cryogenically fractured via rubber 

mallet.
4. Double-sided carbon tape is used to secure the fractured samples on an SEM sam-

ple mount.
5. The samples are inside a Hummer 6.2 sputtering system for 3 mins to deposit a 

thin layer of platinum on the non-conducting polymeric part of the hybrid samples.

(1)Lightweighting =

(

ρ0 − ρ

ρ0

)

∗ 10

Table 4.  Variable parameters in the second design of experiments (E2)

Blank: AA1100

Shot volume: 20 cm3

Injection rate: 30 cm3/s Injection rate: 300 cm3/s

Exp. # Variable parameters Exp. # Variable parameters

E2-1 5 s packing E2-4 5 s packing

E2-2 No packing E2-5 No packing

E2-3 No pack + decompress. E2-6 No pack + decompress.
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6. The sputter-coated samples are imaged in a Hitachi 3400S scanning electron 
microscope at a maximum working distance to maximize the field of view. They 
are then subjected to an accelerating voltage of 5 kV at different magnifications to 
characterize cell size and density.

The imaged samples were processed using Image J analysis tool to calculate the average 
cell size and cell density. Cell density, in particular, was calculated using Eq. (2), where 
N is the number of cells, L is the linear length of the area, and M is a unit conversion, 
resulting in cell density being expressed as the number of cells per cubic centimeter 
[11]. In order to avoid skewing of data, a few abnormally large voids observed in some 
specimens were excluded from the calculation of average cell size and cell density.

(2)Cell density =

(

N

L2

)
3

2

M

Fig. 3.  Procedure followed to study foam morphology
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As the main objective of this work is to explore the feasibility of this integration (the 
SFPIF process) and its capabilities in eliminating the PIF issues, the replication of the 
experiments has been limited to the plasticizing stage in order to make sure about pro-
cessing a uniform solution of polymer melt and Sc.F. before injection stage. But the 
rest of the experimental procedure and measurements have been restricted to a single 
experiment with no replications.

4  Results and Feasibility of Integration Concept

4.1  Initial Trials and Observation

It was determined during the initial trials that a proper adjustment of the process param-
eters related to the plasticizing stage is deemed most necessary in terms of achieving 
a uniform single-phase solution of Sc.F. and polymer melt. Otherwise, the injection of 
the polymer melt and Sc.F. as two separated phases would result in large empty spaces 
within the polymeric region, which is detected only by cutting the samples as shown 
in Fig. 4(a). The other defect observed especially on the sample with a thick layer of 
polymer (experiments with shot volume 30 cm3) was a bump on the side of the part that 
is not in contact with the sheet metal as shown in Fig. 4(b). This defect is attributed to 
insufficient cooling time as the unsolidified melt at the core of the sample expands after 
the ejection with a manifestation of the bulge on the outer surface of the sample.

4.2  Dimensional Properties and Shrinkage

The height and volume of the deformation shown in Fig. 8 is an important result 
of this study as it is demonstrated that the application of the Sc.F. yields a notable 
increase in both the height and volume of the deformation. In the first set of exper-
iments (E1) with AA1100 sheets, an increase of height up to 32% and deformation 
volume up to 47% was observed. The deformation of the AA6061 blank was less 
than the AA1100, however, falling less than 26% and 22% for the additional height 
of the dome shape and increase of the deformation volume respectively. Although the 

Fig. 4.  Defects observed during initial trials
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additional deformation from the application of the Sc.F. is dependent on the blank 
material, no consistent trend is observed in the deformation of the sheet metal by 
increasing the weight percentage of the Sc.F.

Shrinkage is usually a prominent challenge in the injection molding process. To 
quantify shrinkage in this study, diameter of the injected parts was measured one 
day after the experiment. The results of this measurement, as reported in Fig. 6(a), 
clearly demonstrate that using the Sc.F. technology resulted in a larger part due to less 
shrinkage of samples. However, no consistent trend was observed upon increasing the 
weight percentage of Sc.F. Shrinkage is more critical in the PIF process as the spring-
back phenomena in sheet metal deformation would act in the reverse direction, which 
can result in delamination or a gap between the injected part and deformed metal. In 
order to investigate this phenomenon, a layer of adhesive coating was added on the 
surface of several blanks. These blanks were later processed in the same condition 
as main experiments. After one day, the hybrid samples were cut from the center. 
Investigating the cut section of these sheet metal-polymer samples provided further 
proof that the polymer melt with dissolved Sc.F. completely filled the deformed area 
and there was no gap or delamination observed between the sheet metal and the pol-
ymeric part (see Fig. 6(b)). The layer of adhesive has been applied to make bonding 
between the injected part and the deformed sheet metal and keep them together to 
investigate the opposing effect of shrinkage vs. springback. Hence, the effects of this 
adhesive layer on the other aspects of the process were out of the scope of this work.

Fig. 5.  (a) Height and (b) volume of the deformation
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4.3  Weight and Weight Reduction

In previous studies, it was determined that the weight of the injected part in the PIF 
process is not only dependent on the shot volume but also on the formability of the 
sheet metal blank owing to the coupled filling/forming condition during the injec-
tion phase [12]. Hence, it is important to investigate the weight of the injected part 
to determine the consistency of the experiments and light-weighting capability of the 
SFPIF process. As seen in Fig. 7(a), the injected samples with Sc.F. assisted technol-
ogy exhibit a higher weight for an identical shot volume. This phenomenon occurs as 
the use of Sc.F. increase the sheet metal deformation (see additional deformation in 
Fig. 5) and thus expanding the region in which the melt can flow into the cavity. In 
other words, the lessening of resistance enhances the flow of polymer melt into the 
cavity and reduces that which would otherwise escape through the gap between the 
barrel and the fights to the other side of the injection screw.

It was observed that although the weight of the injected part showed an increase 
upon the introduction of Sc.F., the total density of the hybrid part showed a reduc-
tion of up to 16%. Moreover, this result shows that light-weighting increased with 
increase in weight percentage of Sc.F. until an optimum point, but then showed a 
decline. This result can be further explained by correlating the results of deformation 
(see Fig. 5(b)) and the weight of injected parts (Fig. 7(a)). This correlation indicates 
a decrease in deformation volume and an increase in sample weights, which in turn 
reduces light-weighting after the inflection point.

Fig. 6.  (a) Diameter of the injected samples. (b) Cut section view of a hybrid sample produced 
by SCPIF
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4.4  Micro-Structure: Cell Size and Density

As the aim of the first set of experiments (E1) was to broadly understand the effects 
of integrating PIF and Sc.F. technology, the experiments were designed to elucidate 
changes in foam morphology with variances in both Sc.F. wt % and shot volume upon 
two aluminum alloys. A map of the cell densities vs cell sizes from E1 experiments 
plotted in Fig. 8 shows the holistic effect of process and material variables on that 
foam morphology.

Out of the 9 samples selected for SEM imaging, three samples exhibited a micro-
cellular foam morphology (i.e. average cell diameters <100 μm and cell densities 
>1 × 106 cells/cm3). These samples were produced in experiments (E1-10, 14 & 15) in 
which the AA6061 alloy was used as the sheet metal blank. But, all the samples were 
produced using the AA1100 sheets (E1-4, 7, 11, 12, 13 & 16) showed inferior cell 
morphology (large cells with poor density) and blowholes underscoring the challenges 
associated with the integration concept of PIF and Sc.F. processes.

Two major reasons are hypothesized as to why the samples foamed in experiments 
with AA6061 sheet metal exhibited a consistently superior cellular morphology:

1. The use of the stiffer AA6061 sheet metal creates a higher pressure within the cav-
ity and consequently a higher pressure drop at the end of the injection from suction 
induced by the plasticizing phase and/or the solidification of the gate. As a result, 
the foaming stage as the supercritical fluid in the polymer melt falls below the crit-
ical pressure resulting in either a diffusion into nucleated cells or nucleation of new 
cells [13].

2. The coupled filling/forming phase of the PIF process exhibits a similar set of 
conditions as the counter pressure method, caused by the resistance of the blank 
against the melt flow. This condition prevents the Sc.F. from escaping from the 

Fig. 7.  (a) Weight of injected parts and (b) Light-weighting achieved with SCPIF
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melt flow front and keeps the melt in a pressure higher than the supercritical until 
the end of the injection [14]. Clearly, it is now known that this condition will 
improve with the use of AA6061 given its far greater yield stress over AA1100 
which results in the application of the higher pressure inside the cavity from the 
beginning of the filling/forming phase.

As it was not possible to achieve the microcellular structure in the experiments con-
ducted with AA1100 sheets, the second set of experiments was designed and per-
formed to understand the effect of injection speed in different processing scenarios: 
(i) with 5 s packing pressure, (ii) no packing phase, and (iii) no packing plus decom-
pression before plasticizing phase. A map of the cell density vs. cell size for E2 exper-
iments is shown in Fig. 9.

It is clearly evident from Fig. 9 that samples produced with no packing and/or 
decompression performed significantly better than the samples subjected to packing 
pressure vis-a-viz their smaller cell sizes and larger cell densities. Additionally, these 
experiments proofed that it is possible to achieve truly microcellular morphology 
with low strength sheet metals only by adjusting the process sequences and parame-
ters. Such behavior is attributable to the acceptable performance of the second set of 
the experiments to control the pressure drop rate assuming the amount of the pres-
sure drop would be the same as the first set. Other studies undertaken in microcellu-
lar injection molding also reported the importance of the drop rate, especially under 
low-pressure drop conditions [9].

Fig. 8.  Compilation of foam morphologies obtained in E1
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5  Summary

The integration concept of PIF process with Sc.F. technology was successfully real-
ized using the first set of the experiments. In the second set of the experiments, three 
processing scenarios were proposed to improve the cell nucleation and control the 
foaming process in SFPIF process. The effect of blank material and shot volume as 
design variables were investigated over a range of Sc.F. weight percentage. The fol-
lowing findings were derived from this study.

• Additional deformation due to the application of the Sc.F. was observed. Despite 
the dependency of deformation on blank material, no consistent trend was detected 
in the deformation of sheet metal to increase in weight percentage of Sc.F.

• Investigating the diameter of injected parts and cut section of hybrid samples fur-
ther proved that this integration concept could completely eliminate the shrinkage 
issue, as no gap or delamination was observed on the hybrid parts due to the oppo-
site reaction of shrinkage and springback.

• Despite the increase in the weight of the injected parts, density results demon-
strated a good capability of this integration for lightweighting as up to 16% weight 
reduction was achieved.

• The microstructure of Sc.F. foamed samples investigated by SEM showed that 
truly microcellular cell morphology was obtained as a result of conditions similar 
to counter pressure process created by use of the stiffer AA6061 sheet metal and/or 
higher pressure drop rates exhibited by eliminating the packing phase and setting 
decompression action before plasticizing.

Fig. 9.  Compilation of foam morphologies obtained in E2
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Given the results of this feasibility study on the integration of PIF process with Sc.F. 
technology, future work should focus on improving this integration by further process 
optimization and introduction of more effective manufacturing procedures in order to 
control the nucleation process and attain the more-uniform microcellular morphology.
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Abstract.  The applicability and the influence of pin structures in dependence 
on the adhesive properties in hybrid joints are investigated in the course of this 
paper. First, single lap joint experiments are performed and a Finite Element 
model is used to obtain force-displacement curves, and thus the specific sim-
ulation parameters. The comparison of different models with a pin a semi- 
spherical pin, and without a pin show that the pin has a positive influence, 
especially on low adhesive strengths. In contrast, the pin has a lesser effect for 
adhesive joints with high strength. In the following study, different pin geome-
tries, pin sizes and adhesive bonding parameters are tested. It is shown that the 
negative influence of a pin for high adhesive strength can be compensated by 
the specific design of a pin. Furthermore, small pins ensure the best force trans-
mission performance. Finally, the alignment of elliptical pins depends on the 
bonding properties, as for high strength parameters, the pin should be oriented 
in load direction, and for low strength parameters, it is ideal to orient the pin 
transversely to the load direction.

Keywords:  CFRP hybrid joint · Pin structure · FEM simulation · Parameter 
variation · Cohesive zone modelling

1  Introduction

A multi-material design approach is used in many lightweight concepts to com-
bine the specific properties of different materials favorably. The type of connection 
of the different materials is of particular importance and, in addition to established 
connection techniques for conventional materials (screws, rivets, gluing, etc.), novel 
techniques and processes are developed for new material combinations [1]. A distinc-
tion can be made between extrinsically and intrinsically manufactured components, 
depending on whether a downstream assembly for the component is necessary or the 
joining is created during the consolidation of individual components.

A carbon fiber reinforced plastic (CFRP)-metal hybrid composite in which a ther-
moplastic component between CFRP and metal functionally supports the composite 
at various levels serves as an application example [2]. In addition to the macroscale 
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form-fit (cm) and the microscale roughness interlocking (µm) as well as the adhesive 
bonding of the connections, a form-fit in a mesoscale plane by structural elements of 
millimeter size is possible. They are also known as integrated microscopic mechanical 
interlockings [3] or Z-pins [4–9]. In the following, these mesoscale form-fit elements 
will be investigated and called pin structures.

1.1  Pin Structures in CFRP-Connections

Pin structures are investigated in different applications and material combinations 
mostly in CFRP-metal joints [4–9]. All methods have the intrinsic production in com-
mon, where the connection partners are joined during the production process e.g. in 
Resin Transfer Molding (RTM). Therefore, a combination of adhesive bonding and 
form-fit is achieved without damaging the reinforcing fibers.

The pin-based CFRP-metal hybrid joint is a concept that has already been conven-
tionally applied [10, 11]. However, various complex welding processes that are neces-
sary for the production of the metallic pin structures are disadvantageous. In extensive 
experimental tests the pin size is examined in Double Cantilever Beam (DCB) tests 
[4–6], in Single Lap Joint (SLJ) tests [9] and in Double Lap Joint tests [7, 8]. All 
show rapid increases of the bonding strength by means of pins. In [12] another metal 
pin structure for hybrid joints is examined, where the pins are created by a combined 
stamping forming process. The strength increase of different arrangements in SLJ is 
investigated experimentally and simulative.

In [13] SLJ tests show the effect of different surface structures on CFRP-
thermoplastic joints. Beside other structures, thermoplastic pins have shown a highly 
reinforcing effect to the hybrid connection. Furthermore, the influence of single pin 
geometry on the joint properties is investigated in initial simulative approaches.

1.2  Cohesive Zone Models and Parameters

In [2, 14] different methods are presented to model the interface of hybrid parts. 
Cohesive Zone Models (CZM) are used in Finite Element Method (FEM) simula-
tions to describe the bonding behavior or crack propagation between two adhesively 
bonded or intrinsically produced parts [4, 15–26]. The CZM use cohesive elements to 
describe stiffness, strength and damage behavior. Therefore, different cohesive param-
eters are necessary, that are highly dependent on the FEM model design and simu-
lation parameters such as mesh size and time step size. These parameters cannot be 
determined directly. In experiments, e.g. DCB tests or End Notched Flexure tests, the 
energy release rate for different stress modes can be determined [27, 28] and subse-
quently adjusted in simulative models [2, 4–6].

Another method to determine the cohesive parameters is a direct fitting to the spe-
cific application by testing SLJ and fitting the parameters with simulations [2].

An overview of different cohesive parameters is given in Fig. 1. As it can be 
seen in Fig. 1, the CZM is used in various engineering disciplines and for a multi-
tude of different material combinations. Depending on the materials and the joining 
processes, the adhesive strength and stiffness vary widely. Hence, the corresponding 
cohesive parameters are application-specific.
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1.3  Content of the Contributions

As shown in Sect. 1.1, different concepts of pin structures already exist depending on 
the application and material connection. The aim of this contribution is to determine 
the geometric design of a pin as a function of the adhesive properties. As shown in 
Sect. 1.2, CZM are proven for simulating combined bonds of form-fit and adhesion. 
Thus, a FEM model is created to simulate the hybrid connection. The parameters and 
the simulation model are fitted and validated with experimental SLJ tests. The influ-
ence of a cylindrical and a semi-spherical pin in comparison to a model without a pin 

Fig. 1.  Cohesive parameters of various authors [4, 15–26] (K = stiffness, σ = strength, 
G = energy release rate; indices: n = normal, s = shear, c = critical)
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is investigated. Finally, the potential of cylindrical pin structures of different geometric 
shapes is shown in a parametric study. The (maximum) load transferred by the joint is 
evaluated to make conclusive statements about the dimensioning and use of pins.

2  Experimental Tests

In order to prepare the simulation study, experimental SLJ tests and corresponding 
FEM simulations are performed to determine the adhesive parameters. The specimens 
consist of a thermoplastic component and CFRP with a single pin in the joint surface 
(see Fig. 2, right). The thermoplastic component is made by injection molding and 
the specimen consolidation takes place intrinsically in the RTM process. The spec-
imens geometry is based on the geometry used in [13]. The thermoplastic consists 
of PPAGF30 (Vestamid M1033 from Evonik) and the CFRP consists of two 0°–90° 
woven fabrics (FT300B from Torayca) with epoxy resin (Biresin CR170 and hardener 
CH150-3 from Sika).

The simulation model represents the SLJ specimen (see Fig. 2, right). The simula-
tion set up is similar as the one described in Sect. 3.

Figure 2 (left) shows the force-displacement course of three characteristic SLJ 
tests. The curves show an increase of about 500 N up to a displacement of about 
0.1 mm and then to a drop to lower values and a plateau, which is determined by the 
pin. These curves are characteristic for the series of tests, which show a wide variation 
due to different failure behaviors. Therefore, the joints are simulated using numerical 
optimized parameters for the cohesive elements (see Fig. 1).

Fig. 2.  left) Force-displacement curves of SLJ experiments and simulation, right) SLJ 
specimen and FEM model
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3  FEM Analysis Study

A FEM analysis is used to investigate the effect of pins and their geometric dimen-
sions on the connection strength considering the parameters of the adhesive 
bonding by using CZM. To determine the potential on load transmission in CFRP-
thermoplastic connection with pin structures, two different simulation studies are 
carried out with Abaqus (Simulia) [29]. A reduced representative model of the con-
nection is used as described in Sect. 3.1. First, models with and without a pin are 
compared (see Sect. 3.2). Further, a parameter variation for determining the pin geom-
etry is investigated (see Sect. 3.3).

3.1  FEM Model

The FEM model consists of a polymer base part with a pin, two CFRP layers stacked 
in z-direction and a cohesive layer in between. The dimensions are shown in Fig. 3(a). 
In Fig. 3(b), the boundary conditions are represented. The model is fixed on the bot-
tom surface while load is applied through a projected displacement from a reference 
point to the side surface of the CFRP layers in x-direction. This allows to reproduce 
the typical load case and failure behavior. By considering the symmetric load case, 
only half of the model is created with symmetric boundary conditions. The mesh 
element size is 0,07 mm and C3D8R and COH3D8 elements are used. To model the 
materials, the polymer part is considered as linear elastic and the composite material 
behavior is implemented as multi continuum material considering fiber and matrix 
properties as well as damage behavior with Helius PFA (Autodesk) [30]. Two layers 
oriented in 0°–90° constitue the CFRP. The material parameters are shown in Table 1.

Fig. 3.  FEM model – a) dimensions, b) set up and boundaries
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3.2  Comparative Simulation Models with and Without a Pin

To see the influence of a cylindrical pin, models with and without a pin as well as 
a model with a semi-spherical pin are created and compared. The side view of all 
three quadratic models and the additional dimensions are shown in Fig. 4. The depth 
in y-direction is 1.85 mm. The pin and the semi-spherical pin are circular with a 
diameter of 1 mm. Two reference models without a pin are considered, since the pin 
enlarges the adhesive connection area additionally. The model “no pin_ref.1” has the 
same outer dimensions as the model with a pin but a surface of 6.84 mm2. Whereas 
the model “no pin_ref.2” is larger in its dimensions and has the same connection area 
as the pin model with 7.24 mm2.

3.3  Parametric Study

A full factorial parametric study is performed to investigate the interaction of the pin 
geometry, pin size and cohesive parameters (see Table 3).

The geometry of the pins is elliptical and is determined by the pin surface Apin 
(Eq. 1) (see Fig. 3(a)) and the pin radius ratio px,y (Eq. 2). This parameter selection 
allows a simple differentiation of the influence by the size and geometry of the pin. 
The surfaces are selected so that pins with a circular base and radii of 0.5, 0.75, 1.00, 
1.25 and 1.50 mm are considered. The radii ratios are considered between 0.25 and 4. 
The ratio 4 corresponds to a pin oriented in the load direction (x), 0.25 to a pin trans-
verse to the load direction (y). The corresponding radii can be calculated afterwards 
by Eqs. 3 and 4. Due to the size of the FEM model, no radii above 2.0 mm are consid-
ered. For reasons of manufacturing feasibility, no radii below 0.3 mm are considered.

(1)Apin = π ∗ rx ∗ ry

Table 1.  Material parameter

Materials Young’s modulus 
[GPa]

E11/E22/E33

Poisson’s ratio [–]
ν12/ν13/ν23

Shear modulus 
[MPa] G12/G13/

G23

Strength [MPa] 
R11+/R11−/R12

Polymer 9.1 0.3 – –

CFRP 22.97/22.97/2.92 0.04/0.63/0.63 732/637/637 230/−110/24

Fig. 4.  Dimension of cylindrical pin, semi-spherical pin and no pin FEM models (further 
dimension in Fig. 3)
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For the parameter variation, a parameter set corresponding to the fitting is selected 
for the cohesive layer, as shown in Table 2. Because of the wide variation of cohesive 
parameters as shown in Sect. 1.2, all cohesive parameters are varied equally. Kn is 
given as the reference (see Table 3).

4  Results

The evaluation of the first study of cylindrical pin, semi-spherical pin and flat models 
(without pin) shows that the transmitted force of all models increases with increasing 
stiffness (Kn) (see Fig. 5). From a threshold of about 5000 MPa/mm the transmitted 
force decreases due to the failure of the CFRP laminate. A closer look at the curves 
shows that for large Kn the connections can transmit larger forces without a pin. Here 
the influence of the connection area size is obvious, since the model without a pin 
with a larger total connection area (no pin_Ref2) transmits more force than the nor-
mal reference model without a pin (no pin_Ref1). For low Kn values, the influence 
of the form-fit of the pin is clearly evident. At very low Kn values, the pin carries 

(2)px,y =
rx

ry

(3)rx =

√

Apin ∗ px,y

π

(4)ry =

√

Apin

π ∗ px,y

Table 2.  Cohesive parameter

Kn
Ks σn_max σs_max Gn_c Gs_c

[MPa/mm] [MPa/mm] [MPa] [MPa] [N/mm] [N/mm]

1250 400 9 7,5 0,05 0,05

Table 3.  Variated parameter

Kn [MPa/mm] Apin [mm2] px,y

156.25 0.79 0.25

312.5 1.77 0.4

625 3.14 0.63

1250 4.91 1

2500 7.07 1.59

5000 2.52

10000 4
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the structure almost completely. Between 1250 and 2500 MPa/mm a transition of 
the best performing models from models  with pins to models without pins takes 
place. Moreover, comparing the models with semi-spherical pin and cylindrical pin 
shows the potential of the cylindrical pin shape. At low Kn, the reinforcing influence 
of semi-spherical pins is recognizable due to an area enlargement and a low form fit 
compared to the flat models. However, the significant form-fit of the cylindrical pin is 
much more effective. This changes with large Kn, where however the flat connection 
is more effective. These results motivate the further simulative research in which the 
effect of the pin size and geometry on the connection behavior is investigated.

The results of the parametric study shown in Fig. 6 present a similar course as 
in the previous investigations. For example, in the case of low Kn the connection is 
very weak in the flat model, while it shows good performance in the case of high Kn. 
However, it can be seen that the different pin geometries have a significant effect on 
the force transfer, seen through the wide range of results, shown as black circles in 
Fig. 6. In addition, it can be seen that the pin simulations are not worse than the flat 
models even in the very high areas of Kn 5000 MPa/mm. Thus, the best pin model 
transfers a load of 191.57 N, while the model without pin transfers 191.93 N. The 
radius ratio of the pin is 2.52 and the pin surface is 0.79 mm2.

For 2500 MPa, the model with a radius ratio of 2.52 and a pin surface of 0.79 mm2 
transfers 125.82 N, while the flat model achieves 124.37 N. The model with a radius 
ratio of 4 and a surface area of 1.77 mm2 also exceeds the flat model with 125.18 N. 
These interrelations can be seen even better in Figs. 7 and 8.

156.25 312.5 625 1250 2500 5000 10000 20000
0
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80
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Kn  [MPa/mm]

 pin
 semi-spherical pin
 no pin ref.1
 no pin ref.2

Fig. 5.  Force plotted over cohesive layer stiffness parameter for cylindrical pin, semi-spherical 
pin and no pin
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The simulations with Kn 10,000 MPa/mm show that no higher forces can be trans-
mitted due to the global failure of the laminate. In addition, the maximum transfer-
able load of the base material must also be taken into account when considering the 
influence of the pin geometry. Therefore, the area of high Kn is not considered more 
closely.

Exemplarily, in Figs. 7 and 8 the transmitted force is plotted over the pin radius 
ratio for Kn 156.25 and 2500 MPa/mm. The size of the data points is selected depend-
ing on the pin surface size and the coloration represents the maximum principal stress 
state of the polymer on a scale of 0–100 MPa.

Regardless of Kn, both simulations show that the size of the pin surface (bubble 
size) has a negative influence on the transferable force. The smallest pins transmit the 
highest forces. The influence of the radius ratio is dependent on Kn. This shows that 
for large Kn a radius ratio as large as possible should be chosen. The radius ratio 4 
shows that a pin with a distinct elliptical shape in the load direction is favorable for 
load transmission with large Kn. For small Kn the radius ratio is particularly good at 
0.4. For the radius ratio of 0.25, a negative trend is already apparent when looking at 
the models with pin surface 1.77 mm2. The small radius ratio corresponds to an orien-
tation of the pin transverse to the load direction under small connection forces.

The consideration of the maximum principal stress occurring in the polymer pin, 
shown in color on a scale from 0 to 100 MPa, shows that the small pins in particular 
are highly loaded. With a small Kn, the pins with a radius ratio of 0.63 are the most 
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Fig. 7.  Force-radius ratio plot for Kn 156.25

M
ax

.P
rin

. P
ol

ym
er

 [M
Pa

]

Fig. 8.  Force-radius ratio plot for Kn 2500



Potential of Mesoscale Structural Elements in the Interface    229

favorable variant. For large Kn, a positive trend can be seen with respect to the occur-
ring stress for the circular pins with a ratio of 1. With larger and smaller radius ratios, 
the maximum principal stress increases.

5  Conclusion

In this contribution, the influence of a pin in a CFRP-polymer connection is investi-
gated by means of simulation, considering the adhesive properties.

The typical force-displacement behavior of the connection is first determined in 
experimental SLJ tests with a single pin. By means of a parameter fitting in a cor-
responding FEM model, the characteristic cohesive parameters for the investigated 
CFRP-polymer connection are determined. Furthermore, the general influence of 
a pin in comparison to a model with a semi-spherical pin and a model without pin 
in dependence of the cohesive parameter is considered in a simulation study. The 
load-increasing effect at low bonding strengths and the potential for medium-high 
value ranges can be clearly shown. This also includes the parameter set determined 
by the simulative fitting from the SLJ tests for the investigated CFRP-polymer con-
nection. However, there are some limitations in this simulation study: the adhesive 
parameter of stiffness and strength are varied proportionally and only a simple failure 
behavior of the adhesive bonding is used. Nevertheless, not all influences and depend-
encies can be considered in the study and the failure criterion is sufficient to achieve 
appropriate results.

In addition, a parameter variation is performed for the simulative determination of 
the influence of the pin geometry as a function of the adhesive connection properties. 
Here, the findings of the large influence of the pin with low bonding parameters (Kn) 
are confirmed. It is also shown that, depending on the geometric shape of the pins, 
the load transfer at high Kn up to 5000 MPa/mm is as good as the simulations without 
pin. This shows that pins at small Kn have a strengthening effect, which can also be 
used at larger Kn without weakening the connection in case of quality deviations in 
production. The further evaluation shows that, independent of Kn, the pin in particular 
is dimensioned as small as possible in order to achieve high load transfer rates. The 
dimensioning of the pin is limited by the properties of the base material, which must 
be taken into account. The consideration of the geometrical shape of the pins for high 
Kn shows a distinct orientation in the load direction (see Fig. 9). For small Kn, the 
radius ratio 0.4 is particularly favorable for load transfer and 0.63 to avoid stress in 
the polymer pin. This shows that the pin should be designed for small Kn perpendicu-
lar to the load direction.

In future works, not only a single pin but also the interaction of several pins in a 
connecting area need to be investigated to gain an understanding of the pin arrange-
ment effects.
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Abstract.  Due to increasing demands on component integration, functionali-
zation, saving weight or material, the density and weight of thermoplastic parts 
could be influenced significantly by using the thermoplastic foam injection 
molding process.

The characteristic three-layer structure offers numerous advantages for 
applications, such as weight reduction, increasing the specific bending stiffness 
with a simultaneous low tendency to warp and optimizing thermal and acous-
tic properties. For a subsequent joining process, however, difficulties arise due 
to the thin solid skin layer. Minimum joining distances during welding can no 
longer be met geometrically and the mechanical properties of the components 
are reduced.

The present study is intended to analyze the interaction between the micro-
cellular structure of the injection molded parts, the influence on the joining 
process and the resulting mechanical properties. Therefore, a cooperation of 
Chemnitz University of Technology and University of Bayreuth was founded 
to investigate the correlation between injection molding and vibration welding 
for microcellular polypropylene and polyamide materials.

In addition to various materials with and without fiber reinforcement, the 
influence of storage time and different joint types were investigated in this 
study.

The aim of this study was to gain a deeper understanding of the relation-
ships between process, material and its structure as well as the development of 
processing guidelines which can be transferred to industrial applications.

The results show that the characteristic three-layer structure has a consider-
able inhomogeneity, depending on the used material, the foaming process and 
the process parameters.
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However, the weldability of foamed thermoplastics strongly depends on 
the internal structure due to the injection molding parameters, the storage time 
between foam injection molding and welding process, the joint type and the 
welding process itself.

Keywords:  Foam injection molding · Physical foaming · Chemical foaming · 
Vibration welding · Parameter variation

1  Introduction

Due to increasing demands of component complexity, functional integration and 
assembly requirements, plastic components offer decisive advantages over conven-
tional materials. In addition, there is a trend towards lightweight construction and the 
optimization of thermal, acoustic and mechanical properties, so that solid components 
reach their limits. Advantages were offered by the Foam Injection Molding process 
(FIM). Parts produced by foam injection molding fulfill the requirements of reduced 
density and thus associated lower weight and less material needed. Until a critical 
degree of foaming they are also distinguished by a high specific flexural stiffness. 
Moreover, there is reduced warpage and the probability of sink marks is lower.

For this reason, especially in sectors like Automotive Engineering, Medicine, 
Housing, Packaging and Transportation, thermoplastic parts are increasingly replaced 
by their microcellular foamed counterparts.

The basis is the characteristic three-layer structure which is originated during 
the foam injection molding process: a microcellular foamed core surrounded by a 
non-cellular solid skin layer. The achievable lightweight effect results from the dis-
placement of the matrix material as from the core into the solid skin layers. The result 
is an increase in the specific bending stiffness with low tendency to warp.

Depending on the boundary conditions during the injection molding process the 
appearance of the three-layer structure can differ significantly. Characteristics to be 
considered for the welding process, among other things, are cell size and their dis-
tribution as well as thickness of the solid skin layer. Numerous investigations are 
dealing with the correlation between injection molding parameters and the resulting 
part structure. Especially the works of Altstädt and Mantey [1] as well as Okamoto 
[2] provides extensive information about the structure-property relations. According 
to the literature, the process temperatures (melt, mold) as well as the injection 
speed have a high impact on the resulting part structure during injection molding. 
Furthermore, the material and the metering of the physical and chemical foaming 
agent are particularly important [2].

Due to this variety of possibilities on influencing the structure, the welding of 
microcellular foamed parts is a challenge. The welding process has to be precisely 
adapted to these special circumstances in order to ensure a high weld strength. Due to 
decades of intense research and development, the welding of solid thermoplastics is 
quite common. Both infrared and vibration welding are examples for welding processes 
which are successfully used in a wide range of industrial applications. In contrast to 
this, there is only a small amount of experience in the welding of their microcellular 
foamed counterparts. Only a couple of investigations are dealing with this [3–5].
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Thus, the aim of this study was to gain a deeper understanding of the relationships 
between process, material and its structure of foam injection molded parts in compari-
son to their solid counterparts.

2  Experimental

To evaluate the reference material and the following welding behavior of microcel-
lular foamed parts in dependence on storage time, joint type and processing parame-
ters, several types of polypropylene manufactured by LyondellBasell and a polyamide 
manufactured by Lanxess, were used:

• PP-GF20: Polypropylene + 20 wt.-% Glass Fiber (Hostacom ERG 393F black)
• PP-Talc12: Polypropylene + 12 wt.-% Talcum (Hostacom TYC 469F)
• PA6-GF35: Polyamide 6 + 35 wt.-% Glass Fiber (Durethan BKV35H2.0)

All materials were processed by using the Cellmould® technology (Wittman 
Battenfeld GmbH, Austria) for the physical foaming process and using Hydrocerol 
ITP825 (Clariant) as a chemical foaming agent for chemical foaming process. 
Therefore a standard injection molding machine (Battenfeld HM 110/525, Wittman 
Battenfeld GmbH, Austria) were used to manufacture foamed parts (specimens 
150 × 75 × 4 mm3) at the Polymer Engineering department in Bayreuth. Within the 
injection molding process, specific parameters like injection speed, mold and melt 
temperature, weight reduction and type of blowing agent were varied for all materials 
within the reachable processing limits. The used physical foaming agent was nitrogen 
with a proportion of 0.2% by weight to reach a 10% weight reduction of the part. For 
chemical foaming, a chemical blowing agent (CBA, 2.0% by weight) was needed to 
reach the same weight reduction. The maximum achievable foaming degrees, using 
the same process parameters, were also manufactured in order to determine the influ-
ence of the foaming degree on mechanical and optical properties. Non-foamed pen-
dants were manufactured as reference.

The aim was to obtain a combination of good mechanical strength and the best 
possible three-layer structure for welding: A thick solid skin layer combined with 
homogenously distributed microcellular foam as core.

For Determination of puncture impact behavior the instrumented puncture test 
(DIN EN ISO 6603-2:2000 [6]; device: CEAST Fractovis Plus) and the bending test 
(DIN EN ISO 178 [7], device: ZMART.PRO Z1464) were carried out in order to val-
idate the mechanical properties during the parameter variation in the foam injection 
molding process.

In order to investigate the characteristic three-layer structure as a result of var-
ious foam injection molding parameters and the homogeneity of the cell structure 
within the parts via the flow path, 15 specimens were extracted at several points of the 
parts along the flow path. These were examined in a light microscope (type: BX51, 
Olympus). Afterwards the microscopy pictures were investigated by means of the 
image evaluation software ImageJ. With this software it was possible to determine 
foam structures such as the solid layer thickness along the flow path, cell size and 
density (Fig. 1).
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The knowledge of the solid layer thickness in the middle of the plate and at the 
end of the flow path will help to improve the understanding for the subsequent investi-
gations of welding foamed thermoplastic materials.

After manufacturing and evaluating the parts, investigations by vibration (VIB) 
welding were accomplished. Therefore, the vibration welding system of Branson 
(type: M624-HRSi, fabricated by Branson AG) was used. The chosen process parame-
ters are shown in Table 1 and are divided into standard parameters as well as a specific 
pressure and path variation.

For all combinations mentioned, the joint type was varied as well. In Fig. 2 the 
two types are shown. In case of the butt joint arrangement the two flow path ends 
(dashed) are welded. For the T-joint arrangement the flow path end of the first mating 
partner is welded to the middle of the long side of the second one.

Fig. 1.  Sample preparation out of the foamed parts for the microscopic investigations (top, 
left), measurement of the solid layer thickness representative for PP-GF20 (10%) (bottom), and 
the resulting mean value in the middle (xm) and at the end of the flow path (xe) (top, right)

Table 1.  Variable process parameters for vibration welding

Vibration welding

Welding pressure pF
Standard: 0.5 MPa Variation: 2.0 MPa (pressure ++)

Welding path sF
Standard: 1.0 mm
Variation: 0.5/ 1.4 mm (path −−/++)

Amplitude 0.9 mm

Frequency 240 Hz

Welding direction Parallel (180°)

Joint type Butt-joint/T-joint
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The mechanical properties were analyzed by using a universal testing machine of 
Zwick/Roell (device: ZMART.PRO Z1464). The basic material strength was deter- 
mined according to DIN EN ISO 527 [8] for tensile strength and DIN EN ISO 178 [7] 
for bending strength. In order to determine the weld strength, the VIB-welded plates 
were sawn into samples with a width of 10 mm. Each mean value results from tensile 
test according to the Standard DVS 2203-2 [9].

In addition, the outermost strips were discarded because they have a greater pro-
portion of solid skin layer.

3  Results and Discussion

3.1  Mechanical and Morphological Examinations of Injection Molded 
Parts

Preliminary investigations in the foam injection molding process showed that the 
morphology of the foamed parts can be significantly influenced by variation of pro-
cess parameters. Especially the weight reduction due to the increased foaming degree 
influences the mechanical and optical properties. By increasing the degree of foam-
ing, the mechanical strength and the solid layer thickness decrease. An increase in 
the blowing agent content also leads to the reduction of the solid layer thickness. The 
mould temperature also has an influence on the formation of the foamed core, but 
does not significantly affect the mechanical properties.

Due to the complex property relationships between process and structure, a tar-
geted adjustment of the component structure by simultaneous manipulation of several 
parameters is difficult to implement. After the evaluation of the results from parame-
ter variation in the foam injection molding process, a parameter setting has to be cho-
sen for the following welding process. Regarding the purpose: A thick solid skin layer 
combined with homogeneously distributed microcellular foam as the core layer and 
good mechanical strength. The selected parameter settings are shown in Table 2 and 3.

Fig. 2.  Joint types in relation to flow path end (dashed, left and middle) and plate specimen 
dimensions (right).
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Figure 3 shows the resulting cell morphology in the middle of the plate depend-
ing on the material, the foaming degree and the foaming process. The foamed mate-
rial has a decisive influence on the resulting structure. PA6-GF35 has much smaller 
and finer distributed cells at the same degree of foaming than the PP materials. 
Also the degree of foaming has a major influence on the resulting cell morphology. 
Independent of the material and foaming process, the solid layer thickness reduces 
with increasing foaming and the number of cells increases.

Comparison of chemical and physical foaming shows significant differences 
regarding the cell distribution and size in PP materials. While the PA6 material has 
similar cell structures independent of the foaming process (chemical or physical). In 
general, chemically foamed parts have a homogeneous foam distribution with many 
small cells, a pronounced 3-layer structures and high solid layer thicknesses regard-
less the material. The foam structure of the physically foamed parts is highly inhomo-
geneous throughout the plate, very coarse cellular and the surface layer thicknesses 
are low. The maximum-foamed parts were partially foamed to the edge. This inho-
mogeneity within the plate illustrates the challenge of welding such foam injection 
molded parts, in particular in view of different joint types.

For the selection of process parameters in vibration welding, it is of great impor-
tance to study the thickness of the solid skin layer over the entire plate geometry. 
Figure 2 shows the two positions which are important for the welding process (Butt 
joint and T-joint) and Fig. 1 the measuring method to determine cell morphology and 
layer thicknesses.

Table 2.  Optimal process parameter settings, physical foaming process

Material PP – GF20 PP – Talc12 PA6-GF35

Foaming degree [%] 10 40 10 36 10 36

Tmelt [°C] 280 260 260 240 290 290

p [bar] 110 110 110

Tmould [°C] 30 30 70

SCF Level [%] 0,2 0,2 0,2

Vinj [cm3/s] 100 100 100

Table 3.  Optimal process parameter settings, chemical foaming process

Material PP – GF20 PP – Talc12 PA6-GF35

Foaming degree [%] 10 25 10 27 10 21

Tmelt [°C] 260 240 240 240 270 270

p [bar] 110 110 110

Tmould [°C] 30 30 70

CBA content [%] 2.0 2.0 2.0

Vinj [cm3/s] 100 30 100 30 100
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To get an impression of the solid layer thickness of the materials as a function of 
the foaming process and the degree of foaming, Fig. 4 shows the results of the meas-
urements. The displayed value is the mean value and standard deviation at the specific 
position (middle, end of flow path) for the material and 10% foaming degree, deter-
mined by several microscopy images along the plate (Fig. 1, top, left).

The results show that the highest solid layer thickness can be found in physically 
foamed PP-Talc, deriving from the very large and in number small cells. Physically 
10% foamed PA6-GF35 and PP-GF20 show similar values in the middle and at the 

Fig. 3.  Cell structure in the center of the plate depending on the foaming process, material and 
foaming degree

Fig. 4.  Mean value of solid layer thickness dependent on material, foaming process and flow 
path position
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end of the flow path. In contrast, using the chemical foaming process the thickness of 
the solid layer reaches even higher values for these materials. Comparing the thick-
nesses at the specific sampling points, the solid layer thicknesses for chemically 
foamed parts at the end of the flow path are higher than in the middle. In addition, 
using chemical foaming, higher solid layer thicknesses can be achieved than using the 
physical foaming process (except PP-talc).

The solid layer thickness for the maximum physically foamed parts are not deter-
minable, because due to the high foaming degree, no continuous solid skin layer has 
formed. They are also not comparable with the chemically foamed because of the 
different degrees of foaming. However, 21% chemically foamed PP talc still has a 
solid layer thickness in the middle of the plate of 578 µm (SD: 73 µm) and 494 µm 
(SD: 161 µm) at the end of the flow path. Similar values reached 27% chemically 
foamed PA6-GF35. The solid layer thickness in the middle of the plate is 326 μm 
(SD = 86 µm) and 311 μm (SD = 52 µm) at the end of the flow path. These values are 
comparable to 10% physically foamed PA6-GF35 (middle: 410 µm (SD: 46 µm) and 
end of flow path (291 µm (SD: 122 µm)).

The achieved mechanical results for each material depending on the foaming pro-
cess for tensile and bending strength shows Fig. 5.

The different basic material strength results from the fiber reinforcement and the 
respective base polymer. The fiber reinforcement increases the weld strength com- 
pared to unfilled material.

Despite the widely differing cell structures for the PP-material (seen in Fig. 3), 
there are no differences in tensile and bending strength using the chemical or physical 
foaming process. In contrast to that, a difference in the flexural strength of the foamed 
material can be seen in PA6-GF35, whereby the cell structures in the chemical and 
physical foaming process did not differ (Fig. 3). In general, the losses of the mechani-
cal properties of all materials due to the foaming process are greater than the achieved 

Fig. 5.  Mechanical properties depending on the used material and the foaming process with 
10% foaming degree compared to the non-foamed base material (dashed line)
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density reduction. Thus PA6-GF35 loses 18%, PP-GF20 24% and PP-Talc12 about 
17 % of its tensile strength due to a 10% weight reduction. The results from the bend-
ing tests show similar results for each material.

The mechanical properties of the maximum-foamed materials show that the 
mechanical strength of all materials decreases strongly as the degree of foaming 
increases. Physically highly-foamed PA6-GF35 (36%) lost 58% of its tensile strength 
compared to the non-foamed base material.

3.2  Mechanical and Optical Properties of Vibration Welded Parts

Based on the results of the structural analysis, the injection molded parts were joined 
by vibration welding. Therefore, the joint type (butt joint, T-joint), the welding param-
eters (pressure, welding path) and the degree of foaming (10%, max.%) were varied 
and investigated for all materials.

The results for the influence of the joint type are shown in Fig. 6. Here, a distinc-
tion is made between the results of the chemical (on the left side) and the physical 
foaming process (on right side) further divided according to the degree of foaming. 
The dotted line above the bar charts representing the base material strength as a ref-
erence of the non-foamed, joined base material. The presented results so far are all 
based on welding with standard parameters, mentioned above in Table 1.

The results from the non- foamed and VIB-welded base material (dotted lines), 
show, that the joint type has a great influence on the welding strength. The achievable 
weld strength during butt joint welding is 92.6 MPa (SD: 4.12 MPa). In contrast to the 

Fig. 6.  Tensile strength of PA6-GF35 depending on joint type and foaming degree for chemical 
foaming process (left) and physical foaming process (right)
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T-joint welding, where the maximum weld strength was 56% lower (40.9 MPa (SD: 
4.92 MPa). An additional foaming of the material leads to further loss of mechani-
cal strength. The differences between chemical and physical foamed material in 
dependence of the foaming degree is clearly visible in Fig. 6. A physically foamed 
PA6-GF35 loses 53% of its tensile strength in butt joint due to a 10% weight reduc-
tion. In which the chemically foamed counterpart is only reduced by 18% of its weld-
ing strength.

The loss of strength within T-joint welding in comparison to the basic mate-
rial strength is less, independent of the foaming process and degree. The maximum 
achievable properties in the T-joint are similar for chemically and physically foamed 
components. Due to a higher weight reduction in the physical foaming process, the 
weld strength of physical foamed parts is lower than those of the chemical process.

Despite the same cell morphology of the physically and chemically foamed  
PA6 GF35, large differences in strength result during subsequent welding. 21% chem-
ically foamed, butt-welded parts achieve comparable strength values as 10% physi-
cally foamed.

Figures 7 and 8 shows the appropriate microscopic images of the welds to the 
mechanical evaluations in Fig. 6.

The microcellular structure of physically and chemically foamed butt joints and 
T-joints of PA6-GF35 is subdivided further depending on the degree of foaming. A 
clearly visible increase in the number of cells with increasing degree of foaming can 
be seen.

Apart from changes in the number of cells and density, no qualitative state-
ments regarding the weld quality in the microscopy of the welded parts are possible. 
Whether or not the solid skin layer has been punctured in consequence of the welding 
process, is difficult to assess with the help of just the microscope images.

Occasionally, some foam cells are visible in the joining level. The extent to which 
these lead to a decrease of the mechanical properties can not be determined by optical 
analysis alone. Here a comparison with the previous mechanical properties and the 
solid layer thickness measurement is to be made.

Fig. 7.  VIB-welded (butt joint) of physically foamed PA6-GF35 in dependence of the foaming 
degree (welding parameter: a = 0.9 mm; pF = 0.5 MPa; sF = 1 mm)
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Figure 8 compares microscopic images of chemically (on the left side) and phys-
ically (on the right side) welded parts using T-joint. A statement about the resulting 
mechanical characteristics is also not possible in this case. However, knowledge of 
the solid layer thicknesses in the center of the plate and at the end of the flow path, 
together with the welding parameters (joining path), makes it possible to conclude 
whether or not the weld has punctured the solid layer.

In order to investigate the influence of the joining pressure and the welding path, 
the welding parameters were varied in addition to the standard parameters. Figure 9 
shows the effect of the variation on the tensile strength for chemically foamed (on the 
left side) and physically foamed (on the right side) parts.

As seen in the previous results, the chemical foaming process leads to a higher 
solid layer thickness within the parts. This fact alone leads to mechanical differences 
in the welding process.

The mechanical strength of welded, chemically foamed parts is significant higher 
than the physically ones, because the solid layer is twice as high (Fig. 4 chemically: 
668 µm (SD: 89 µm); physically: 291 µm (SD: 122 µm)).

So in this case a welding of compact material is possible. The reachable mechan-
ical properties decrease about 18% compared to the welded base material (standard 
welding parameters). A variation of the welding path up to 1.4 mm doesn’t change 
the results. An increase of the joining pressure (from 0.5 to 2 MPa) decrease the max-
imum strength.

A significantly lower strength can be seen in the results from the physical foam-
ing process (Fig. 9, on the right side). All chosen parameters punctured the solid layer 

Fig. 8.  VIB-welded (T joint) of chemically (left) and physically (right) foamed PA6-GF35 in 
dependence of the foaming degree (welding parameter: a = 0.9 mm; pF = 0.5 MPa; sF  = 1 mm)
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thickness into the foamed core (except Path −−), so that the mechanical strength is 
reduced. In this case the shown values represent the strengths for welding outside the 
foamed core. Within a punctured solid layer, a higher joining pressure increases the 
tensile strength due to the compensation of the plate warpage. Under optimal con-
ditions a maximum theoretical strength can be achieved by setting the joining path 
within the solid layer thickness (0.5 mm). Due to the plate warpage, the standard devi-
ations are very high (Path−−). In addition, a 0.5 mm joining path is not industrially 
relevant and not realistic even for large components with warpage. Nevertheless, the 
results are intended to show the influence of welding inside and outside the solid skin 
layer.

4  Conclusion

On the way from manufacture by foam injection molding to welded component, a 
variety of parameters affect the foam structure.

The results have shown that there is a significant inhomogeneity of the character-
istic three-layer structure within the parts regarding cell-size distribution and thick-
ness of the solid skin layer for each material. Accordingly, the probability increases to 
weld into the (more unstable) foamed core.

The chosen foaming process, the type of blowing agent, material and above all the 
injection molding parameters have a decisive influence on the resulting cell morphol-
ogy. The thickness of the solid layer has a significant influence for welding a foamed 
part. By varying the process parameters for the foam injection molding, the solid layer 

Fig. 9.  Tensile strength for chemically (left) and physically foamed (right) PA6-GF35 within 
the VIB-process in dependence of parameter variation
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thickness can be selectively changed and the welding parameters can be adapted to 
the present material within the process limitations.

As presented in the results there is a significant difference between vibration weld-
ing of solid thermoplastics and their microcellular foamed counterparts. Regarding the 
welding process, the thickness of the solid skin layer and the joint type are of enor-
mous importance for the mechanical characteristics. By parameter variation within the 
solid layer thickness, the mechanical strength can be further increased. When welding 
into the foamed core, it comes to reducing the strength. However, it is not always pos-
sible to weld outside the foamed core.

Due to a slightly warpage of the parts, an additionally adjustment of the joining 
path and pressure is necessary to get a consistent weld. In this case welding outside 
the foamed core is not possible if the solid layer thickness is less than the joining path. 
Especially in the industrial manufacturing process, small joining paths are not feasible 
due to process limitations, large component dimensions, warpage and high foaming 
degrees with low solid layer thicknesses.

Therefore the chemical foaming process provides higher solid layer thicknesses 
within the parts, with the result that the plate warpage can be compensated for with 
higher joining pressure or path.

The study underlined the importance of the process - material - structure - prop-
erties- relationships. By knowing the complex property relationships between influ-
encing factors, it is possible to weld foamed components with good mechanical and 
optical properties.
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Abstract.  Laser transmission welding is one of various welding techniques 
used to join thermoplastics. Low heat introduction into the welded parts and a 
high welding speed are the reasons why laser transmission welding established 
itself as a joining process in the plastics processing industry. To minimise 
defective parts and maximise productivity, it is essential to determine a set of 
ideal welding parameters that allow maximum bond strength at the lowest pos-
sible cycle times. To facilitate this process, simulation models provide detailed 
analysis without the need for destructive and costly part testing. To predict the 
weld strength of two thermoplastic parts joined by laser transmission welding, 
the Institute for Plastics Processing has developed a model that combines the 
simulated thermal properties of the material during and after welding with the 
molecular behaviour of plastic melts. Based on the results of the thermal mod-
elling of the welding process a mathematical model describing the movement 
of polymer chains is used to calculate the resulting bond strength depending on 
material properties as well as heating and cooling rates. The temperature data 
of nodes situated at the interface of both welding partners are extracted from 
the simulation for every time increment of the simulation. The model, which 
is based on the reptation theory of polymer melts, is then used with these data 
and the bond strength is calculated. The results are validated by tensile tests on 
welded parts with the same input parameters used in simulation. In first results, 
the calculated bond strength shows a good agreement with the values meas-
ured in tensile tests. Occasional deviations can be explained by the fact that the 
material decomposition occurring in experimental welds is not considered in 
the thermal simulation and the reptation theory.

Keywords:  Laser transmission welding · Process simulation · Tensile strength

1  Introduction and Objective

Parts and components made of engineering plastics are a basic component of mod-
ern commercial and industrial products [7, 28, 32]. The wide variety of achievable 
material properties and the large potential for continuous development are some of the 
main factors driving the expanding use of plastics in applications such as automotive, 
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electrical and aerospace technologies [18, 22]. These new developments place increas-
ingly high demands on manufacturing processes. The process of joining two or more 
components is one of the last steps of the manufacturing process but is critical for 
ensuring the correct functionality of the final part [4, 27].

Laser transmission welding of thermoplastics is one such joining process. During 
this process, a transparent welding partner is joined with an absorbing counterpart 
by heat energy provided by a laser beam directed at the weld seam [7, 19, 31]. The 
strength of the resulting weld is of decisive importance for the proper function of the 
part and the assembly. In addition to the basic strength of the welded materials, the 
weld strength is determined by a large number of process parameters, but cannot be 
estimated with sufficient accuracy only on the basis of these parameters. Hence, welded 
parts are usually designed in an empirical, iterative process in which the welding 
parameters as well as the part geometry are adapted according to guidelines and best 
practices. To cut down on this time-consuming and expensive approach, it is of major 
importance to predict the strength of the weld in dependency of the welding param-
eters. To this end, a numerical multi-scale approach for predicting weld strength and 
performance of parts joined by laser transmission welding is developed (Fig. 1) [16].

First, a 3-D model of the welding partners is developed and the temperature dis-
tribution during and after the welding process is simulated. This results in time- and 
location-dependent temperature profiles of the welded parts. Subsequently, both the 
thermally induced residual stresses as well as the resulting strength of the weld based 
on the temperature profile in the welding zone are calculated. The weld strength is 
initially modelled using equations arising from the reptation model proposed by de 
Gennes [8]. However, the strength of the bond is also influenced by residual stresses, 
which either add or detract from the calculated bond strength. By considering both the 
calculated bond strength and the simulated residual stresses, a model for predicting 
the tensile behaviour of the welded part is developed and validated in experimental 
tensile tests [16].

Fig. 1.  Concept for the numerical description of the weld strength in welded components [16]
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2  State of the Art

Laser transmission welding is a single-stage process in which the heating of the plas-
tic and the joining process take place simultaneously. The optical properties of both 
materials are subjected to the condition that one welding partner must have a high 
degree of transmission in the laser wavelength range and the other a high degree of 
absorption. Before the welding process both components are positioned in the desired 
end position and the welding pressure is applied. The process sequence is shown 
schematically in Fig. 2. The laser beam passes through the transparent welding part-
ner without significant heating. Only in the second welding partner, the laser beam 
is completely absorbed in the near-surface layer, whereby the laser energy is con-
verted into heat energy and the plastic is melted. Due to heat conduction, the transpar-
ent welding partner is also plasticised indirectly in the area of the welding zone. The 
internal welding pressure resulting from the expansion of the plastic melt as well as 
from the externally applied welding pressure results in a material-locking connection 
of the components.

Furthermore, different approaches for the numerical calculation of the heating 
process using the finite element method (FEM) are pursued [1, 3, 5, 6, 9–12, 17, 21, 
23, 25, 26, 33, 34]. The listed works differ in the type of modelling as well as in the 
input parameters used. Both literature values and own measurements serve as input 
data, whereby the used measuring methods vary. Challenges arise with the tempera-
ture dependence of the material properties, the characterisation of the intensity dis-
tribution, the experimental validation of the calculated temperature distributions and 
the deviations between simulation results and experimentally determined results. First 
approaches for the numerical calculation of thermally induced residual stresses dur-
ing laser welding with a moving spot, i.e. contour welding, are presented by Potente 
et al., Zoubeir and Elhem and Gupta and Pal [14, 30, 34]. However, in their research, 

Fig. 2.  Process principle of laser transmission welding [16]
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very high heating temperatures up to 700 °C were calculated [34], no information was 
given on the mechanical material model [14] or higher temperatures lead to lower 
residual stresses [30]. Labeas et al. introduce a simulation model for the calculation of 
residual stresses during contour welding of composite parts, in which only a simple, 
purely elastic material behaviour is implemented [24].

A simulation model with which both residual stresses and weld strengths can be 
predicted on the basis of a realistic numerical calculation of the temperature distribu-
tions in the welding process is currently non-existent.

3  Simulation Model for Laser Transmission Welding

3.1  Thermal Simulation

The simulation of the laser welding process is carried out with t-joint samples for 
the process variant of simultaneous welding for a polyamide 6.6 (PA 6.6) of the 
type Ultramid A3W from the manufacturer BASF SE, Ludwigshafen, Germany. For 
the laser-absorbing welding partner, samples with 0.3 wt.% carbon black are used. 
With the Abaqus FEM software from Dassault Systèmes SE, Vélizy-Villacoublay, 
France, a 3D model was built. This consists of two main sections which repre-
sent the transparent and absorbing welding partner. The thermal material proper-
ties of the two welding partners are determined experimentally for both materials 
and assigned to the respective elements. These properties are density, specific heat 
capacity and thermal conductivity. The energy supplied by the laser is modelled by 
means of a self-developed subroutine. For each time increment, the subroutine cal-
culates the location-dependent and time-dependent heat flux supplied per volume 
element. The input variables for the subroutine are the optical material properties 
absorption coefficient of the absorbing welding partner, the extinction coefficient of 
the transparent welding partner, surface reflection at the absorbing welding partner 
and reflection factor in the transparent welding partner as well as the intensity dis-
tribution after radiating through the transparent welding partner. For more detailed 
information on the thermal simulation model, reference is made to the work of 
Hopmann et al. [16].

The simulation is validated by real welds performed with a fiber coupled diode 
laser type LDM 400-40 from Laserline GmbH, Mühlheim-Kärlich, Germany, with a 
wavelength of 940 nm. The laser couples its energy into an optical fiber, which leads 
to a line optics. The line optics widen the point-shaped laser beam and bring it into 
line form. Without the transparent welding partner influencing the laser beam, accord-
ing to the manufacturer’s specifications, the line has the dimensions 27 × 1.5 mm2 in 
the focal plane, which corresponds to the dimensions of the T-joints in the welding 
plane. The heat-affected zone (HAZ), which is defined in the simulation as the area in 
the weld cross-section that reaches the melt temperature of the material of 260 °C, is 
used for the validation of the thermal simulation. In real welds, the HAZ is measured 
by means of microscopic images in which the microstructure change becomes visible 
when the melt temperature is reached.
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3.2  Thermomechanical Simulation

Based on the thermal simulation model, the mechanical stresses caused by the ther-
mal expansion are calculated for each time step. For this purpose, an elastic-plastic 
material model is used for which the material data are determined in experimental 
tensile tests. This model describes reversible and irreversible mechanical effects that 
arise in response to forced deformations. The consideration of the irreversible plastic 
deformation allows the calculation of the remaining internal stresses after cooling of 
the welding partners [16]. For the thermomechanical simulation, the elements of the 
thermal 3D model are extended by the temperature-dependent, mechanical properties 
thermal expansion coefficient, Young’s modulus, yield point and plastic stress-strain 
behaviour. The thermal expansion coefficient is measured as a function of temperature 
using the thermal-mechanical analysis device TMA 2940 from TA Instruments, New 
Castle, USA. The temperature-dependent Young’s modulus, yield point and plastic 
stress-strain behaviour are determined with the universal testing machine type Z150 
from Zwick GmbH & Co. Kg, Ulm, Germany.

Since an exact quantitative determination of residual stresses in the weld seam is 
not possible with current measurement methods, the validation is performed on the 
basis of the combined consideration of residual stresses and weld seam strength.

3.3  Calculation of the Weld Strength

The calculation of the weld strength is implemented according to the definition of the 
degree of healing Dh(t) as per Bastien and Gillespie [2], which is based on the work of 
de Gennes [8]:

σ represents the weld strength in [MPa], σ∞ the tensile strength of the base material in 
[MPa], ti and ti + 1 the start and end time of a time increment in the thermomechanical 
simulation in [s] and trep(T) the temperature-dependent reptation time in [s]. The rep-
tation time is defined by the approach of Juhl, Christiansen and Jensen [20]:

In this equation, Me denotes the entanglement molecular weight of the polymer in 
[kg/mol], R the universal gas constant in [J/mol K], T the temperature in [K], ρ(T) the 
temperature-dependent melt density in [kg/m3] and η0(T) the temperature-dependent 
zero-shear viscosity, which is calculated via the Williams–Landel–Ferry (WLF) equa-
tion [29].

The equations are implemented in the numerical computing software MATLAB 
2016a from MathWorks, Inc., Natick, USA. A routine was developed that calculates 
the zero-shear viscosity and density for every time increment of the welding process 
as a function of temperature based on the data resulting from the thermomechan-
ical simulation model. Both values are used to calculate the temperature-dependent 
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reptation time at every examined time increment. Subsequently, an individual degree 
of healing is calculated for each time increment. By summing all calculated individual 
degrees of healing, Dh is calculated, which is then multiplied by the tensile strength 
of the base material σ∞ to calculate the final bond strength σ. In the last step, the 
residual stresses in the tensile test direction after the cooling of the welding partners 
are imported from the thermomechanical simulation and subtracted from the tensile 
strengths calculated with the reptation model.

The validation is based on tensile tests with welded T-joints. The tensile tests are 
carried out with a universal testing machine type Z10 from Zwick GmbH & Co. Kg, 
Ulm, Germany. The breaking force of the welded T-joints is measured and converted 
into a breaking stress using the microscopically determined weld area. The experimen-
tally determined breaking stresses are then compared to the calculated weld strength.

4  Results

4.1  Thermal Simulation

Figure 3 shows the HAZ for different process points. On the left side, the microscopic 
image of an experimental weld is shown. This is compared to the temperature distri-
bution in the section plane at the change-over point from the heating to the cooling 
phase from the simulation with the same process parameters. In sum, there is a very 
good agreement between the simulation and experimental welds for the considered 
process points.

A comparison of the HAZ from the experiment and simulation for all considered 
process points can be found in Fig. 4. Starting from a weld with an irradiation time 

Fig. 3.  Validation of the thermal simulation model based on the optical appearance of the HAZ
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of 0.75 s and a laser power of 30 W, at which the welding partners just adhere, the 
laser power and irradiation time were increased gradually until degradation phenom-
ena occur during the experimental welds (starting with a laser power of 35 W with a 
constant irradiation time of 0.95 s or an irradiation time of 1 s with a constant laser 
power of 27.5 W). In the simulation, temperatures above the degradation temperature 
of the material are also calculated for these process points. Since the degradation of 
material is not considered in the simulation, starting with these process points lead to 
differences between experimental and calculated heat-affected zones, which increase 
with higher energy input by the laser. However, for the process points where no deg-
radation occurs the simulation shows a very good agreement with experimental welds.

4.2  Thermomechanical Simulation

Figure 5 shows the time course of the calculated, time-dependent and signed Von 
Mises stresses over heating and cooling phases in the welding process. The three 
curves show the progress of the stress in the middle node between the two welding 
partners for the laser powers of 30 W, 32.5 W and 35 W with an irradiation time of 
0.75 s. In addition, the stress distributions in both joining partners are shown at differ-
ent times in the welding process for a laser power of 32.5 W and an irradiation time 
of 0.75 s. Due to thermal expansion of the material during the heating process, com-
pression stresses form in the weld seam, which are mechanically compensated in the 
environment by tensile stresses. When cooling begins, the deformed material and the 
formed compression stresses are reset. However, due to the partly irreversible defor-
mation of the material, there is no complete recovery. This means that, after the mate-
rial has cooled down to ambient temperature, tensile stresses form in the weld seam, 
which are compensated by compression stresses in the vicinity of the weld seam. 
The compression stresses occurring in the weld seam during heating and the result-
ing tensile stresses after cooling increase as expected with increasing laser power and 

Fig. 4.  Comparison of the HAZ from the simulations with experimental welds
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thus increasing temperature and thermal expansion. Even if no validation of the pure 
residual stresses in the weld seam is possible with current means, the experimentally 
determined residual stresses of injection moulded components with values between 
5–10 MPa provide a rough indication [13, 15]. Since slightly higher heating and cool-
ing rates are present in laser transmission welding, the calculated residual stresses of 
15–25 MPa for PA 6.6 are generally of a realistic order of magnitude.

4.3  Calculation of the Weld Strength

Figure 6 shows the comparison of the weld strength from the simulations with experi-
mental welds for different process points. The horizontal, green line marks the tensile 
strength of the base material. Increasing laser power and irradiation times generally 
lead to a longer time of the material being in the molten state, while at the same time 
shorter reptation times are present. This results in increasing calculated weld strengths 
in the simulation. The degradation phenomena already described in Sect. 4.1 lead to 
a decrease or no further increase in the experimentally determined weld strength at 
the corresponding process points. Since these phenomena are not taken into account 
in the reptation model, this effect is not apparent in the calculated simulation values. 
Particularly at the process point with an irradiation time of 1.05 s and a laser power 
of 30 W, a clear deviation between experimental and simulative results can be seen. 
Even if the calculation results from the simulation slightly underestimate the weld 
strength in real welds, there is a relatively good agreement between simulation and 
experiment.

Fig. 5.  Signed Von-Mises stresses for an irradiation time of 0.75 s with laser powers of 30 W, 
32.5 W and 35 W
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5  Conclusion and Outlook

In the presented study, a 3D model for the thermal simulation of laser transmission 
welding was developed. For polyamide 6.6, the comparison of heat-affected zones in 
the simulation with heat-affected zones determined via microscopic images of exper-
imental welds shows that the thermal model leads to realistic calculation results. 
Based on the thermal model, a further simulation model was developed to calculate 
the thermally induced residual stresses caused by the welding process. For this pur-
pose, temperature-dependent elastic-plastic mechanical material behaviour was used, 
which leads to results in a realistic order of magnitude. In parallel, a routine for the 
calculation of the weld strength was developed on the basis of the thermal simula-
tion model, which considers the degree of healing according to the reptation model 
combined with calculated residual stresses. In general, the calculated strengths for the 
considered material show a good agreement with the strengths of experimental welds. 
However, since the decomposition of the material is not taken into account in the sim-
ulation model, deviations from real welds occur at process points where degradation 
phenomena are present.

In forthcoming research, the model will first be transferred to other materials in 
addition to polyamide 6.6. Furthermore, a coupled model for flow simulation is to be 
developed in order to take into account the melt flow during the welding process.
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Fig. 6.  Comparison of the weld strength from the simulations with experimental welds
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Abstract.  Laser sintering of polymers is widely used for the production of indi-
vidual products and small-batch series. However, the qualification of laser-sintered 
polymeric components for new application fields, e.g. in the food and packaging 
industry, is still limited due to missing knowledge on physicochemical material 
properties. This work investigates the mass transfer of low molecular weight sub-
stances through laser-sintered polyamide 12 sheets in comparison to an extruded 
polyamide 12 film. Analysis of structural material properties reveals signifi-
cant differences between both materials depending on the production processes. 
Despite their apparent porosity, laser-sintered sheets show lower permeation coef-
ficients for water vapor and oxygen compared to extruded films. This might be 
related to the higher crystallinity of the laser-sintered vs. the extruded material, 
arising from the slow cooling rate of the polymer in the laser sintering process.

This research brings knowledge of the different permeation behav-
ior of laser-sintered and extruded polyamide 12 in relation to the structural 
properties.

Keywords:  Laser sintering · Permeation properties · Porosity · Crystallinity · 
Crystal structure · Polyamide 12

1  Introduction

Additive manufacturing (AM) technologies offer the potential to fabricate individual-
ized products with increased part complexity at low production volumes. Laser sinter-
ing (LS) of polymers is an AM technique that is established for direct manufacturing 
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of products and small-batch series in many industries, mainly automotive, aerospace 
and biomedical sectors [1, 2]. In the food and packaging industry, plastics are com-
monly used for products manufactured in large quantities for which LS parts are not 
suitable. Nevertheless, there is a potential for using LS parts primarily for the indi-
vidualization of products, for the production of small-batches and also for various 
grippers. As an example, current interest exists in the confectionery industry for the 
production of casting molds. However, the application of the technology remains 
 limited due to insufficient knowledge of structural properties and functional perfor-
mance of LS materials and components [3]. In particular, a deeper understanding 
of the physicochemical material behavior is missing so far. Until now, there is little 
information available on the mass transport in LS polymers and the resultant barrier 
properties towards gases and vapors.

In the LS process, a thermoplastic polymer powder is selectively fused by means 
of laser energy. As the production technique works free of pressure and the surround-
ing powder is used to hold the melt, LS polymers present different structural proper-
ties compared to traditional manufacturing technologies like injection molding [4, 5]. 
Typical material characteristics include porosity as well as an inhomogeneous large 
spherulitic crystal structure of the polymer matrix [3]. The mass transport of low 
molecular weight substances through polymers, besides their chemical structure, 
strongly depends on the physical material properties such as density or crystallinity [6]. 
Therefore, transferring material parameters from e.g. extruded polymer films might only 
be possible to a limited extent. Moreover, only a little research has been done on the 
permeation properties of polyamide 12 (PA12), which is the mostly applied LS powder 
material [7].

The main objective of the research was to examine the barrier properties against 
gases and vapors of LS PA12 in comparison to extruded PA12. Water vapor and oxy-
gen permeation experiments were carried out on disc-shaped samples produced by 
both manufacturing techniques using the same PA12 powder as starting material. For 
an improved understanding of the transport behavior, the structural properties of dif-
ferent materials were analyzed by means of X-ray micro tomography (CT), differen-
tial scanning calorimetry (DSC) and polarized light microscopy.

2  Basic Permeation Theory

The transport of gases and vapors through a polymeric layer is basically described by 
the model of solution-diffusion mechanism which involves the adsorption and solu-
tion of the penetrating substances at the surface of higher concentration, their diffu-
sion through the polymer layer under the effect of concentration gradients and their 
desorption on the side of lower concentration [8].

The permeation rate, i.e. the flux density J [mol m−2 s−1] in the steady-state is 
given by

(1)J = Q(p1 − p2) =
DS(p1 − p2)

d
=

P(p1 − p2)

d
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where Q is the permeability [mol m−2 s−1 Pa−1], p1 and p2 are the upstream and 
downstream pressures [Pa], d is the thickness of the polymer substrate [m], D 
is the diffusion coefficient [m2 s−1], S is the Henry’s law solubility coefficient 
[mol m−3 s−1 Pa−1] and P is the permeation coefficient [mol m m−2 s−1 Pa−1] [9, 10].

3  Materials and Methods

3.1  Production of Samples

Laser Sintering. Disc-shaped sheets with a nominal diameter of 70 mm and a nom-
inal thickness of 1000 µm were produced on a EOS (EOS Electro Optical Systems 
GmbH, Krailling, Germany) P110 LS machine using PA2200 PA12 powder supplied 
by EOS GmbH with a mixing ratio 50/50 between virgin and recycled powder (par-
ticle volume median diameter = 57 µm). The sheets were built in vertical direction 
(z-direction) and positioned close to each other in the building chamber (nominal dis-
tance = 3 mm) in order to eliminate process-related variabilities in the material prop-
erties caused by e.g. the inhomogeneous temperature distribution across the building 
platform [11]. The standard process parameters recommended by the LS machine 
manufacturer EOS GmbH for PA2200 PA12 powder at 100 µm layer thickness were 
applied. The scanning strategy was an alternating x-y scanning pattern including two 
contour lines and enclosed raster lines (“hatch lines”). Due to the fixed hatch grid 
of the LS system, the sheets were produced with different scanning patterns depend-
ing on their positioning within the building chamber. Figure 1 displays magnified 
sections of the different x-y scanning patterns applied. After the building process, 
the sheets were finished by bead blasting in order to remove the remaining powder 
material.

Cast Film Extrusion. In order to produce starting material for the cast film extrusion 
process PA2200 powder was converted to small granules using a co-rotating twin-
screw compounder ZK 25 T (screw diameter (D) = 25 mm, screw length = 24 D) 
with a rotational speed of 100 rpm and a mass temperature of 210 °C, followed 
by a strand pelletizer CSG 171 T (both COLLIN Lab & Pilot Solutions GmbH, 
Maitenbeth, Germany). The granules were dried at 80 °C for 24 h to remove any 
residual moisture before processing on a lab-scale cast film line CR 136/350 with 
an extruder E 30 P (screw diameter (D) = 30 mm, screw length = 30 D, nozzle 
width = 300 mm) (COLLIN Lab & Pilot Solutions GmbH, Maitenbeth, Germany). 
The extrusion parameters were a rotational speed of 90 rpm and a mass temperature of 
210 °C. The chill roll unit was kept at a haul-off speed of 0.5 m/min resulting in a final 
film thickness of approximately 500 µm. For the permeation experiments, disc-shaped 
samples with a diameter of 70 mm were manually cut out of the produced film.

3.2  Analysis of the Material Structure

X-ray Micro Tomography (CT). CT was used to investigate the porosity of the LS 
sheets. As the extruded material showed a macroscopically homogeneous structure 
and no pores were detectable, it was excluded from the CT analysis. One LS sheet 



Permeation Properties of Laser-Sintered Polyamide 12 Sheets    261

was randomly selected out of the entire batch produced and a rectangular sample with 
dimensions (25 × 10) mm2 was manually cut out from the middle of the sheet. CT scans 
were performed using a Scanco μCT 40 desktop device with an acceleration voltage 
of 70 keV, a current of 57 μA and 1000 projections recorded per 180° sample rotation. 
These settings resulted in a voxel size of (6 μm)3. Post-processing of the raw data and 
subsequent data analysis was conducted following the method described in [12]. The pre-
sented results, including overall porosity and pore number density of the sample, as well 
as the equivalent pore diameter of individual pores, refer to a volume of interest (VOI) 
of 8.384 mm3 (= (500 × 500) voxels times the thickness of the sample). This allows the 
assumption that values are representative of the entire volume of the sheet [12].

Differential Scanning Calorimetry (DSC). The melting and crystallization transi-
tions of different sample materials were studied by means of DSC using a DSC 3+ 
STARe System (Mettler-Toledo GmbH, Gießen, Germany) under nitrogen atmos-
phere. Heating and cooling cycles were performed between 23 °C and 230 °C with 
a rate of 10 K/min. For each material investigated, the DSC analysis was conducted 
on three individual samples with masses of (8 ± 0.5) mg. Regarding the LS sheets, 
powder particles attached to the surfaces of the samples were carefully removed with 
a scalpel tool. The melting enthalpy of the samples was derived from the first heating 
cycle using a linear baseline from 120 °C to 200 °C. The crystallinity was determined 
as the ratio between the melting enthalpy of the samples and a theoretical melting 
enthalpy of 209.3 J g−1 for 100% crystalline PA12 [13].

Polarized Light Microscopy. The crystal structure of different materials was exam-
ined by means of transmission light microscopy under polarized light. Pictures were 
taken from thin sections of 5 µm thickness using a Leitz Diaplan with a camera type 
DFC 295 (Leica Microsystems, Wetzlar, Germany).

3.3  Permeation Experiments

Thickness Measurements. Thickness measurements were conducted with a preci-
sion thickness gauge FT3 (Hanatek, St. Leonards-on-Sea, UK) at 23 °C and 50% r.h. 

Fig. 1.  Magnified sections of different x-y scanning patterns used for laser sintering of sheets 
with a nominal thickness of 1000 µm in vertical direction.
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For each sample, a harmonic mean value was calculated from five measurements at 
random locations. The harmonic mean has been chosen since it provides the appropri-
ate average for the calculation of the permeation coefficient from the steady-state flux 
density (see Eq. 1).

Due to the pressure- and mold-less production technique LS polymer material gen-
erally presents unmolten powder particles at the surfaces [14]. As can be seen from 
the CT slice displayed in Fig. 2, this leads to a rough and uneven surface structure of 
the LS sheets. Consequently, thickness measurements using a thickness gauge give 
results that are significantly higher compared to the effective thicknesses of the sheets. 
This was taken into account by calculating permeation coefficients for all LS samples 
with the gauged thickness values minus 120 µm [15].

Fig. 2.  CT slice of a laser-sintered polyamide 12 sheet with a nominal thickness of 1000 µm 
built in vertical direction.

Fig. 3.  Sample preparation for permeation measurements.

Sample Preparation. In order to eliminate leakages and undesired side diffusion 
effects during permeation measurements, the LS samples, containing rough surfaces, 
were tightly embedded between two sheets of a self-adhesive aluminum foil with a 
circular cut-out area of 25 cm2. In addition, a two-component adhesive was applied 
along the border of the cut-out area to ensure that no gases could pass through the 
interface between aluminum foil and the sheets (Fig. 3). The extruded samples were 
prepared accordingly for comparable measurement conditions.

Water Vapor Permeation Measurements. The water vapor transmission rate 
(WVTR) was measured gravimetrically in accordance with DIN 53122-1 at 23 °C and 
a humidity gradient of 85 → 0% r.h. For normalization to a pressure difference of 1 Pa, 
the results were divided by the water vapor partial pressure at 85% r.h. (= 2391.8 Pa).
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Oxygen Permeation Measurements. The oxygen permeability was determined with 
an optical measurement method according to DIN 53380-5 at 23 °C and 50% r.h. 
using measurement equipment from PreSens (Precision Sensing GmbH, Regensburg, 
Germany). To reduce the amount of oxygen dissolved in the samples, the LS sheets 
were stored in the measuring cells under nitrogen atmosphere several days before 
starting with the standard measurement procedure [16].

4  Results

4.1  Porosity

Figure 4a shows the local distribution of different pore sizes in the LS sheet as 
revealed by CT analysis. It can be recognized that the pores are mainly located in the 
inner region of the sheet surrounded by a dense skin. This might primarily arise from 

Fig. 4.  Semi-transparent view of visualized CT data through a 3 mm (= 500 voxels) wide cross-
section a), cumulative pore size distributions of porosity b) and pore number density c) within 
this section, for a laser-sintered polyamide 12 sheet with a nominal thickness of 1000 µm built 
in vertical direction. (Overall porosity: the ratio of pore volume over the entire sample volume, 
Pore number density: the number of single pores divided by the sample volume, Equivalent pore 
diameter: the diameter of an (imaginary) sphere of the same volume as the pore [12]).
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the scanning strategy used to produce the sheets including different exposure param-
eters for contours and hatch scanning (see Fig. 1). Apart from that, the local porosity 
distribution might further be influenced by different temperature gradients and thus 
different cooling rates comparing different areas of the sheet [12, 17].

As it can be derived from Fig. 4b, c, the investigated LS sample shows an overall poros-
ity and a pore number density of detected pores of 1.7% and 111 pores per mm3, respec-
tively. Pores are in a size range up to an equivalent pore diameter of 167 µm (= 0.0024 mm3 
pore volume) with a volume median of 123 µm and a number median of 29 µm.

4.2  Crystallinity and Crystal Structure

From microscopic pictures displayed in Fig. 5, it becomes visible that the LS sheets and 
the extruded film show significantly different crystal structures which might be linked 
to the different processing conditions of the material. The dark spots observed in both 
pictures could be small particles of titanium dioxide and silica that are added to the 
powder to improve whiteness and flowability [18–20]. In the cast film extrusion pro-
cess the molten polymer is cooled down rapidly by chill rolls immediately after being 
ejected from the extrusion nozzle. This gives low crystal growth leading to a more 
amorphous material structure. By contrast, the slow cooling speed in the LS process 
provides a distinct crystal structure containing large spherulites. As expected the DSC 
analysis gives different crystallinities for both materials which are 38% for the LS PA12 
and 22% for the extruded PA12 (see Table 1). From DSC curves displayed in Fig. 6, it 
can be observed that the extruded material provides an exothermic peak at 161 °C in 
the first heating run which can be described as recrystallization and signalizes incom-
plete chain ordering due to rapid cooling of the polymer. Apart from that, the extruded 
film shows a higher crystallization temperature and a slightly lower melting temperature 
compared to the LS sheet indicating a shorter molecular chain length that most proba-
bly results from shear stresses during compounding and extrusion processes [4].

Fig. 5.  Thin section polarized light microscopy pictures from samples of laser-sintered (left) 
and extruded (right) polyamide 12.
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Compared to the LS and the extruded material, the PA12 powder presents a higher 
melting temperature and higher melting enthalpy in the first heating run which can be 
explained by a special modification of the crystalline morphology of the polymer dur-
ing powder production by solution-precipitation process [21]. From Fig. 6, it can be 
recognized that the DSC curve of the LS sample shows a decent shoulder at a temper-
ature corresponding to the melting temperature of the powder. Since unmolten powder 
particles adherent to the surfaces of the LS sheets were removed before DSC meas-
urements, this points out that partially molten powder cores are present in the inner 
polymer structure of the LS material [22].

Table 1.  DSC data of different polyamide 12 materials. Values are the average of three individ-
ual measurements at the 95% level of confidence.

PA12 powder Laser-sintered PA12 Extruded PA12

Recrystallization temperature [°C] – – 161.0 ± 0.4

Melting temperature [°C] 186.6 ± 0.4 180.9 ± 0.9 178.3± 1.1

Crystallization temperature [°C] 147.2 ± 0.4 147.7 ± 3.1 150.2 ± 1.2

Melting enthalpy [J g−1] 110.9 ± 1.2 80.2 ± 2.8 46.4 ± 0.5

Crystallinity [%] 53.0 ± 0.6 38.3 ± 1.3 22.1 ± 0.2

Fig. 6.  DSC curves for samples of different polyamide 12 materials for the 1st heating and 
cooling run.
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4.3  Water Vapor and Oxygen Permeation Properties

Table 2 summarizes permeation results for the LS sheets and the extruded film. 
Values mainly match with permeation data found in the literature for conventionally 
manufac tured PA12 [23, 24]. Both materials present a ratio of water vapor to oxygen 
permeation coefficients of ≈1.9 × 103 while permeation coefficients for the extruded 
film are factor 1.6 higher compared to the LS sheets. No significant differences in the 
permeation properties were found between LS sheets produced with different scan-
ning patterns which is in line with results reported for the mechanical material behav-
ior of thin tensile test samples built in vertical orientation [25].

5  Discussion

LS and extruded PA12 show significantly different material structures resulting from 
the different processing techniques. Despite apparent porosity, the LS sheets show 
lower permeation coefficients for water vapor and oxygen compared to the extruded 
film. This might be primarily related to the higher crystallinity of the LS sheets vs. the 
extruded film, arising from the slow cooling in the LS process. At temperatures below 
the melting point of the polymer, crystalline regions are in general much less accessi-
ble to most penetrants, thus acting as excluded volumes and impermeable barriers for 
sorption and diffusion processes [26].

Regarding the material structure of the LS sheets, CT analysis reveals porosity 
mainly located in the inner region of the sheets, while only a few pores are detected 
close to the borders. However, the pore number density distribution shows very high 
numbers of small pores indicating that additional pores close to the detection limit of 
the CT analysis could also be present in significant amounts. Apart from that, the pres-
ence of unmolten powder cores in the material structure signalizes incomplete melting 
of the polymer due to insufficient energy input during sintering suggesting poor con-
solidation of the polymer [7]. This could lead to the hypothesis that LS sheets present 
a higher permeable material structure in which mass transfer would be mainly deter-
mined by the flow of substances through a continuous network of pores and microcavi-
ties rather than follow rules of solution-diffusion mechanism. However, the permeation 
behavior does not confirm this assumption for any of the samples investigated. Contrary 
to expectations, the LS sheets present barrier properties for water vapor and oxygen in 
the same order as for conventionally manufactured polymers typically used in technical 
and packaging applications (see Fig. 7). A possible explanation could be, that the LS 
sheets show a material behavior similar to a laminate structure with a more permeable 
porous inner layer surrounded by two denser layers of greater permeation resistance.

Table 2.  Permeation data of different polyamide 12 materials. Values are the average of three 
individual measurements at the 95% level of confidence.

Laser-sintered PA12 Extruded PA12

Water vapor permeation coefficient 
[mol m m−2 s−1 Pa−1]

(8.0 ± 1.5) × 10−14 (1.3 ± 0.1) × 10−13

Oxygen permeation coefficient 
[mol m m−2 s−1 Pa−1]

(4.3 ± 0.6) × 10−17 (6.9 ± 0.4) × 10−17
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6  Conclusion

This work analyzed the permeation properties in relation to the material structures of 
LS and extruded PA12. Based on the main findings, the following conclusions can be 
drawn:

• LS and extruded PA12 exhibit significantly different material structures resulting 
from different production processes.

• Despite the porosity, LS PA12 shows lower permeation coefficients for water vapor 
and oxygen compared to extruded PA12 which might be related to the higher crys-
tallinity arising from the slow cooling process.

• The permeation behavior of LS sheets does not indicate the presence of a con-
tinuous network of pores or microcavities. Based on the CT results, the trans-
port behavior of LS sheets could be comparable to the permeation through a 

Fig. 7.  Water vapor and oxygen permeation properties of laser-sintered and extruded 
polyamide 12 in relation to conventionally manufactured polymers typically used in technical 
and packaging applications, at 23 °C (modified from [8]).
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multi-layered structure including a more permeable porous inner region enclosed 
by two denser layers of greater permeation resistance.

• Permeation experiments could serve as a useful instrument to analyze the inherent 
material characteristics of LS polymers and to verify their structural integrity.

• Future work is needed to study the permeation properties of LS sheets depending 
on their thickness and build orientation.
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Abstract.  Thermoplastic melts and rubber compounds are viscoelastic fluids. 
They show a complex flow behavior, which is influenced by various factors 
such as polymer type, molar mass distribution, recipe, filler-filler network and 
in some cases wall slippage. Most of the state-of-the-art simulation software 
packages use viscous material models for the calculation of the flow field as 
well as pressure and temperature distribution, neglecting the viscoelastic 
nature of polymers. This simplification may lead to an underestimated pressure 
demand in injection molding simulation.

This contribution presents how to correctly measure viscosity data (shear 
and extensional viscosity) for thermoplastics and rubber compounds taking into 
account the pressure dependency of the viscosity and the influence of viscous 
dissipation in capillary rheometry at higher shear rates. Moreover, a guideline 
on how to best fit rheological data with the viscoelastic K-BKZ/Wagner model 
is outlined. Comparing CFD simulation results to experimental data, only the 
K-BKZ/Wagner model is able to correctly predict pressure losses of contraction 
flow dominated geometries. Examples will be given for NBR and PP-PNC.

Keywords:  Polymer melt · Viscoelasticity · K-BKZ/Wagner model · Injection 
pressure

1  Introduction

Thermoplastics and rubber compounds exhibit a viscoelastic material behavior. When 
simulating the flow of such complex fluids, the true material behavior is usually not 
taken into account. Instead, generalized Newtonian fluid flow models are used to 
solve the conservation equations (mass, momentum and energy). This simplification 
may lead to deviations between experiment and simulation, especially when predict-
ing the filling pressure in rubber injection molding. Fasching [1] showed for a NBR 
rubber compound with a hardness of ShoreA 75, that the injection pressure is clearly 
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underestimated using commercial injection molding simulation software for a thick-
walled hollow tube (Fig. 1). In this study the screw antechamber, machine nozzle, 
sprue and the part was considered applying a viscous Carreau-WLF model. Moreover, 
the dissipation produced in injection molding process was much higher than predicted 
by the simulation. While the measurement of bulk material ejected into air exhibit 
temperature rises of 12–30 K compared to the set melt temperature, Cadmould 3D-F® 
assumes no significant temperature rise resulting from viscous heating.

Additionally, purely viscous rheological models are not able to predict empirically 
proven flow phenomena, such as extrudate swell and vortices [2]. However, an exact 
numerical description of these viscoelastic flow phenomena is fundamentally impor-
tant when designing extrusion tools, runner systems or complex injection molds, and 
is consequently subject of numerous research projects.

For unfilled polymers, various research groups had great success when using 
the Kaye-Bernstein-Kearsley-Zapas (K-BKZ) model to predict viscoelastic domi-
nated flow phenomena. Ansari et al. [3, 4] managed to precisely predict the pressure 
drops in various capillaries both for a LDPE and an HDPE melt. Konaganti et al. [5] 
 predicted extrudate swell for an HDPE melt well; he achieved remarkable results 
when including a crystallization kinetics model. Another benchmark problem was 
solved by Mitsoulis [6], who was able to numerically reproduce the experimentally 
observed flow patterns of a branched LDPE and a linear HDPE melt in an abrupt 
20:1 contraction. Recently, Mitsoulis et al. [7] proved the applicability of the K-BKZ 
model to a wall slipping SBR rubber compound. For the first time, CFD simulations 
were carried out using a viscoelastic integral-type fluid flow model for a rubber com-
pound, which provided an excellent prediction of measured pressure drops in an 
orifice die and in various injection molding dies. In [8] Mitsoulis et al. showed for 
a polypropylene nanocomposite with 5 wt.% organically modified montmorillonite 
(Nanofil 5) and 5 wt.% compatibilizer (SCONA TPPP 2112 GA) that viscous mod-
elling failed to predict the real injection pressure. The measured pressure values for 
injecting through a short hyperbolical nozzle (L/D = 1.7, D = 1.5 mm) at a shear rate 

T=50°C / 33 cm³/s

Fig. 1.  CADMOULD 3D-F® geometry model of a thick-walled hollow tube (left) [1]; 
measured vs. predicted injection pressure (right) [19]
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level of 500,000 s−1 was only matched when carrying out viscoelastic CFD simula-
tions and considering the pressure dependence of viscosity.

Considering the pressure dependence of the viscosity is especially important when 
predicting the pressure demand for thin-walled parts or ones with long flow distances. 
Figure 2 [9] shows the geometrical model of a thin-walled bushing and the compari-
son of measured filling pressure to numerical predictions with and without consider-
ing the pressure dependence of the viscosity.

The measured filling pressure of 2350 bar was only predicted correctly when tak-
ing the pressure dependence of the viscosity into account.

This study outlines how to fit the K-BKZ/Wagner model best for a highly filled 
rubber compound. Furthermore, measured pressure drops in an orifice die and one 
capillary are compared to viscoelastic (K-BKZ/Wagner), viscous (power-law) and vis-
coplastic (Herschel-Bulkley) CFD simulation results.

2  Experimental

2.1  Material

In the present study, an industrially used, carbon black filled Acrylonitrile Butadiene 
Rubber (NBR) with a hardness of ShoreA 75 was tested. At room temperature, the 
density is 1.21 g/cm3. The compound was provided by our company partner SKF 
Sealing Solutions Austria GmbH, Judenburg, Austria. However, the exact composition 
must remain confidential.

2.2  Oscillatory and Capillary Rheology

Dynamic tests were carried out using a Rubber Process Analyzer (D-MDR3000) from 
MonTech Werkstoffprüfmaschinen GmbH. All measurements were performed in the 
linear viscoelastic region under sinusoidal shear load. The phase shift of the sample’s 

Wall thickness 0.4 to 0.8 mm
Measured filling pressure

2350 bar

Fig. 2.  Autodesk® Moldflow Insight geometry model and measured injection pressure for 
a thin-walled bushing (left); comparison of calculated injection pressure without (1284 bar, 
center) and with pressure dependent viscosity (2368 bar, right) for syndiotactic polystyrene [9]
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response gives information on the viscoelasticity of the tested material. The storage 
modulus G′ represents the ideally elastic, the loss modulus G″ the purely viscous part of 
the overall viscoelastic material behavior of polymers. Time-temperature superposition 
(TTS) allows the construction of a master curve for any reference temperature within 
the window of experiments. Thus, frequencies which are not accessible under isothermal 
test conditions may be taken into account in linear viscoelastic modelling. The selected 
temperature spectrum in this study was 100 K (+60 °C to +160 °C).

The steady-state shear viscosity was determined on a high pressure capillary 
rheometer of the company GÖTTFERT Werkstoff-Prüfmaschinen GmbH, type RG 
50. The inlet pressure loss was determined using a tapered orifice die. This procedure 
is recommended by Perko et al. [10] for rubber compounds. Moreover, pressure drops 
in three different round dies (diameter = 1 mm) were measured (L/D = 5/10/20). 
The true shear rate results from the established correction by Weißenberg and 
Rabinowitsch.

Moreover, the steady-state extensional viscosity may be estimated from inlet 
pressure losses observed with the orifice die. Established models were proposed by 
Cogswell [11], Obendrauf [12] and Binding [13]. Perko et al. [12] showed that the 
extensional viscosity after Binding correlates best with measured values obtained with 
Sentmanat’s Extension Rheometer (SER) [14]. Consequently, the steady-state exten-
sional viscosity after Binding was exclusively used in this study.

2.3  Simulation

All CFD simulations presented in this study were performed using the commercial 
software package Polyflow® (developed by ANSYS Inc., Canonsburg, PA, USA) 
in the version 19.2. The geometry of the tapered orifice die and the inlet flow in an 
abrupt capillary are illustrated in Fig. 3. During injection the entangled polymer 
chains will align in flow direction. In the corners a secondary flow may occur depend-
ing on the rheological properties of the fluid.

A two-dimensional (2D) axisymmetric finite element model (FEM) of the orifice 
die (L/D = 0.2/1) and one abrupt capillary (L/D = 20/1) was built.

Fig. 3.  CFD simulation setup of the orifice die (left) and inlet flow of an abrupt capillary (right)
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The governing equations for incompressible fluids under steady-state, isothermal 
flow conditions may be written as [15]:

where v is the velocity vector, p is the pressure and τ  is the stress tensor. Any influ-
ence of inertia and gravity was neglected due to the high viscosity of the NBR. The 
viscosity η of purely viscous fluids depends only on the rate of deformation D, but 
not on the magnitude of the imposed deformation (strain). The viscous stresses of 
non-Newtonian, incompressible and inelastic fluids are given as:

There are numerous mathematical models available, which are able to reflect the 
dependency of the viscosity on the shear rate γ̇, the temperature T, the pressure level p 
and even the level of conversion c. In the present study, we are only considering shear-
rate dependency. Highly filled rubber compounds exhibit a shear thinning behavior 
over a broad shear rate region with no Newtonian plateau. A model widely used in 
rubber rheology, which is able to reflect these characteristics is the simple power-law 
model [15]:

where K is the consistency index, λ is the natural time (reciprocal of the reference 
shear rate) and n is the flow exponent. Since previous studies indicate the presence 
of a yield stress for highly filled rubber compounds, we used as a second model, an 
analytic expression of the viscoplastic Herschel-Bulkley model [15] implemented in 
Polyflow®.

where τ0 is the yield stress, γ̇c the critical shear rate, K the consistency index and n the 
flow exponent.

However, viscous fluid flow models assume inelasticity, which is incorrect for any 
polymer, but especially for rubber compounds. They exhibit a strong degree of elastic-
ity even in an uncured state. We considered the viscoelastic nature of the tested rubber 
compound using the integral and time dependent K-BKZ model [15]:

(1)∇ · v̄ = 0

(2)−∇p+∇ · τ = 0
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with the material constant θ, the present time t, the past time t′, the memory function 
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, the damping function H
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Cauchy-Green tensor Ct

(

t′
)

. The material constant θ is given by

where N1 and N2 are the first and second normal stress differences. Due to  difficulties 
in measuring these characteristics especially for highly filled polymer systems the 
material constant θ is often set to zero in numerical studies [7, 8]. We followed this 
approach modelling the NBR rubber compound.

The linear viscoelastic material behavior is described through the memory func-
tion. It reflects the entanglement network of macromolecular chains. In unloaded con-
dition, they exhibit a coiled-like structure of high entropy. Applying strain, polymers 
respond with a contrary force, since the macromolecular chains try to retain the past 
state of high entropy. However, applied strain leads over time to a restructuring of the 
entanglement network, which results in a decrease of the contrary force (relaxation). 
One exponential function is not able to reflect the complex relaxation mechanisms of 
polymers. Consequently, a series of Maxwell elements (prony series) is typically used 
to discretize the continuous relaxation spectrum (Eq. 8).

with i representing the ith mode of the total number of modes N, the relaxation 
moduli gi and relaxation times �i. In order to describe the pronounced nonlinear 
 viscoelastic material behavior of rubber compounds, a damping function proposed 
by Wagner [16] was used. It reflects the dependency of rheological properties on the 
magnitude of the imposed deformation (strain).

Where I
C−1 and IC are the first invariants of the Finger strain tensor and Cauchy-Green 

tensor, respectively. α and β are material constants.
Polyflow® uses an iterative strategy to solve the integral constitutive equations of 

the K-BKZ type [15]. The stress tensor in the momentum Eq. (2) is replaced by an 
extra stress tensor τE:

where τ  are viscoelastic stresses calculated from Eq. (6), ηE is the evolutive 
(Newtonian) viscosity and ω is a control parameter between 0 and 1. For ω = 0, the 
flow problem is purely viscous (Newtonian), while ω = 1 represents a full solution 
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of the original viscoelastic Eq. (6). The evolutive viscosity is calculated using linear 
 viscoelastic material data:

All boundary conditions used in CFD simulations are listed in Table 1 with corre-
sponding surfaces illustrated in Fig. 3. At the inflow (BC 1) we imposed a volumetric 
flow rate Q, which can be calculated as:

where Db is the barrel diameter of the capillary rheometer and vp is the set velocity of 
the piston. The apparent shear rate at the capillary wall is written as:

with the diameter D of the capillary die. In case of an orifice die it is the smallest 
diameter. At the capillary and barrel wall (BC 2) a no-slip boundary condition is set. 
Moreover, we assumed a vanishing tangential force (fs) and a zero normal velocity at 
the axis of symmetry (BC 3).

Finally, a distinction was made between viscous/viscoplastic and viscoelastic 
models at the outflow (BC 4). Using the viscous and viscoplastic models, a vanishing 
normal force (fn) together with a zero tangential velocity was applied. For the viscoe-
lastic fluid flow simulations, a zero tangential velocity together with a fully developed 
normal velocity profile (same volumetric flow rate as inflow) was applied at the out-
flow, since we found a zero force BC to massively overestimate the pressure level at 
the exit. Additionally, a pressure value of zero was assigned at the exit barrel wall 
node.

Experimental data indicates, that pressure and temperature dependencies of the 
viscosity effectively cancel each other out. Consequently, isothermal flow simulations 
were performed, omitting both dependencies.

(11)ηE =

∑N

i=1
gi · �i

(12)Q =
πD2

bvp

4

(13)γ̇a =
32Q

πD3

Table 1.  Boundary conditions (BC) in CFD simulations.

a Corresponding surface is illustrated in Fig. 3

Boundary conditions (BC)a Description

BC 1 Fully developed normal velocity profile (inflow)

BC 2 Normal (vn) and tangential velocity (vs) = 0 (wall)

BC 3 Tangential force (fs) and normal velocity (vn) = 0 (axis of 
symmetry)

BC 4 Normal force (fn) and tangential velocity (vs) = 0  
(viscous/viscoplastic outflow)

BC 4 Tangential velocity (vs) = 0, fully developed normal velocity 
profile (same volumetric flow rate as inflow), pressure = 0 at the 
exit barrel wall node (viscoelastic outflow)
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3  Results and Discussion

3.1  Rheological Characterization

Due to the high filler content, rubber compounds are complex thermo-rheological 
systems showing filler-filler and filler-polymer interactions, which result in the well-
known Payne effect [17, 18]. Due to the filler network the rubber compounds exhibit a 
power-law behavior even at very low shear rates and no Newtonian plateau. Fasching 
[1] proposed pre-shearing conditions for dynamic testing, which lead to a maximum 
breakdown of the filler network with minimized damage to the polymer chains. In 
steady-state rheological testing, the observed properties always reflect a specific 
deformation history. Consequently, Fasching’s procedure results in rheological data 
much closer to those conditions, which we are aiming to describe numerically.

In a first step the rheological behavior of NBR was characterized by means of 
oscillatory rheometry. Comparing the complex viscosity to the steady-state shear 
viscosity proves the inapplicability of the Cox-Merz rule to the tested NBR rubber 
compound at 100 °C (Fig. 4). Pre-shearing the NBR rubber compound following 
Fasching’s guideline only reduces the gap between steady-state and complex viscosity 
but fails closing it.

In capillary flow experiments no stick-slip was observed at the surface of extruded 
strands and no pressure fluctuations were present.

Plotting the pressure losses as a function of the capillary length, (Fig. 5, right), 
proves a high linearity indicating that temperature and pressure dependencies of the 
viscosity effectively cancel each other out.

Fig. 4.  Complex and steady-state shear viscosity as a function of frequency and shear rate for 
NBR at 100 °C (HPCR High Pressure Capillary Rheometer)
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3.2  Viscoelastic Modelling

TTS allows covering a frequency range exceeding just one isothermal dynamic shear 
test. A broad frequency range of storage and loss moduli is of great importance fitting 
viscoelastic fluid flow models. Consequently, oscillatory tests using Fasching’s con-
cept of pre-shearing were performed over a temperature range of 100 K (60–160 °C). 
In a first step the rheological data from dynamic testing at 6 different temperatures 
were mastered applying TTS. The definition of the loss factor tan(δ) results in an 
invariance to vertical shifting bt and is therefore recommended for mastering com-
plex thermo-rheological systems (Eq. 14) with the horizontal shifting factor at and the 
angular frequency ω.

(14)tan (δ) =
bt · G

′′

(atω)

bt · G
′

(atω)

Fig. 5.  Viscous and viscoplastic modelling of the NBR at 100 °C (left); Bagley-plot at the 
reference temperature (right) (HPCR High Pressure capillary Rheometer)

Fig. 6.  Mastering of loss factor tanδ (left); Arrhenius plot (right)
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This procedure allowed covering a frequency range of almost 4 decades (up to 
approx. 104 rad/s) at the reference temperature of 100 °C (Fig. 6, left). In order to 
check the physical plausibility of this mastering, the horizontal shifting factors were 
plotted over the inverse temperature (Fig. 6, right). A coefficient of determination of 
>97% proves linear correlation and indicates that the mastering is correct.

In ANSYS Polyflow®, the continuous relaxation spectrum can only be considered 
through a maximum of 8 Maxwell elements. Nevertheless, a comparison of measured 
data to model predictions (Fig. 7, left) proves that this number is already enough to 
describe the linear viscoelastic behavior of polymers well.

Modelling the nonlinear viscoelastic material behavior, rheological data from cap-
illary rheometry were used. In case of a pure shear flow, the damping function (Eq. 9) 
depends only on the material parameter α. Thus, this model constant was fitted using 
steady-state shear viscosity data. Now, only the material parameter β remains as an 
unknown quantity in the system, which was fitted using steady-state extensional vis-
cosity data after Binding [13].

A comparison of model predictions and measured data (Figs. 7, left and 8) proves 
that also highly filled rubber compounds can be described with viscoelastic fluid flow 
models well following the outlined procedure. All K-BKZ/Wagner constants of this fit 
are listed in Table 2.

Fig. 7.  Mastered G′/G″ data for NBR at 100 °C and model predictions (left); G′ curves for the 
8 chosen Maxwell elements (right)
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3.3  Numerical Results

Finally, the influence of viscoelastic modelling on CFD simulation was investigated. 
The 15:1 contraction flow of an orifice die (L/D = 0.2/1) was analyzed as well as a 
shear dominated capillary flow (L/D = 20).

As expected, using a viscous or viscoplastic fluid flow model leads to a distinc-
tive underestimation of measured pressure drops (power law and Herschel-Bulkley - 
Fig. 9, left). Mean deviations increase with rising apparent shear rate levels indicating 
that pressure losses resulting from extension get more and more dominant.

Fig. 8.  Measured shear viscosity and extensional viscosity after Binding both compared to 
K-BKZ/Wagner model predictions (HPCR High Pressure capillary Rheometer)

Table 2.  Relaxation spectrum and material constants for the NBR rubber compound obeying 
the K-BKZ/Wagner model at the reference temperature of 100 °C

Modes �i (s) gi (Pa) θ (/) α (/) β (/)

1 1.00E−04 1.35E+06 0 0.34 0.22

2 5.18E−04 5.41E+05

3 2.68E−03 4.21E+05

4 1.39E−02 3.45E+05

5 7.20E−02 2.33E+05

6 3.73E−01 1.41E+05

7 1.93E+00 2.19E−01

8 1.00E+01 1.13E+05
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Consequently, both the viscous and the viscoplastic models are not able to 
describe a contraction flow dominated geometry correctly. However, the viscoelastic 
K-BKZ/Wagner model (“K-BKZ” - Fig. 9) is able to predict measured pressure drops 
of the orifice die well. The influence of the contraction flow to the overall pressure 
drop is minimized for the L/D = 20 capillary. As a result, the viscous and viscoplastic 
models match measured pressure data better. Nevertheless, the K-BKZ/Wagner model 
provides also a better pressure prediction for the shear dominated geometry.

4  Conclusion

The pressure driven contraction and capillary flow of a highly carbon-black filled 
NBR rubber compound was studied both experimentally and numerically. First, 
almost perfect linearity of the pressure as a function of the capillary length was 
observed, proving that temperature and pressure dependencies of the viscosity effec-
tively cancel each other out in capillary rheometry.

Next, dynamic testing taking into account the sensitivity of rheological data to the 
history of deformation was performed over a temperature range of 100 K. Applying 
TTS allowed modelling of linear viscoelastic data over a frequency range of more 
than 4 decades.

Carrying out CFD simulations, only the K-BKZ/Wagner model was able to predict 
pressure drops in a contraction flow dominated orifice die (L/D = 0.2/1) correctly.
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Fig. 9.  Comparison of measured and predicted pressure drops (K-BKZ, Power-law, Herschel-
Bulkley) for an orifice die (left) and a capillary with L/D = 20
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Abstract.  The current applied research study is embedded into the topic of 
connected industries and industry 4.0 at Robert Bosch GmbH by investigating 
the potential usage of process simulation to assist process optimization and 
hence make it more efficient.

This work presents the state-of-the-art regarding a comparison between 
process simulation results on one hand and measured sensor data as well as 
measured part weight on the other hand. The investigations were carried out 
at the example of a multi-pin connector device. For the study, commercially 
available software was used, such as AUTODESK MOLDFLOW AMI® and 
Moldex3D®.

During the injection molding trials using a short glass fiber-reinforced 
PBT grade in a double cavity mold, the in-mold cavity pressure was recorded 
with flush-mounted pressure sensors. After processing with varying process 
parameters, the weight of the samples and two dimensions of the samples 
were measured. Ten different settings were used for the investigation in order 
to determine the current gap between simulation results and measured data. 
Furthermore, the deviations of currently used model approaches and measured 
material data were discussed to improve the understanding of the gathered 
results.

Keywords:  Injection molding · Simulation · Virtual processing

1  Introduction

This study aims on the evaluation whether commercially available software codes can 
be used to train a neural network (NN) which is used for process monitoring, opti-
mization and control in injection molding. Currently the training of NN requires a 
huge amount of experimental data acquisition on the injection molding machine and 
in measuring labs afterwards. If it would be possible to substitute part of this train-
ing by simulated data it would be highly efficient, concerning the avoidance of waste 
and energy, and the reduction of time as well as costs. The simulation of real parts 
including the runner and cooling system is state-of-the-art and some players with 
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their software codes are on the market. Two of them were used in this study. A typical 
product that is manufactured in-house at Bosch was used in combination with a DoE 
approach to determine experimental data.

2  Experimental and Numerical Setup

The material used was a PBT-GF30 from DuPont [1]. It was injection molded using 
an injection molding machine (370 S) from Arburg [2] with a screw diameter of 
30 mm. The objective of these trials was to generate a database to be used for pro-
cess monitoring and control [3] and to provide data for a comparison of simulated and 
real data concerning weight, pressure prediction and some pre-defined dimensions. 
The part used for this study is a 26 pin connector which is manufactured in-house at 
Bosch, see Fig. 1. The part is a two cavity part with a cold runner between the two 
cavity halves and a pressure sensor installed in one cavity, flush mounted.

The simulation was performed using AUTODESK MOLDFLOW AMI® 2019 and 
Moldex3D® R17.

2.1  Design of Experiments (DoE) in Injection Molding

A Sobol DoE scheme was defined for three varying parameters, which are packing 
pressure, mold temperature and injection speed. The melt temperature, the switch-
over point and the holding as well as the cooling times were kept constant for all 
settings. It was used a hydrolysis stabilized PBT with 30 wt.% short glass fiber rein-
forcement. In total 312 settings were defined, each one with only one single part but 
with multiple levels for the three parameters to be varied. Table 1 shows the used 
parameters with its definitions and upper (max.) and lover (min.) bounds.

The pressure sensor is located 
far from the gate on top of the 
part

Gate location

Fig. 1.  26 pin connector
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2.2  Simulation Setup of the Problem

The different simulation setups were modelled in both software packages. First, see 
Fig. 2, the system of a two cavity mold was modelled in AUTODESK MOLDFLOW 
AMI® by a discretization of the CAD data provided for the part. The cold runner with 
the gate of the part was modelled as beam elements, while the part was discretized 
with 3D liner tetrahedral elements with 12 elements over thickness. By applying an 
appearance number of two for the part and the small runner leading to the gate as well 
as the gate itself, a two cavity situation was simulated. As there was no information on 
the cooling channels layout, an arbitrary layout was used in the simulation.

Second, see Fig. 3, both cavities were modelled in Moldex3D Designer®. In con-
trary to MOLDFLOW, both cavities were modelled connected by the runner, which, 
again, was modelled with beam elements. As for MOLDFLOW the cooling system is 
not the actual, but an arbitrary one.

Table 1.  Bounds for the varied parameters in the DoE

Parameter Packing pressure Mold temperature Injection Speed

Abbreviation pNach TWz Vein

Unit [bar] [°C] [cm3/s]

Max. 700 120 70

Min. 300 50 20

Step width 1 1 1

Fig. 2.  Model of 26 pin connector in MOLDFLOW Synergy®. The cooling channels are given 
in blue with connectors at the outside of the drillings, the cold runners is green and the injection 
point is given by the yellow cone on a single hot runner element
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There is a difference in the discretization approach. While MOLDFLOW uses 
only tetrahedral elements in 3D, Moldex3D has a Boundary Layer Mesh (BLM) with 
hexagonal elements on the outer surface and tetrahedral elements only in the center of 
the part, see as an example Fig. 4.

Ten settings from the Sobol DoE scheme were simulated with the following set-
tings for the varying parameters, see Table 2.

Fig. 3.  Model of 26 pin connector in Moldex3D Designer®. The cooling channels are given in 
blue, the cold runners is violet and the melt entrance is marked with a red area

Fig. 4.  Typical BLM mesh in Moldex3D (left) and tetrahedral mesh in Moldflow AMI(right)
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During the injection molding trials the sensor values were registered. Therefore, 
they could be used for the setup of the simulations. The actual movement of the screw 
was used to set the switch-over point as a function of screw position or injection time. 
The actual hydraulic pressure data was used to define the packing phase for each set-
ting and the cycle time, see Fig. 5.

3  Results and Discussion

Directly after injection molding the samples were weighted and the transient pressure 
was recorded for the pressure transducer used.

3.1  Results from Simulations

In Table 3 the comparison between measured and simulated weight is shown. For the 
Software B results an average between the weights in both cavities, which were nearly 
identical, was taken.

Table 2.  Settings used in simulation

Setting pNach Twz Vein

V0 650 120 26

V1 324 120 55

V2 576 120 61

V10 682 120 40

V30 696 120 47

V50 480 120 63

V70 338 120 30

V90 438 85 50

V150 414 85 40

V257 690 50 55

Fig. 5.  Injection speed over screw position (left) and hydraulic pressure over time (right) for 
V0
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Table 4 shows the deviation in [%] between measured data and simulated ones.

The pressure recorded and the pressure simulated are given in Table 5 for four of 
the ten settings.

Table 4.  Difference between measured and simulated data for weight in [%]

Setting Measurement Software A Software B

V0 20.95 +3.10 −0.24

V1 20.41 +5.00 +1.71

V2 20.77 +3.27 +0.34

V10 20.92 +2.92 −0.05

V30 20.91 +3.06 +0.53

V50 20.59 +4.08 +1.55

V70 20.77 +3.47 +0.48

V90 20.60 +4.76 +0.83

V150 20.56 +5.01 +1.56

V257 20.93 +4.35 +0.24

Table 3.  Comparison between measured and simulated results on weight in [g]

Setting Measurement Software A Software B

V0 20.95 21.60 20.90

V1 20.41 21.43 20.76

V2 20.77 21.45 20.84

V10 20.92 21.53 20.91

V30 20.91 21.55 21.02

V50 20.59 21.43 20.91

V70 20.77 21.49 20.87

V90 20.60 21.58 20.77

V150 20.56 21.59 20.88

V257 20.93 21.84 20.98
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3.2  Discussion of Results

The weight is very well predicted, an index that the used material data were decently 
characterized and the geometry of the cavity model was used in the simulations. 
Nevertheless, the tendencies between the different settings are less well predicted but 
still usable and the results for Software B are slightly better.

The situation is different for the predicted transient pressures. The predicted max. 
pressure is always significantly higher than the recorded data. However, Software 
A shows a better agreement concerning the shape and the drop of the pressure than 
Software B does. It has to be mentioned, that the new option that takes into account 
visco-elastic effects in the polymer melt could not yet be applied on the data.

4  Conclusion

With these evaluation it is shown, that the weight can be predicted well with both 
software codes used in this study. The predicted pressure is still to close on the setup 
data for the hydraulic pressure with no pressure drop compared to the set max. value 
for packing pressure. In a next step the data has to be evaluated in that sense that it 
has to be analyzed whether there is a correlation between the predicted pressure data 
and the measured data. For this purpose AI/ML methods are currently discussed. 
Nevertheless, it is also obvious that without improvement on the predicted pressure 
data the usage for training an optimization method for injection molding production is 
rather limited.

Table 5.  Comparison of recorded pressure and simulated pressure for four different settings, 
V0 (top, left), V1 (top, right), V10 (bottom, left) and V70 (bottom, right)
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Abstract.  Overmolding of thermoplastic composites is a technology in which 
a thermoplastic composite is thermoformed and subsequently injection over-
molded. Although the feasibility of the process is increasingly demonstrated, it 
is acknowledged that there is a lack of proper design tools that can be used for 
a right-the-first-time design strategy. Here, a modelling strategy is proposed for 
the prediction of the bond strength between a composite insert and an injected 
polymer. The development of the interface strength is affected by the pro-
cess history as well, where the temperature and polymer chain mobility play 
an important role. In the model, the melting behavior of the polymer interface 
is described using the temperature evolution on the interface combined with 
experimentally determined polymer melting kinetics via flash differential scan-
ning calorimetry (DSC). Dedicated test geometries were developed and manu-
factured to evaluate the bond strength under different loading conditions. Short 
beam strength experiments were used to study the flow length dependency of 
the interface strength and were correlated with the predicted melting evolution 
on the interface. The outcome was critically reviewed leading to preliminary 
guidelines for design, materials and processing as well as routes to further 
mature this technology.

Keywords:  Overmolding · Interface strength · Degree of melting

1  Introduction

1.1  Overmolding

Overmolding of thermoplastic composites is a hybrid process that combines therm-
oforming of a continuous fiber reinforced thermoplastic blank with an injection or 
compression molding process. The process allows for complex parts with high struc-
tural performance due to the continuous fibers that, in the ideal case, are positioned 
along the load paths in the part. Further advantages are the potential for high level of 
function integration, net shape processing and large series production in an automated 
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process. A schematic representation of the overmolding process is shown in Fig. 1. 
The process consists of the melting and forming of a blank, which is consequently 
over injected with a polymer that is compatible with the polymer matrix of the com-
posite blank. This allows, for example, the addition of reinforcing ribs to increase the 
geometrical stiffness.

The interface strength between composite blank and injected polymer is critical 
for the performance of the overmolded part. Currently, commercial design tools are 
not available to predict this interface strength. Consequently, mold design and pro-
cess optimization are done by trial-and-error. The objective of the current study is 
to develop and experimentally validate a predictive model for the interface strength 
between the injected polymer and composite blank. This model is coupled with com-
mercial injection molding and structural analysis software in order to simulate the 
overmolding process as part of the mold design procedure.

1.2  Interface Strength Development

An unfilled or short fiber reinforced polymer is injected on to the laminate, referred to 
as insert, once the molds are fully closed. The time available for bonding during over-
molding is limited, since the mold is kept at a low temperature to ensure rapid cooling 
and a short cycle time. The thermal energy of the injected polymer melt is used to 
locally heat up the interface with the insert and thereby developing a bond via repta-
tion of amorphous polymer chains, as shown in Fig. 2. A packing pressure is applied 
to let the material cool down and solidify while pressurized.

Fig. 1.  Schematic representation of the overmolding process.

Fig. 2.  Left: polymer injection; Right: packing under pressure p. The temperature of the mold 
(Tmold), injected polymer (Tmelt) and insert (Tinsert) determine the temperature of the interface 
(Tinterface).
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In literature, various authors [1, 2] have observed a sudden increase in interface 
performance upon melting for semi-crystalline polymers. This behavior was explained 
by the dissolving of the immobile crystalline fraction near the melting temperature, 
which also frees the rigid amorphous fraction [1]. Subsequently polymer chains can 
move across the interface and form a bond, so-called healing.

A non-isothermal healing model was introduced by Yang and Pitchumani [3] for 
amorphous polymers. The model uses polymer reptation times to describe the evolu-
tion of the healing process. For semi-crystallites reptation times can be in the order of 
milliseconds above the melting temperature [4], which leads to instantaneous healing. 
It was therefore suggested by Bouwman et al. [5] to describe the evolution for heal-
ing via the melting trajectory instead of an onset temperature [6–8]. The so-called 
degree of melting was introduced, which represents the fraction of molten crystal-
lites with respect to the original state. The presented model assumes a direct rela-
tion between the temperature and the degree of melting based on input from a DSC 
experiment.

Effects such as superheating and recrystallization can arise during heating, which 
are heating rate dependent as was experimentally observed using DSC [9, 10] and 
flash DSC [10–13] experiments. Moreover the melting behavior of a semi-crystalline 
polymer is affected by its crystallization history, as observed by Furushima et al. [11] 
for PEEK. The critical heating rate to suppress reorganization of imperfect crystal-
lites decreases with increasing crystallization temperature. This was explained by the 
formation of more stable crystallites at higher crystallization temperatures. Similar 
behavior was observed for polyamide-6 [12] and isotactic polypropylene [13].

In the current work the influence of rate dependency and crystallization history 
will be studied of the Victrex AE™ 250 polyaryletherketone (PAEK) polymer using 
flash DSC. Subsequently a generic model is introduced to predict the evolution of the 
degree of melting during fusion bonding processes. Experimentally-determined melt-
ing curves are inserted into the model to calibrate the kinetics of the melting behav-
ior. This allows for the introduction of rate and crystallization history dependency. 
Ultimately the predicted degree of melting is compared to strength values from short 
beam strength experiments.

2  Experimental Study

Flash DSC (Mettler-Toledo Flash DSC 1) allows for a wide temperature range and 
high heating and cooling rates (−4000 °C/s up to 40,000 °C/s) and is thereby suited 
for emulating the process conditions during overmolding. A sensor chip was prepared 
to measure the response of the PAEK polymer.

The effect of the crystallization history is emulated before the specimen is sub-
jected to heating. First the material is heated rapidly to dissolve the crystalline 
fraction and subsequently cooled to the isothermal tooling temperature, which is 
maintained for 300 s. Via this method, the stamp forming process prior to overmold-
ing is emulated and allows for a fully crystallized specimen with values of 26.2%. The 
melting behavior of the PAEK polymer was studied for heating rates between 10 °C/s 
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and 5000 °C/s after isothermal crystallization. Moreover the effect of the isothermal 
crystallization temperature was evaluated.

A second order polynomial baseline is applied to the heat flow signal to obtain the 
melting peak for each rate. Subsequently the resulting melting peak is normalized by 
the associated heating rate for each signal. After horizontal alignment, the heat capac-
ity of each melting peak is obtained as displayed in Fig. 3.

The evolution of the melting peak changes with increasing heating rate, where 
a horizontal shift is observed in the temperature associated with the melting peak. 
Moreover the double melting peak observed for rates up to 300 °C/s disappears for 
higher rates. The presence of the double melting peak is observed in literature as well 
for polyetheretherketone (PEEK) polymers [9–11]. This behavior is explained by the 
melting of imperfect crystallites formed during cooling, followed by reorganization of 
the polymer chains via crystallization and subsequent melting of these stable crystal-
lites during heating. The isothermal crystallization temperature affects the onset and 
peak temperature of the melting peak, which indicates that more stable crystallites are 
formed at the higher crystallization temperature.

A second order polynomial baseline is applied to the heat flow signal to obtain 
the melting evolution for each rate. The evolution can be expressed as the degree of 
melting Xm, which is found by integrating the heat flow absorbed during the melting 
process via Eq. 1.

Here Q,T  and QT represent the heat flow, temperature and total heat of fusion 
respectively.

The degree of melting is calculated for each heating rate from the experiment, 
which results in Fig. 4. A positive shift in the onset of melt can be observed in the 
figure with increasing heating rate, whereas the gradient of the curves decreases with 
higher rate. These effects can be attributed to the lag in the polymer response, since 
the crystalline fraction has less time to respond to the increasing temperature.

(1)Xm =
1

QT

T

∫

0

∂Q

∂T
dT

Fig. 3.  Heat capacity during heating of the PAEK specimen using various heating rates after 
isothermal crystallization at 200 °C (left) and 220 °C (right).
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3  Numerical Study

Compared to previous work [5] a next step was taken by including heating rate 
dependency in the model. The experimental data presented in the previous section 
describes the evolution of the degree of melting for constant heating rates. Via this 
data the development of the molten state can be evaluated for arbitrary tempera-
tures and heating rates within the range of the experimental data via a two-dimen-
sional interpolation scheme. An explicit update via Forward-Euler was introduced to 
describe the evolution of degree of melting for an arbitrary temperature evolution via 
Eq. 2,

where k denotes the current time increment and the current time step �t = tk+1
− tk.

The model obtains the melting rate at the current degree of melting value and 
heating rate via Eq. 3 using the experimental data and interpolation scheme,

where subscript exp denotes the experimental origin of the data. The temperature is 
not included in the kinetics of an arbitrary increment.

The model allows for an accurate description of the growth regime of the experi-
mental degree of melting, since the experimental increase is significant with respect to 
the numerical incrementation. A visual representation of the algorithm for three sub-
sequent increments is shown in Fig. 5.

(2)Xk+1
m =

∂Xm

∂t

k

�t + Xk
m

(3)
∂Xm

∂t

k

=
∂Xm,exp

∂t

(

Xk
m,

∂T

∂t

k
)

Fig. 4.  Degree of melting evolution of the PAEK specimen using various heating rates after 
isothermal crystallization at 200 °C (left) and 220 °C (right). The curve associated with 10 °C/s 
is omitted for clarity.
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4  Results and Discussion

The performance of the numerical model will be evaluated in the current section, 
where it will be compared with the experimental data. First, the experimental temper-
ature data from the constant heating rate experiments will be inserted in the model. 
Subsequently, the model will be used to predict the degree of melting evolution for an 
overmolded s-rib geometry and correlate the results with mechanical test data.

4.1  Degree of Melting Modeling for Constant Heating Rates

The temperature evolution of the flash DSC experiments is inserted in the numerical 
model to predict the degree of melting. Since the model uses the flash DSC data as 
input, the resulting degree of melting reproduces the experimental curves as shown in 
Fig. 6. A linear two-dimensional interpolation scheme has been used to describe the 
melting rate for arbitrary temperatures and heating rates. A step size of 1 °C and 0.001 
for the temperature and degree of melting discretization is used respectively.

The numerical model is able to accurately represent the trends of the experimental 
data including the onset and growth. The model does however overestimate the exper-
imental curves in the late regime, however the error is below 1% for all rates. The late 

Fig. 6.  Experimental and modeled degree of melting evolution of the PAEK specimen using 
various heating after isothermal crystallization at 200 °C (left) and 220 °C (right). Various 
increments predicted by the numerical model are denoted by the square symbols. The curve 
associated with 50, 600, 2500 and 5000 °C/s are shown exclusively for clarity. Moreover the 
amount of displayed data points has been reduced to 10 per model.

Fig. 5.  Explicit update of the degree of melting for subsequent increments k, k + 1 and k + 2.
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regime has a minimal variation of the gradient, which is consequently less accurately 
captured by the model since a small amount of increments is available in this domain.

4.2  Degree of Melting Modeling for Non-constant Heating Rates

Additionally an experiment was performed to study the melting behavior of the PAEK 
polymer under process conditions. Two custom heating curves, shown in the left 
image of Fig. 7, were programmed in the flash DSC to emulate the temperature evo-
lution during overmolding process for a center and edge locations in a rib. Prior to 
applying the heating curve, the specimen was isothermally crystallized at 220 °C for 
300 s to allow for full crystallization. The resulting degree of melting is displayed in 
the right image of Fig. 7.

The temperature history was inserted into the numerical model to predict the 
degree of melting evolution during overmolding for the two locations. The onset 
and early regime of melting is captured accurately by the model for both locations, 
whereas the growth is slightly underestimated. The explicit scheme continues to 
increase the degree of melting up to 1.005 in the late regime, as was observed for con-
stant heating rates too.

4.3  Correlation with Structural Performance

Short beam strength experiments were performed on specimens created using the 
overmolding process. A s-rib geometry was developed to allow for the investigation of 
the strength development over the flow path length, shown in the left image of Fig. 8. 
The composite insert is comprised of Toray Cetex® TC1225 unidirectional tape with 
a cross-ply layup of eight plies and subsequently overmolded with Victrex® PEEK 
90HMF40 for the introduction of ribs. The tool temperature during stamp forming of 
the composite inserts was 220 °C. During the subsequent injection molding stage, the 
polymer material is injected at 400 °C and the tool temperature was varied between 
200 °C and 230 °C. The orientation of the evaluated laminates was [[0,90]s]s and 

Fig. 7.  Left: temperature evolution of two locations in a rib during overmolding; Right: 
experimental (solid line) and modeled (square symbols) degree of melting evolution of the 
PAEK specimen for two locations during the overmolding process. The amount of displayed 
data points has been reduced to 50 per model.
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[[90,0]s]s. The specimen dimensions were 28.5 mm × 8.2 mm × 4.8 mm and were 
produced via milling. The position of each specimen is shown in Fig. 8. The resulting 
short beam shear strength is displayed in the left image of Fig. 9 for specimens with 
the top ply perpendicular to the flow direction.

The numerical temperature evolution in the s-rib geometry is obtained for each 
interface node on the insert side from an injection molding simulation performed in 
Autodesk® Moldflow. Subsequently, the temperature history is inserted in the degree 
of melting model to obtain the evolution of the interface strength for each specimen. 
The resulting average degree of melting per specimen is shown in the right image of 
Fig. 9 for the two tool temperatures.

Fig. 9.  Flow length dependency of the strength evolution after overmolding. Two tool 
temperatures are displayed at 200 °C (blue) and 230 °C (orange). Left: short beam shear 
strength results of specimens with the top ply fiber orientation perpendicular to the overmolded 
rib. Right: average degree of melting per specimen as predicted by the numerical model.

Fig. 8.  Left: s-rib geometry after two-step overmolding process; Right: specimen positions for 
short beam strength testing. The location of the in-flow is represented by the blue rectangular 
section.
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The evolution of the short beam shear strength specimen displays a near con-
stant value of 35.5 MPa up to specimen D2 for a tool temperature of 200 °C. A steep 
decrease in strength is observed at specimen D3. A similar trend with a higher average 
value is observed in the strength values of the specimens produced using a tool tem-
perature of 230 °C.

The degree of melting shows a near constant evolution along the flow path with a 
decrease for specimen D3 as well, which is the last specimen to be filled during pro-
cessing. Flow renewal is shorter at this location consequently. Moreover, heat is lost to 
the tooling perpendicular to the flow direction, which is not present for the other spec-
imens. A higher tool temperature results in a smaller heat loss and consequently more 
heat is available to melt the polymer material at the interface, which results in a higher 
degree of melting as shown by Fig. 9.

5  Conclusions and Outlook

The overmolding process is a promising technology for the manufacturing of com-
plex thermoplastic composite parts with integrated functionality. Design tools are 
needed to enable a right-the-first-time design of new parts. A numerical method for 
the prediction of the bond strength development at the interface during overmolding 
was proposed, which uses input from flash DSC experiments on the melting behavior. 
The model is able to give a prediction of melting at the interface between a melted 
injection polymer and a solid thermoplastic composite insert. A correlation with the 
structural performance was presented using short beam shear strength experiments. 
The evolution of strength displays minimal variation along the flow path except for a 
steep decrease in the specimen near the end of the rib. Tooling temperature affects the 
strength development significantly, which was displayed by the numerical model as 
well. Further work focuses on the quantitative prediction of the interface performance 
via the integration in structural analysis software.
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Abstract.  Nucleating agents play an important role as additives in the produc-
tion of injection-moulded components from semi-crystalline thermoplastics. To 
date, however, no work has been published in the scientific literature, which 
simulates the influence of nucleating agents on the formation of the microstruc-
ture of semi-crystalline thermoplastics. This research gap is to be closed within 
the framework of the research.

The aim of previous researches at the Institute for Plastics Processing 
(IKV) was to predict the microstructure of injection-moulded compo-
nents using an in-house developed model to describe the crystallisation of 
semi-crystalline thermoplastics, which was implemented into software, called 
“SphaeroSim”. Although, it was able to simulate only a homogeneous pure 
melt without any additive. Within this work, the SphaeroSim is further devel-
oped to consider the additives and to distinguish between alpha- and beta 
nucleating agents. To consider the nucleating agents, the possibility to set up 
predefined nuclei is added to the model. Finally, the growth rate of beta crys-
tals is measured on the hot stage at different temperatures to realise the consid-
eration of beta nucleating agents. Finally, the solidification process on the hot 
stage is simulated and compared to the experimental results.

Keywords:  Crystallisation · Semi-crystalline thermoplastics · Multi-scale 
simulation

1  Introduction

1.1  Importance of Nucleating Agents

Nucleating agents play an important role as additives in the production of injec-
tion-moulded components from semi-crystalline thermoplastics. On one hand, they 
decrease the cycle time during processing because the component solidifies faster. 
On the other hand, nucleating agents have a major effect on the nucleation rate and 
the crystallinity of the polymer matrices. Critical processes occur during the crys-
tallisation process. The decrease in the temperature of the plastic melt leads to 
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crystallisation, usually with the formation of alpha crystals in isotactic polypropylene, 
which are the most stable crystals with high tensile strength but low toughness [1]. 
Despite their low thermal stability, the beta crystals exhibit greater toughness. The 
addition of nucleating agents contributes to the formation of beta crystals, which leads 
to the equilibrium of the properties through rapid solidification or better order of the 
microstructure, resulting in the improved mechanical performance of the component. 
Besides, depending on the application of the component, the addition of well-chosen 
nucleating agents helps to form small spherulites that do not interfere with light trans-
mission, so that components can be manufactured with high clarity [2].

To take into account the influences of nucleating agents on the formation of the 
microstructure and the material properties of plastics, experimental investigations 
have been carried out to date. Their first and most important influence is the crys-
tallisation rate, which increases significantly with the addition of nucleating agents. 
However, the presence of nucleating agents does not change the crystallisation mech-
anism [3, 4]. Besides, the crystallisation temperature is also increased by the addition 
of small amounts of nucleating agents. For example, the crystallisation temperature 
of semi-crystalline polypropylene increases to about 120 °C [5] due to the addition 
of only 0.2 wt.% beta-nucleating agents. Important beta-nucleating agents are silica, 
hydroxides, calcium carbonate and amides.

Microscopic images show that the spherulites of isotactic polypropylene (iPP) 
grow very slowly to of 100–200 μm. The presence of nanoscale beta-nucleating 
agents (a styrene-butadiene-rubber based nucleating agent) leads to a higher number 
of nuclei and a dramatic decrease in spherulite diameter (about 3 μm), resulting in 
a very fine and homogeneous distribution of crystals [5]. However, the addition of 
beta-nucleating agents is the most effective and accessible method to obtain a high 
amount of beta-modification in iPP. Although beta-modification can improve the 
toughness of the material, the softer behaviour of beta-iPP also brings a significant 
decrease in strength and stiffness [1, 6, 7]. However, it is possible to compensate for 
the loss of strength with other additives such as ultra-high molecular weight polyeth-
ylene (UHMWPE) [8]. Besides, the impact strength can be increased by more than 
100% using beta-nucleating agents [9].

To date, no scientific literature has been published that simulates the influence 
of nucleating agents on the formation of the microstructure of an injection-moulded 
component made of semi-crystalline thermoplastics. This research gap is to be closed 
within the framework of this research.

1.2  A Multiscale Simulation Chain to Predict Microstructure Dependent 
Effective Elastic Properties of Injection-Moulded Polypropylene

Previously, we have introduced a multi-scale integrative simulation chain on an ICME 
platform [11] to calculate the effective mechanical properties of an injection-moulded 
part, by considering the microstructure and the resulting inhomogeneity. It consists 
of three self-developed simulation tools, which overall work on three characteristic 
scales. The chain starts with the injection moulding simulation, where filling, cooling 
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and holding pressure of a part can be numerically simulated. It is a macroscale sim-
ulation, where three main equations are solved: conservation of mass, conservation 
of momentum and energy, and multiphase flow. All material properties are mod-
elled independence of a macroscale crystallisation degree computed with a simple 
Nakamura approach [12]. The results are transferred to another tool – SphaeroSim –  
to describe the solidification process on a mesoscale. The goal is to simulate the 
spherulitic microstructure of the part. An event-based model is adopted to develop 
SphaeroSim, which describes the solidification process via the nucleation and growth 
model. For implementation, a Cellular Automaton model is used, in which the phase 
state of small melt volumes depends on the state of its direct neighbour volumes [13]. 
Third and last step of the simulation chain is the calculation of the effective proper-
ties of the previously determined inhomogeneous microstructure. For the homogenisa-
tion, a two-step asymptotic approach is used. In the first step, the structure of a single 
crystalline is homogenised on the nanoscale. It is composed of pure amorphous and 
crystalline phases of the material, which has to be characterised in terms of mechan-
ical properties. It is one of the biggest challenges for the homogenisation, since it is 
difficult to separate and create purely amorphous and crystalline phases. Direct meas-
urements are almost impossible. Therefore, the simulation chain was extended by a 
molecular dynamics simulation approach to calculate the mechanical properties of 
purely crystalline and amorphous phases. This enables the consideration of different 
materials or modifications of the base material. In this way, the presented simula-
tion chain can be used in a more agile and individual way. In the second step of the 
homogenisation, the properties of the spherulites have to be calculated using the data 
from the calculated microstructure. Therefore, the mesoscale mesh of the solidified 
microstructure is used. The simulation chain is illustrated in Fig. 1.

Fig. 1.  The developed multi-scale integrative simulation chain
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2  A New Model to Predict the Microstructure of Semi-
Crystalline Thermoplastics

In SphaeroSim, a microscale crystallisation model was implemented. The model is 
based on the nucleation and growth approach. First, a nucleation model was derived 
from Ziabicki’s formalism [22]. In contrast to Ziabicki’s work, the Gibbs energy was 
retained as an independent model parameter for as long as possible, since it offers 
the possibility of mapping process-dependent influences by the melt flow. To map the 
non-linear viscoelastic behaviour of the plastic melts, relaxation functions based on 
the reptation theory were additionally introduced into the model description. For the 
calculation of crystal growth, the standard model according to Hoffman, Davis and 
Lauritzen was used [23]. In the course of the model implementation, the crystallisa-
tion model was implemented in SphaeroSim using the cellular automata. In our imple-
mented approach, the problem was first transformed into a state formulation, i.e. each 
element is assigned a unique state. In the implementation, an event-based approach 
was used. An event describes a point in time at which state changes of the element 
can happen. Nucleation and growth events are distinguished. Besides, it is possible to 
map flow-dependent and flow-independent as well as thermal and athermal nucleation 
using SphaeroSim [12, 14].

Adding special nucleating agents to the iPP may result in the presence of both 
alpha and beta modifications in one product. Since they have different properties, it 
is important to distinguish between them in the predicted microstructure. Our crystal-
lisation model was firstly able to consider only one crystal modification, whose unit 
cell had a basic geometric structure with the form of a parallelepiped. A new nuclea-
tion model as well as a new growth model should be implemented in SphaeroSim to 
consider the beta modification. Although, within the scope of this work we only focus 
on the implementation of the growth model. To eliminate the effect of beta nucleation, 
we decided to study the nucleated iPP, since the homogenous nucleation, which hap-
pens in the pure parts of the melt, is negligible in comparison to the heterogeneous 
nucleation, which occurs where nucleating agents exist in the melt.

The implemented model to describe the growth of spherulites is based on the 
widely used approach of Hoffman, Davis and Lauritzen, which consider the growth 
process as secondary nucleation, which means the nucleation on the surface of an 
existing crystal surface. The radial growth speed of spherulites in this model is only 
influenced by temperature and can be calculated by the following equation.

v0 and Kg correspond to a constant material parameter, U∗ to an activation energy and 
T∞ to a temperature, at which no more molecular movement takes place. T∞ is usually 
30–60 °C below the glass transition temperature [15]. The required material parame-
ters are already determined experimentally in our previous works [16].

To consider the beta modification, the implemented growth model was extended to 
consider both alpha and beta modifications, so that two different growth speeds can be 

(1)vG = v0exp
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−
U

∗

R(T − T∞)
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calculated for each time and temperature, which can be assigned to the related crystal 
modification. Nucleating agents were also modelled as predefined nuclei, which can 
be either alpha or beta. It should be mentioned that the existence of both modifica-
tions as nucleating agents is also possible. Since in the numerical implementation of 
the crystallisation model volumetric elements are used, a simplification is taken into 
account: We assume that the sizes of the nucleating agents are as big as one element, 
which in SphaeroSim can be one micrometre, minimum.

3  Set of Experiments to Calibrate the Implemented Model 
for Simulation

To simulate the nucleated iPP, the growth speed was experimentally measured 
using isotactic polypropylene 505P from Sabic BV, Bergen Op Zoom, Netherlands. 
NJSTAR NU-100 from New Japan Chemical Co., Ltd., Osaka, Japan and talc pow-
der from Dr. Lohmann Diaclean GmbH, Dortmund, Germany were used as beta- 
and alpha-nucleating agents, respectively. A twin-mixer of type 350/350-E from 
Brabender GmbH & Co. KG, Duisburg, Germany was used to prepare the compounds 
(Table 1).

To prove the presence of beta modification in the material, DSC measurements 
were carried out. Since alpha and beta modifications have different melting tempera-
tures [17], it was expected that two peaks could be observed by heating the material 
[18, 19]. Therefore, all eight mixed materials were examined using a Q1000 type DSC 
from TA Instruments, Belgium.

To measure the growth speed of spherulites, experiments on the hot stage were 
carried out under the polarisation microscope, in which a very thin layer of iPP was 
heated up to 180 °C and then cooled down to a certain temperature. The cooling pro-
cess should happen as fast as possible, since the measurements have to be done at 
a constant temperature and not during cooling. If it is not fast enough, the sample 
solidifies before growth speed can be measured. From the beginning of the plateau 
temperature, images were captured every 10 s. Later the radius of the single spheru-
lite was measured and the growth speed was determined for each temperature. Then 

Table 1.  Combination of the prepared compounds

Num. Abbreviation Material Nucleating agent (NA) Weight% of NA

1 Ref. I iPP 505P –

2 Ref. II iPP 505P –

3 Combi. I iPP 505P Talc 0.5

4 Combi. II iPP 505P Talc 0.1

5 Combi. III iPP 505P NJSTAR 0.5

6 Combi. IV iPP 505P NJSTAR 0.1

7 Combi. V iPP 505P NJSTAR 0.002

8 Combi. VI iPP 505P NJSTAR 0.0002
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by a parameter fitting the required material parameters were calibrated for the beta 
modification.

To later verify the results of the new implementation, a new variable was defined 
as an output for SphaeroSim, which is a number with two digits (Table 2). The first 
digit distinguishes homogeneous (normal) from heterogeneous (nucleated) nuclei, 
which can be either zero for homogeneous or one for heterogeneous nuclei. The sec-
ond digit distinguishes different crystalline modification, which can be either zero for 
alpha modification or one for beta modification in this context.

4  Results

The DSC-results show that the two references contain only alpha modifications (see 
Fig. 2). This is also the case with the combinations with talc powder. However, with 
the second nucleating agent (NJSTAR) the two modifications are clearly visible at the 
same time. It can be seen that the proportion of nucleating agent in Combi. VI is so 
low, that no beta modification can be observed.

Table 2.  Values and related meanings for the new defined output

Value Description

00 Normal alpha nuclei

01 Nucleated alpha nuclei

10 Normal beta nuclei

11 Nucleated beta nuclei

Fig. 2.  The heating and cooling curves for prepared compounds.
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Since alpha and beta spherulites have different structures at the molecular level, 
it was expected to see these differences using a polarisation microscope, since the 
lamellar structure of the spherulite can be observed only with a polarisation filter. In 
the literature, there are images in which beta spherulites are distinguished from alpha 
[17–20]. To verify this claim, thin sections of the Combis III, IV and V were pre-
pared and examined under the polarisation microscope on a FTIR-600 heating stage 
from Linkam Scientific Instruments Ltd., Epsom, UK. However, the microstructures 
of Combi. III and IV were so fine that no single spherulites were visible. With the 
Combi. V, spherulites were clearly observed under the microscope (see Fig. 3).

Figure 3a shows the contrast between two groups of spherulites with different 
brightness. According to the literature, the bright spherulites are beta-modifications 
and the darks alpha-modifications. The melting temperatures of the two modifications 
were determined from the DSC results:

• Alpha: 158.87 °C
• Beta: 144.5 °C.

To verify the observation, the thin section was again heated up to 150 °C  
on a hot stage. As expected, the beta spherulites melted when this temperature was 
reached, which shows that the light spherulites correspond to beta modifications 
(Fig. 3).

Additional hot stage experiments were carried out with the Combi. V to measure 
the growth speed. Five different cooling rates (50, 60, 70, 80 and 90 K/min) with four 
plateau temperatures (122, 127, 132 and 137 °C) were defined for these experiments. 
The results can be seen in Fig. 4. The growth speed could not be measured at 132 °C 
with 80 K/min, since the solidification was too fast.

Fig. 3.  Microscopic image of Combi. V: (a) at room temperature (b) at a temperature of 150 °C.
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Comparing our results with data from the literature (see Fig. 5), it can be seen 
that both are in a good agreement. However, as the plateau temperature decreases, our 
results deviate more. It might be due to the fact, that after reaching the lower temper-
atures, the samples were almost solidified and the determination of growth speed was 
based on only three captured images.

The required material parameters were determined for the growth model and 
inserted into the SphaeroSim. As can be seen in Fig. 6, the colored points represents 
the nucleating agents, which are implemented as predefined nuclei and exist from the 
beginning of the simulation.
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Fig. 4.  The measured growth speed of the beta-spherulites.

Fig. 5.  Comparison of measured growth speed with literature values.
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Simulation of the solidification process (see Fig. 7) shows us that in the defined 
simulation area (300 * 300 * 1 μm) with 180 predefined nuclei only three new nuclei 
were created from the melt. It proves that our assumption was correct and nucleating 
agents dominantly govern the nucleation process and the homogenous nucleation can 
be neglected.

Finally, the predicted microstructure is compared with a captured microscopic 
image with the same temperature history (see Fig. 8). The highest spherulite diameter 
from the simulation is 51 μm. From the microscopic image, this value was around 
62 μm, which shows a very good agreement between simulation and experiment. 
Although, it should be mentioned, that the nucleating agents are not homogenously 
distributed within the iPP, since the mixing quality by twin mixer is not ideal.

Fig. 6.  The presence of nucleating agents at the beginning of the simulation.

Fig. 7.  Simulated solidification process of Combi. V.
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5  Conclusion

SphaeroSim, simulation software for crystallisation of semi-crystalline thermoplas-
tics, was further developed within the scope of this work to consider both crystal 
modifications of alpha and beta. The model was experimentally calibrated for beta 
modification of iPP employing hot stage measurements. The results show a need for 
more investigations regarding this matter and a measurement of the growth speed at 
lower temperatures is required. The hot stage experiment was simulated, where tem-
perature sinks from 180 °C to four different plateaus and stops until the sample solid-
ifies. The results show a good agreement with experiments, comparing the diameters 
of the spherulites. Finally, it can be said that SphaeroSim can predict a nucleated 
semi-crystalline thermoplastic under consideration of different crystal modifications.

In future work, an additional nucleation model should be implemented to 
SphaeroSim to simulate the solidification process under consideration of different 
crystal forms and distinguish between them. To achieve that, experiments should be 
carried out to determine the required material parameters for both alpha and beta 
modifications of iPP. Furthermore, studies to determine the thermal and mechanical 
properties of each modification should be done, to calculate the effective properties of 
an injection-moulded part with a combination of both phases more accurately.
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Fig. 8.  Comparison between the spherulite diameters of the predicted and the captured 
microstructure for Combi. V with the cooling rate of 90 K/min and the plateau temperature of 
122 °C.
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Abstract.  Former investigations have shown, that high pressure influences 
the cure behaviour and mechanical properties of epoxy resins. Simulation 
approaches for manufacturing processes of composite parts developed so far 
do not consider pressure dependency, since process pressure is generally low. 
In recent developments, curing of epoxy resin under high pressure occurs, for 
example during the high-pressure resin transfer moulding (HP-RTM) process. 
In this study, a model approach is presented, which considers the effect of pres-
sure by augmenting an existing simulation approach using free-volume theory. 
It could be demonstrated, that a description of the material properties based on 
the fractional free volume is possible and thus the pressure dependency could 
be brought into the process simulation via free volume, in theory. In order to 
verify the practical relevance, experimental investigations were conducted 
to confirm an effect of pressure on dielectric properties, conversion and glass 
transition temperature of epoxy resins. An increase of process pressure leads to 
a higher final degree of cure, glass transition temperature and ion viscosity. The 
influence of high pressure on mechanical properties, such as elastic modulus or 
fracture stress could not be proven conducting tensile tests.

Keywords:  Process simulation · Material modelling · Pressure dependency · 
High-pressure RTM

1  Introduction

Process simulation offers valuable insights for composite applications with high 
requirements concerning quality and structural performance as well as tight shape tol-
erances, such as aerospace components. Process simulation does not only reduce time 
and costs during the process design, but also leads to a profound process understand-
ing which benefits process stability and robustness and consequently the part quality. 
In most of the manufacturing processes of composite parts, low pressure (<10 bar) is 
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used and its influence is considered negligible throughout most of the literature. In 
recent developments, curing of epoxy resin under high pressure, up to 120 bar, occurs, 
for example during the high-pressure resin transfer moulding (HP-RTM) process, 
where high pressure inside the mould is a secondary effect from fast injection. Using 
the mixing technology from polyurethane industry and highly reactive resins, this 
method results in shorter injection times as well as in the reduction of curing times 
and process costs in comparison to the traditional RTM process, which makes the pro-
cess attractive for aerospace applications. Former investigations have shown that high 
process pressures have a significant influence on the curing reaction and the material 
properties of epoxy resins. Consequently, the influence of pressure should no longer 
be neglected within simulation of the HP-RTM process.

For the development and optimization of the RTM-process physical based process 
simulation tools have been developed and published, amongst others, in [1–3], which 
are capable to predict temperature and degree of cure distribution as well as process 
induced stresses and distortions. This simulation approach is a knowledge-based 
method and models the occurring chemical and physical processes during cure. This 
is achieved by a simulation consisting of two coupled modules:

1. A thermo-chemical simulation, which calculates the progression of the resins cure.
2. A thermo-mechanical simulation, which simulates the build up of stresses and dis-

tortions during cure.

This simulation procedure for the RTM-process is schematically displayed on the left 
side of Fig. 1.

Fig. 1.  Schematics of the existing simulation of the RTM-process (left) and the proposed 
model for high-pressure RTM (right).
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The thermo-chemical module calculates the degree of cure x based on the applied 
temperature T . The degree of cure is used as a status variable to determine all other 
material properties. The thermo-mechanical module calculates the stiffness matrix [C],  
the thermal expansion coefficients α, the chemical shrinkage β and the stress relaxa-
tion �σR, based on the degree of cure and the temperature. On the basis of the mate-
rial parameters of the matrix, the material parameters for the composite material are 
determined by the use of mixture rules. Based on this material parameters an equa-
tion system, which gives the dependency of the stresses on the strains, is created. This 
equation system is used as a material model for the FEM-calculation.

For the RTM-process, where low pressures of approximately 8 bar are used, the 
influence of the pressure is considered negligible throughout most of the literature, 
therefore only the dependencies from the degree of cure and temperature are consid-
ered in the model.

For high pressure RTM, the pressure has a far more significant influence on the mate-
rial properties. For example, Cruz and Osswald [4] showed that higher pressures lead to 
an increase of the final degree of cure. Also reducing effect of increased pressure on the 
chemical shrinkage has been noted [5]. Both authors attribute the effect to the decreased 
distance between reacting molecules, as the increased pressure compresses the material.

The aim of this study is to find a process simulation approach for the HP-RTM, 
which takes into account the effects of high pressure on cure kinetics and the mechan-
ical properties. In addition, the practical relevance of the mathematical derivation 
shall be verified by selected experimental investigations on pressure dependency of an 
epoxy resin. At the same time, these experiments serve as basis for the creation of the 
material models presented.

2  Model Approach

In this study, the effect of high pressure on curing behaviour and properties of an 
epoxy-resin in process simulation shall be considered by augmenting the existing sim-
ulation approach using free-volume theory. The proposed model approach is shown 
on the right side of Fig. 1. For this purpose a temperature, pressure and cure depend-
ent formulation of free volume as well as free volume dependent models for all mate-
rial parameters are necessary to develop. The free-volume theory considers polymers 
to consist of two phases: the free volume υf , in which no molecules are present and 
the occupied volume υo, where polymer molecules are present. The free volume is 
integrated into the model approach via f , the fractional free volume, which is defined 
as free volume divided by the specific volume.

In the following, existing free volume dependent formulations for the material 
properties of polymers shall be discussed and it will be demonstrated, that a descrip-
tion of the material properties based on free-volume-theory is possible.

Within the thermo-chemical module, a free volume dependent cure-kinetics model 
for an epoxy-resin is required. This has been suggested in [6] for instance. The basic 
equation to describe the reaction rate is presented in Eq. 1, where x is the degree of 
cure, and K1 and K2 are Arrhenius-constants to describe the temperature dependence 
of the reaction
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In [6] the following formulation is used to describe the Arrhenius-constants, where Ea 
is the activation energy, R is the universal gas constant and Ai as well as δ, are constant 
factors. D is the molecular diffusivity of the material

By substituting the molecular diffusivity D according to the following equation, where 
D0 and bd are constant factors, [6] incorporates the fractional free volume f  into the 
cure-kinetics model

Therefore the reaction rate can be formulated as a differential equation dependent on 
the degree of cure x, the temperature T  and the fractional free volume f .

Within the thermo-mechanical module, free-volume dependent models for stiff-
ness, thermal expansion and chemical shrinkage are needed. The mechanical behav-
iour of polymers cured to a specific degree of cure is visco-elastic. The properties 
can be described by a master-curve, which provides the elastic modulus in depend-
ence of time for constant loads. For a modulated load, the master curve provides the 
storage and loss modulus in dependence of the frequency. Both master curves con-
tain the same information and may be transferred into each other. Master curves 
are obtained, by measuring the modulus over a certain time or frequency domain at 
different temperatures. The curves for all but one temperature are then shifted, in a 
logarithmic time or frequency domain, until all different curves form one continuous 
master-curve. The shift in the logarithmic time or frequency domain is described by 
a shift-factor log (aT ). This master-curve describes the behaviour of the material at 
the temperature of the un-shifted curve. Different approaches are available to describe 
the master-curve mathematically. One commonly used approach in the literature, for 
instance [7], is the following equation, called Prony-series

In [7] the increase of the equilibrium rubbery module E∞is described in dependence 
of the degree of cure x only, the value is independent of temperature in the investi-
gated temperature range. Therefore, the rubbery equilibrium module will be consid-
ered as only influenced by the increase of interconnection in the forming network, but 
not by the change in free volume. The relaxation time τi can be described by the relax-
ation time at a reference temperature and reference degree of cure and the previously 
mentioned shift factor aT, which describes the shift of the curve on the logarithmic 
time scale. A free-volume based description of the shift factor has been presented in 
[8], which is based on the Doolittle-equation for the dependence of viscosity on free 
volume. In this equation fg is the fractional free volume at glass transition temperature

(1)
dx

dt
= [K1 + K2(1− x)]x2.

(2)Ki =
Aiexp (−Ea/RT)

1+ (δ/D)exp (−Ea/RT)
.

(3)D = D0exp(−Ea/RT)exp(−bd/f ).

(4)E(t, T , x) = E∞(x)+
∑n

i=1
Eiexp

(

−t

τi(T , x)

)
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A model for the thermal expansion based on free volume theory can be deduced 
from the definition of free-volume used by several authors, for example [8, 9]. They 
define the temperature dependent free-volume as the difference in the thermal expan-
sion coefficient above and below the glass transition temperature. Below the glass 
transition temperature, thermal expansion is considered to be caused by an increase 
in occupied volume only, while above the glass transition temperature free volume 
increases as well. This can be described by Eq. 6, where αaTg is the thermal expansion 
coefficient above the glass transition temperature and αbTg is the thermal expansion 
coefficient below the glass transition temperature

The chemical volume shrinkage is usually described in the literature by a simple, lin-
ear dependency from the degree of cure as in [2, 5]. However a free-volume depend-
ent description should be possible. The occupied volume will not be influenced by 
the reaction of the monomers with each other, only the free volume will diminish. 
Therefore, the chemical shrinkage should be equivalent to the reduction of free vol-
ume during the reaction.

A temperature, pressure and cure dependent formulation of free volume, which 
can be inserted into the other material models, in order to implement pressure depend-
ency into the material model is possible to derivate from dielectric measurements. The 
measurement of most material properties at high pressure is not possible using stand-
ard equipment. While high pressure DSCs do exist, in order to characterize the cur-
ing behaviour at high pressure, for example the viscoelastic behaviour after gelation 
of polymers under high pressure cannot be measured. However, measurement of the 
dielectric properties are possible using the dielectric analysis (DEA), whose sensors 
can be implemented into the mould for high pressure RTM with relative ease. The 
Dielectric Analysis (DEA) is usually used for dielectric cure monitoring to track the 
cure state of a resin in real time. It works by measuring the dielectric properties con-
ductivity σ and permittivity ε, which arise from ionic current and dipole rotation in a 
stimulated sample. With growing cross-linked network during cure, the mobility of 
the ions and thus the conductivity decreases while resistivity increases. Commonly 
the ion viscosity ρ, which is the frequency independent resistivity (or DC resistivity), 
is observed when tracking the advancing cure [10]. This measurand is related to both 
mechanical viscosity and cure state of epoxy resin. In [6] a free-volume dependent 
model for the conductivity has been suggested, by which the relationship between die-
lectric properties and mechanical properties can been explained. The model considers 
the effect of the fractional free volume f  as well as the effect of the molecular mass 
M, which can be connected to the degree of cure. All other parameters are constant 
factors.

The equation suggested in [6] can be used to evaluate the fractional free volume by 
dielectric measurements.

(5)log (aT ) = (1/2.303)
(

1/f − 1/fg
)

.

(6)f = fg +
(

αaTg − αbTg
)(

T − Tg
)

.

(7)σ = AσM
−mσ exp (−Ea/RT) exp(−bd/f ).
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The presented models are deduced from different materials than the one, which 
shall be investigated within this study. Therefore, the models will have to be modi-
fied to describe the examined material adequately. In principle, however, it could be 
demonstrated that a free volume-dependent formulation of the material models and 
thus the implementation of the suggested simulation approach is possible in theory.

3  Experimental Investigations on Pressure Dependency

The experimental investigations on pressure dependency are divided into two sec-
tions. On the one hand, the effect of internal mould pressure on the resin during the 
manufacturing process is investigated online by dielectric measurements. On the other 
hand, the dependency of the final material properties on the process pressure is inves-
tigated. Results of final parameters of cure and mechanical properties are presented.

For the experimental study on the pressure dependency samples, including pure 
resin and carbon fibre reinforced plastic (CFRP) samples, were produced using the 
HP-RTM manufacturing process. Process conditions like curing temperature, curing 
time and in-mould pressure were varied. The samples were cured using isothermal 
temperatures of 140 °C (40 min curing time) or 180 °C (25 min curing time) and pres-
sures of 8, 20, 40, 60 and 80 bar, respectively. Pressure was adjusted by pressure sen-
sors, which regulate the amount of injected resin.

These studies concentrate on an aircraft certificated 2-component epoxy resin, 
developed for HP-RTM. For the composite samples, preforms made of UD carbon 
fibre fabric G1157 from Hexcel were inserted. The fibre volume content of the sam-
ples was about 55 ± 3%.

3.1  Pressure Effects During Curing

In this study, an instrument type DEA 230/10 from Netzsch Gerätebau GmbH in com-
bination with a tool mount sensor, integrated into the mould, for recording the die-
lectric properties during manufacturing, was used. The evaluation shows a negligible 
frequency dependence of the ion viscosity for low frequencies up to 10 Hz, which was 
chosen for the analysis of the results.

The development of ion viscosity during manufacturing of the pure resin samples 
at 180 °C is illustrated in Fig. 2. The different stages during cure of the resin, derived 
from the curves, are labelled using the 80 bar curve as an example. The measured 
values of the repeated measurements at 8 bar, show a large scattering range, despite 
identical process parameters (expect of curing time). The curves with an early drop 
of the slope cannot be explained from a chemical-physical point of view. This may 
result from sensitivity of the measuring method to environmental influences. Small 
fluctuations in mould temperature or electric fields from devices such as the machine 
press can have an influence on the measurement. The measurement results with higher 
pressures are very close and follow the same trend. A pressure dependent trend can be 
observed towards the end of the curing time, where the ion viscosity of 60 and 80 bar 
is slightly higher than in the 20 and 40 bar curves. However, there is only one meas-
urement curve per pressure stage, which is why the composite samples are included in 
the consideration.



Investigations on the Influence of High Pressures    319

Figure 3 shows the ion viscosity recorded during curing of the manufactured com-
posite samples at 180 °C (left axis) and 140 °C (right axis), respectively. Two axes 
were chosen so that the curve progression can be better represented. For both process 
temperatures the ion viscosity at 80 bar is higher than at 40 bar, where at 180 °C the 
effect is more distinct.

This result arises out of the restriction of the flow of ions due to its limited mobil-
ity at higher pressure. There are two possible explanations for this phenomenon, that 
apply either separately or in combination: (1) The free ion mobility is limited due to 
the smaller available free volume left at high pressure. (2) The ion flow is restricted 
due to the better developed cross-linked network at high pressure. This second possi-
bility includes the first, since the free volume decreases with increasing degree of cure 
(see Eq. 6). In order to quantify the influence of pressure on the degree of curing, the 
final degree of cure was determined by means of a DSC analysis.
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3.2  Pressure Effects on Final Material Properties

Since in-situ measurements of most material properties is not possible, the final mate-
rial properties of the produced samples were investigated. In the following, the final 
cure parameters as well as the mechanical characteristic values in dependence of the 
production pressure are presented.

Final cure parameters. In order to determine the final degree of cure and the 
glass-transition temperature of the samples manufactured under different process con-
ditions, dynamic Modulated Differential Scanning Calorimetry (MDSC) measure-
ments with heating rates of 10 K/min in the temperature range of 25–260 °C were 
conducted. Temperature was modulated with a temperature amplitude of 1.06 °C and 
a period of 40 s to obtain reversible and non-reversible signals. The measurements 
took place in a DSC 250 Discovery with RCS 90 cooler from TA Instruments.

Figure 4 displays the final conversion (left) and the glass-transition temperature 
(right) of the resin samples after 25 min curing at 180 °C depending on manufactur-
ing pressure. The conversion results show that pressure indeed influences the degree 
of cure with otherwise same curing conditions. By increasing the in-mould pressure 
from 8 to 80 bar, the average final degree of cure increases from 97.4 to 98.5 %. A 
similar trend to the conversion can be observed for the results of the glass-transition 
temperature, which correlates with the degree of cure. Moreover, the scatter of the 
results decreases at high pressure (see Fig. 4)

The tendency of increasing degree of cure with increasing pressure corresponds 
to the results of the DEA. The measured raise of conversion by pressure increase is 
slightly below the perceived effect of [4] (approximately 2% with 69 bar pressure 
increase), but it should be noted that the absolute value of the conversion is also about 
10% higher in this case. [4] has shown that with extend periods of curing time the 
degree of cure will finally converge to the same level. It can therefore be assumed that 
the influence of the pressure on the degree of cure will be greater at an earlier point in 
cure time.
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Mechanical properties. The final mechanical properties such as Young’s modulus 
and fracture stress of the resin samples dependent on different manufacturing pres-
sures are examined by tensile tests. The tests were performed using a Zwick 1474 
with an applied cross-head speed of 2 mm/min and strain gauges, measuring the strain 
during the experiment. The sample geometry of 2 mm × 10 mm × 140 mm deviates 
from testing standards, since tooling size limits test specimen size.

The stress–strain curves in Fig. 5 represent two of five tensile test results per pres-
sure level, which enclose the results area. The curves do not differ greatly and no 
pressure-dependent trend can be detected either.

A closer look at the mechanical properties elastic modulus and fracture stress in 
Fig. 6 reveals that no significant difference can be observed, except the results of the 
8 bar sample. One reason for the lower values, especially for the Young’s modulus, 
may be the poor surface quality of the test specimens at 8 bar.
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4  Conclusion and Outlook

The high pressure occurring during HP-RTM demands the consideration of pressure 
in process simulation and the underlying material models accordingly. A simulation 
approach, based on the free volume theory was introduced to consider the pressure 
within simulation. It was shown, that a model for free volume dependent from pres-
sure, temperature and degree of cure can be deduced from dielectric measurements in 
theory. In addition, all necessary material parameters could be expressed in depend-
ence of the free volume by adequate material models. Thus, the pressure dependency 
could be brought into the process simulation via free volume theoretically.

First experimental investigations on pressure dependency have shown an effect 
of pressure on dielectric properties, conversion and glass transition temperature. This 
not only shows the practical relevance of consideration of pressure in process simu-
lation, but also constitutes part of the basis for the application of the model approach 
described above. The influence of high pressure on mechanical properties could not be 
proven. Further investigations with dynamic mechanical analysis (DMA) are sched-
uled. Moreover, additional measurements with high-pressure DSC are planned in 
order to validate the DEA results.

In the next step, further experiments must be carried out to adapt or extend the 
presented models to determine the required model parameters and thus to fit the mod-
els to the investigated resin. This essentially includes: thermomechanical analysis, 
dynamic mechanical analysis, measurements of rheological properties and shrinkage 
and additional DSC analysis. Finally, the aim is to demonstrate the practical imple-
mentation of the presented approach.
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Abstract.  The development of a digital twin for the engineering process of 
rotational moulded polyurethane components is presented in this  contribution. 
The digital twin includes the coupling of FE analyses with a novel  simulation 
environment of the rotational moulding process. For the setup of the numerical 
process simulation, the C++ based open-source software package OpenFOAM 
is used, which is widely established in research and development for the numer-
ical solution of fluid mechanics problems (Computational Fluid Dynamics, 
CFD). Based on the Volume-of-Fluid method, a simulation environment called 
interRoMoFoam representing the rotational moulding process according to the 
Rock‘n’Roll method has been developed. Within the simulation, the resin distri-
bution calculation is carried out taking the chemo- rheological processes during 
the curing of the polyurethane into account. Among other determined pro-
cess-related properties the wall thickness distributions of the hollow bodies can 
be exported and evaluated in appropriate FE analyses under structural-mechan-
ical aspects, for example. In this way, the results of the process and structure 
simulations can be used to perform precise design adjustments and an optimisa-
tion of the part, the mould for manufacturing the part or the process parameters.

Keywords:  Digital twin · Rotational moulding · Polyurethane

1  Introduction

Digital twins of products, processes and services are important items of current indus-
try 4.0 strategies. The digital representation of a production process contributes to 
the reduction of time and effort in development and production. Digital twins are of 
particular importance in the design of time- and cost-intensive processes such as the 
polyurethane rotational moulding. The polyurethane rotational moulding is a specific 
process used in plastics processing to produce large-volume, thin-walled hollow bod-
ies. A general overview regarding the rotational moulding process, the plastics used 
and the processing techniques can be found in [1]. Detailed information on reac-
tive rotational moulding, which is discussed in this contribution, are given in [2, 3]. 
The main advantage of using a digital twin for rotational moulding is the reduction 
of experimental effort required to design and optimise the manufacturing process. 
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The wall thickness distribution, which exhibits the most significant influence on 
the component stiffness, is evaluated virtually and iteratively using the digital twin. 
In practice, roto-moulded polyurethane components are several meters long, so that 
experimental investigations require a large amount of additional material, which can 
be saved by using the developed digital twin. Digital twins modelling a manufacturing 
process are always based on a numerical process simulation. In contrast to processes 
such as injection moulding, there are no commercially available simulation environ-
ments, which can already be relied upon. First approaches for modelling the rotational 
moulding process can be found in the investigations of Ianakiev and Lim [4, 5] or 
Attaran et al. [6]. Riviere et al. [7] present the numerical simulation of the polymer 
flow for thermoplastic materials processed in rotational moulding using the so-called 
Smoothed Particle Hydrodyanamics method (SPH). The SPH method is also applied 
in [8, 9] and extended by the chemo rheological properties of reactive moulding res-
ins. The SPH method is often used to minimise the computational effort compared to 
CFD methods. But also, within the SPH method a correspondingly high number of 
parts is required to generate results with high quality. Furthermore, due to the stable 
algorithm the SPH method is able to calculate results which can be physically wrong 
despite wrong assumptions and models. For this reason, this contribution pursues the 
development of a simulation environment using the Volume of Fluid method (VOF) 
for a two-phase flow. In this context, reference is made to the solution proposed by 
Dissanayake et al. [10] for the simulation of particle flow within a rotating cylinder. In 
contrast to this work the OpenFOAM solver twoPhaseEulerFoam is used, not taking 
into account the rock movement of the moulding machine and the chemo-rheological 
properties of a reactive resin. Therefore, in the following a new approach for a process 
simulation and fundamental aspects of Computational Fluid Dynamics (CFD) will be 
discussed, which are used to develop the process simulation environment of the later 
described digital twin of the entire engineering process.

2  Basics of Computational Fluid Dynamics

Flow processes can be described mathematically by the conservation laws of mass, 
momentum and energy, which can be summarised with the following transport model 
equation:

Where ρ describes the density and φ defines a flow quantity e.g. the flow velocity u 
or the temperature T. The term ∇ · (ρ u φ) describes the convective flux of the flow 
quantity φ, which is caused by the transport of φ due to a current flow. The expression 
∇ · (D∇ φ) with D as diffusion coefficient, depicts the diffusive flux of φ, which is the 
result of concentration differences in the spatial distribution of φ. All other sources 
and sinks of the flow process are described by Qφ. By specifying the flow quantity φ 

(1)
∂

∂t
(ρ φ)+∇ · (ρ u φ) = ∇ · (D∇ φ)+ Qφ,
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and the terms used to describe the convective and diffusive flow, the equations of the 
general mathematical model of a flow can be derived. This results in the continuity 
equation:

and the momentum conversation principle:

where τ  describes the shear stress tensor, p the pressure and g the acceleration due to 
gravity [11].

The law of conservation of energy is defined in general form as follows:

where h is enthalpy and q′′ is the heat flux density [11].
In addition to the conservation laws, thermodynamic equations of state as well as 

material-specific material laws are used to describe a fluid mechanical problem, which 
define further relationships between the flow quantities ρ, u, τ , p, h and q′′. Known 
examples are the thermal equation of state of an ideal gas:

with R as gas constant and the caloric equation of state:

where cp describes the specific heat capacity for a constant pressure [11].
Examples of material-specific laws are, on the one hand, the Fourier law of heat 

conduction:

with the thermal conductivity k and on the other hand Newton’s flow law:

where η defines the material-specific dynamic viscosity of the fluid, which describes 
the relationship between the shear stress tensor τ  and the velocity gradient S. The var-
iable δ describes the so-called Kronecker delta [11].

In current CFD simulation environments, the Finite Volume Method (FVM) is the 
most commonly used solution method for the numerical calculation of the abovemen-
tioned equations. The basic principle of FVM is based on the local balancing of the 
fluid mechanical model equations within discrete sub domains (control volumes, CV), 
which are defined by a grid. Figure 1 shows the basic approach of the FVM schemati-
cally for a two-dimensional case.

(2)
∂ρ

∂t
+∇ · (ρ u) = 0

(3)
∂

∂t
(ρ u)+∇ · (ρ u u) = ∇ · τ −∇p+ ρg

(4)
∂

∂t
(ρ h)+∇ · (ρ u h) = −∇ · q′′ +

∂p

∂t
+∇ ·

(

τ · u
)

(5)p = ρ RT

(6)dh = cp dT

(7)q′′ = −k ∇ T

(8)τ = η

[

2S −
2

3
(∇ · u)δ

]
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During the displacement due to an acting flow, the fluid element transports the 
quantities mass, momentum and energy according to the conservation laws from the 
initial position at time t0 to the new position at time t +�t. Balancing of the convec-
tive and diffusive fluxes of the given conservation quantities is performed on the sur-
faces of the sub domains by integrating Eq. 1 over the control volumes CV:

By applying the Gaussian theorem, the volume integrals of the convective and diffu-
sive terms are substituted by surface integrals, so that the calculation of the convective 
and diffusive flows can be performed through the surface of the control volume:

The integration over the time interval ∆t results in the following:

In OpenFOAM the resulting equations are discretised using numerical methods such 
as the explicit and implicit Euler method and the Crank–Nicolson procedure and 
solved iteratively under specified boundary conditions.

3  Rotational Moulding Simulation with OpenFOAM

The solver interRoMoFoam described here is based on the solver interFoam provided 
by OpenFOAM. With this solver a transient flow of two incompressible immiscible 
phases is calculated using the Volume of Fluid method. Both phases are separated 

(9)

∫

CV

∂

∂t
(ρ φ)dV =

∫

CV

[

∇ · (D∇ φ)−∇ · (u ρ φ)+ Qφ

]

dV

(10)

∫

CV

∂

∂t
(ρ φ)dV =

∮

A

(D∇ φ) · n̂ dA−

∮

A

(u ρ φ) · n̂ dA+

∫

CV

Qφ dV

(11)

∫

CV

(
∫

t+�t

t0

∂(ρφ)

∂t
dt

)

dV

=

∫

t+�t

t0

(
∫

A

n̂·(D∇ φ)dA

)

dt −

∫

t+�t

t0

(
∫

A

n̂ · (u ρ φ)dA

)

dt +

∫

t+�t

t0

(
∫

CV

Qφ dV

)

dt

Fig. 1.  Schematic two-dimensional illustration of a spatially discretised flow area and the time-
dependent displacement of a fluid element
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from each other by an interface or a free surface as it is formed in rotational moulding 
between the air and the resin (Fig. 2).

Within the interFoam solver a modified convection equation is used to determine 
the relative volume fractions of the phases in the discrete cell volumes of the calcula-
tion grid for the considered time steps of the simulation.

The first two terms are similar to Eq. 2 and represent the components of a simple con-
vection equation to describe the transport of α. A transport equation consisting only 
of these terms would result in a strong numerical diffusion at the interface due to its 
numerical discontinuity. This has a negative effect on the quality of the simulation 
results. For this reason, the simple convection equation in OpenFOAM is extended 
by a third term which represents the so-called interface compression and counter-
acts the numerical diffusion at the phase boundary. Equation 12 is solved using the 
Multidimensional Universal Limited Explicit Solver (MULES), which is designed for 
solving purely convective transport equations in multiphase simulations and guaran-
tees the limitation of the phase fraction to values between 0 and 1. InterFoam is an 
isothermal equation solver computing with a uniform global temperature. In the initial 
configuration of the solver the implementation of the curing kinetics and the related 
effects on the viscosity and temperature of the resin are also missing. Accordingly, 
the interFoam solver is extended by program modules to take the chemo-rheological 
properties of the polyurethane and corresponding subroutines into account to depict a 
non-isothermal moulding process with locally different temperatures and progresses 
of cross-linking reaction (conversion cα). The latter is particularly required in order to 
control the wall thickness of roto-moulded components by applying locally different 
temperatures within the mould. Furthermore, the characteristic Rock‘n’Roll kinemat-
ics of the rotational moulding machine has to be considered within the two-phase sim-
ulation. More detailed explanations regarding multiphase simulations or the structure 
of the basic solver interFoam can be found in [12, 13].

In order to consider a locally different reaction progress in the simulation, the con-
version cα can no longer be determined globally for the entire computation domain 
and has be integrated as a scalar transport routine using a convection equation. The 
interRoMoFoam solver contains an energy equation as well as a transport equation for 

(12)
∂α

∂t
+∇ · (αu)+ �m∇ ·

(

a · (1− a)uc
)

= 0

Fig. 2.  Phase fraction distribution for the initial time step of a two-phase simulation in 
OpenFOAM including the phase interface: The red region represents the polyurethane whereas 
the blue zone depicts the air within the rotation mould
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the conversion, which are used for the calculation of a temperature distribution and 
locally different reaction progresses. For single-phase flows the transport of one scalar 
µ can be described as follows:

with Dµ as diffusion coefficient and Qµ as source term. For two-phase simulations 
the calculation of the scalar transport is numerically even more demanding. In the 
interRoMoFoam solver, the transport of conversion is performed by integrating the 
phaseScalarTransport function of OpenFOAM. The calculation for the transport of the 
scalar quantity µ for one phase αi of the two-phase flow is defined according to Eq. 13 
within this subroutine as follows:

with C as the fraction of the scalar within the phase αi and two stabilisation terms R1 
and R2 [14, 15].

Within the interRoMoFoam solver, the scalar µ is replaced by the conversion cα.  
The source term Q(αi,µ) describes the change of the reaction progress according to 
the material-specific conversion rate δcα/δt and the resulting dissipated reaction heat, 
which again is also included in the equation implemented in interRoMoFoam for the 
calculation of the temperature distribution according to [16]:

with htotal total enthalpy released by the cross-linking reaction and cp the specific heat 
of the polyurethane (both determined by means of appropriate DSC tests) [15].

Detailed information regarding the determination of these quantities for fast cur-
ing polyurethane resins can be found in [17]. The calculation of conversion cα at a 
time step �t and given temperature T  is done in interRoMoFoam according to the 
model of Chiacchiarelli et al. [18], while the viscosity of the polyurethane resin cor-
responding to this conversion is calculated according to the model of Kim et al. [19]. 
However, in principle any model can be implemented in the interRoMoFoam solver 
by adapting small parts of program code, which represents one of the main advantages 
of an open source platform such as OpenFOAM.

The machine-motion of the roto-moulding machine is implemented by a time- and 
speed-controlled manipulation of the entire discretised calculation area, which means 
that the calculation grid (or mesh) of the CFD simulation is moved over the entire 
simulation according to user-predefined motion profiles. For this purpose, a so-called 
dynamic motion solver of the OpenFOAM development environment is integrated 
into the simulation setup. Taking into account the Rock‘n’Roll kinematics of the man-
ufacturing process, the mesh is rotated about the lengthwise axis and rocked about the 
transverse axis of the roto-moulded component.

(13)
∂µ

∂t
+∇ · (µu)−�

(

Dµ · µ
)

= Qµ

(14)
∂µ

∂t
+∇ ·

(

αi φ µ
)

−∇ ·
(

Dµ ∇(αiC)
)

= Q(αi,µ)− R1D(α,µ)− R2(α,µ)

(15)
∂T

∂t
+∇ · (Tu)− T · ∇ · u−�(α · T) =

htotal·αi

cp,i

∂cα,i

∂t
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4  Digital Twin for the Engineering Process of Roto-Moulded 
Components

The interRoMoFoam solver has been developed to calculate the wall thickness distri-
bution of thin-walled hollow polyurethane bodies. Figures 3 and 4 show typical geom-
etries applied in the rotational moulding process on the example of a roto-moulded 
white water kayak and a rotor blade used for the construction of ventilation fans.

As in the case of the kayak, the geometries show several important constructive 
and design details. Their exact reproduction during rotation moulding is of particu-
lar importance. Geometries such as those of the rotor blade in Fig. 4 are technically 
demanding due to the tapered cross-section and flat, non-rotationally symmetrical 
shape.

Without the use of the process simulation the determination of the process param-
eters is associated with a large experimental and material-related effort. This effort 
has to be minimised, especially for small series and the production of low quantities. 
The digital image of rotational moulding constitutes a tool for minimising effort and 
costs in production planning.

Fig. 3.  3D-Model of a roto-moulded white water kayak made by Lettmann GmbH

Fig. 4.  3D-Model of a roto-moulded rotor blade used for the construction of ventilation fans
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The resin distribution determined by simulation (Figs. 5 and 6) is used for a sys-
tematic optimisation of the production process and rotation mould geometries. The 
rotational moulding process according to the Rock‘n’Roll method includes like men-
tioned above a rolling movement around the longitudinal axis and a rocking move-
ment around the transverse axis of the hollow body.

Due to the overlapping of these movements, an incorrect choice of rotation speeds 
and angles can lead to quality defects caused by the fact that specific areas are not 
flooded with the resin during the entire manufacturing process shown in Fig. 7. By 
using the process simulation in the early phases of the development process, motion 
profiles can be determined that lead to such local defects and excluded for practical 
applications. In addition, by generating a CAD model from the results of the process 
simulation, taking into account the wall thickness distribution, the usual process-spe-
cific asymmetries and local thinning can be evaluated in subsequent FE analysis 
regarding the influence on the mechanical behaviour.

Fig. 5.  Illustration of the resin flow during a time step of the rotational moulding simulation on 
the example of a white water kayak

Fig. 6.  Illustration of the resin flow during a time step of the rotational moulding simulation on 
the example of a rotor blade used for the construction of ventilation fans
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By coupling process simulation and structural analyses a digital image of the 
entire development process for roto-moulded polyurethane components is defined. 
The process simulation shown above is enhanced by CAD environments and structure 
solvers such as ABAQUS as shown in Fig. 8. It should be noted at this point that also 
the OpenFOAM environment provides structure solvers which can be used for subse-
quent mechanical analyses. However, in this case, the Finite Volume Method (FVM) 
is used to consider structural-mechanical problems. The CAD conception, process and 
structural simulations are supported by pre- and post-processors such as HyperMesh. 
These enable an extensive manipulation of the meshes according to the requirements 
of a CFD simulation or the post-processing of exported geometries, which has to be 
prepared for subsequent FE analyses.

In addition to computer-aided engineering, the digital twin can be used to deter-
mine parameters for monitoring the real manufacturing process. This means that at 
chosen areas of the component, tolerance ranges can be specified for the wall thick-
ness, which should not be exceeded, as otherwise a negative influence on the mechan-
ical properties of the product can be expected. The quality criteria can be integrated 
into an online process monitoring of a rotation mould. Therefore, the digital image 
shown here also represents a quality control tool.

Simulation Real process

Fig. 7.  Typical defects of roto-moulded components due to incorrect machine movements [20]
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5  Conclusion

In the scope of this work, the development of rotational moulding process simulation 
and its integration into a digital twin representing the computer-aided engineering 
procedure for the rotation moulding process is discussed. The novel interRoMoFoam 
simulation environment enables the calculation of the resin distribution taking into 
account the chemo-rheological processes during the curing of the polyurethane and an 
approach to consider locally different reaction progresses due to a temperature distri-
bution and the resin flow inside the rotation mould. The process simulation developed 
using OpenFOAM can be easily integrated into various CAD and FEM systems due 
to the system openness of the open source environment. It also enables the flexible 
transfer of simulation results via several interfaces and data formats. By integrating 
the interRoMoFoam simulation into a design procedure in connection with CAD con-
ception and subsequent FE analyses, a digital image of the entire rotational mould-
ing process is obtained. The resulting digital twin can be used for a computer-aided 
iterative design of rotational moulded polyurethane components as well as for the 
definition of quality criteria within the framework of quality prediction and online 
process monitoring. The considerations of this contribution are currently limited to the 
numerical simulation of the rotational moulding process for reactive moulding mate-
rials. An extension to thermoplastic materials is possible taking into account appropri-
ate viscosity models, crystallisation models (semi-crystalline materials) and the pvT 
behaviour (for correspondingly high process pressures). In addition, the application 

Fig. 8.  Graphical overview of the digital twin representing the computer-aided engineering 
procedure for the rotation moulding process
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of the OpenFOAM solver interFoam for the simulation of manufacturing processes 
of thermoplastic materials is already mentioned in literature and can be combined 
with the results of this work. With regard to the development of the interRoMo-
Foam solver, the program code will be successively extended by further viscosity and 
reaction models in future work. The wall thickness distributions determined by the 
process simulation will be applied in the development of a design methodology for 
rotomoulded polyurethane components. Currently, mechanical structure calculations 
are carried out based on the assumption of an average wall thickness due to a lack of 
knowledge of the real wall thickness distribution. Consequently, this leads to devia-
tions between the simulation and experimental investigations during the validation of 
the structural mechanical calculations.
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