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Abstract: The necessity for resource-efficient manufacturing technologies requires new developments
within the field of plastic processing. Lightweight design using wood fibers as sustainable rein-
forcement for thermoplastics might be one solution. The processing of wood fibers requires special
attention to the applied thermal load. Even at low processing temperatures, the influence of the dwell
time, temperature and shear force is critical to ensure the structural integrity of fibers. Therefore, this
article compares different compounding rates for polypropylene with wood fibers and highlights
their effects on the olfactory, visual and mechanical properties of the injection-molded part. The
study compares one-step processing, using an injection-molding compounder (IMC), with two-step
processing, using a twin-scew-extruder (TSE), a heating/cooling mixer (HCM) and an internal mixer
(IM) with subsequent injection molding. Although the highest fiber length was achieved by using the
IMC, the best mechanical properties were achieved by the HCM and IM. The measured oxidation
induction time and volatile organic compound content indicate that the lowest amount of thermal
damage occurred when using the HCM and IM. The advantage of one-time melting was evened out
by the dwell time. The reinforcement of thermoplastics by wood fibers depends more strongly on the
structural integrity of the fibers compared to their length and homogeneity.

Keywords: biocomposites; polypropylene; wood fibers; compounding methods; thermal damage;
volatile organic compounds; mechanics; fiber length

1. Introduction

For a bioeconomy based on renewable raw materials, it is essential to develop resource-
saving processes, materials and applications, as well as to replace currently used envi-
ronmentally unfriendly solutions. To date, lightweight constructions have been used to
save resources in the manufacturing of components and their application. Fiber-reinforced
plastics in particular have been used successfully in lightweight constructions [1]. However,
there is a need for new developments in raw materials. The production of petroleum-based
plastics and inorganic fibers made of glass has an enormous environmental impact [2,3].
Sustainable alternatives, such as flax, already exist, but have so far only been established in
niche applications due to problems such as availability [4]. A good alternative is offered by
wood fibers, which have similar properties, are based on domestic raw materials [5] and,
compared to agricultural-based fibers, are available on a commercial scale [6]. However,
a major problem of natural products such as wood, especially in the form of fibers, due
to their large surface areas [7,8], is their thermal stability [9]. The sensitivity to tempera-
ture of natural products is one of the most significant obstacles to their widespread use
within industry [10,11].
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Various publications provide a good overview of how increased thermal loads damage
the structure of wood, increase emissions (including the release of acids) and decreases its
mechanics. Solid wood starts to thermally degrade at approximately 180 °C, starting with
the degradation of hemicellulose [12,13]. In the case of fibers and particles, the thermal
damage already starts at lower temperatures due to the larger surface area. In the studies
cited, the authors present increased thermal stress for different types of wood [14-19].

Similar effects have been documented for wood when it is compounded with plastics.
Due to the effects of the increased shear and thermal load, respectively, on the temperature
and dwell time, wood plastic compounds (WPCs) become darker, indicating thermal
degradation [20-26]. Different studies processed WPC up to 230 °C and reported adverse
effects of increasing the processing temperature on the mechanical properties [20-23],
whereas another study showed limited or no effects [24]. Increased mixing time and shear
enhanced the process of degradation [25,26].

The Agency for Renewable Resources (Fachagentur Nachwachsende Rohstoffe e.V.)
states that the WPC market is dominated by the use of wood flour, while wood fibers are
mostly not considered [27]. The physiological differences between wood flour and wood
fibers can be seen in Figure 1. Wood flour consists of spherical particles with a length
and width of around 300-400 pum [27,28]. By contrast, the lengths of wood fibers and
thermomechanical pulp fibers may vary from 20 um to 4500 um, while the fiber diameters
may vary from less than 1 pm to 80 um [29]. This results in aspect ratios from 24 to 72, as
observed by Mertens et al. [29].

Figure 1. SEM backscatter images of wood flour (left) and wood fibers (right).

The findings of Thomason and Vlug, suggesting a positive correlation between me-
chanics and fiber length [30-32], have also been shown for natural fibers [33] and wood
fibers [20,34,35]. Low aspect ratios cause stress concentrations that lead to decreased
strength compared to neat polymers [36,37]. Not only is the length of the fiber decisive
for the mechanics of the injection-molded part, but the homogeneity of the nature-based
reinforcement within the polymer plays an important role as well [38,39]. Wood flour
composites may display similar tensile strength properties and higher tensile moduli in
comparison to wood-fiber composites [39,40]. These small-sized particles integrate well
into the processing equipment and result in more homogenous materials due to their low
aspect ratio and, therefore, good dispersibility within the polymeric matrix [26,40,41].

A review of the literature shows that the processing method, either injection molding
or extrusion, influences the properties of the WPC part. High-density components, which
are usually produced with injection molding, may result in high mechanical performance as
they provide more dense contact between the matrix and wood particles [42,43]. Migneault
achieved a higher density with extruded profiles but still obtained better tensile properties
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with injection-molded parts as the fiber orientation was more pronounced [34]. It should
be considered that the fiber morphology changes throughout processing due to fiber—fiber
interactions, shear forces and high temperatures [37].

Although different processing methods for wood-fiber plastic compounds have been
thoroughly investigated [34,39,42-46], only Kahr, Specht and Stadlbauer examined different
compounding methods and their effects on the resulting compounds [45,46] and compo-
nents [39,46]. Kahr compared the co-rotating and counter-rotating twin-screw-extruder
(TSE) with the heating—cooling mixer in terms of energy consumption [45]. Stadlbauer
reviewed the co-rotating TSE with subsequent injection molding and the internal mixer
with subsequent compression molding and milling of the test specimen to determine its
mechanical properties. The processing method through TSE resulted in the best mechanics
due to the fiber orientation, resulting density and homogeneity [39]. The fiber-length
degradation was only investigated for the TSE with subsequent injection molding; the
thermal degradation and resulting emissions were not investigated. None of the studies
cited above integrated one-step processing by means of an injection-molding compounder
(IMC) into their investigations.

This article compares four different processing rates with regard to their different
degradation effects during processing. It aims to identify the least harmful processing
method for WPCs that preserves the structural integrity of the wood fiber and, thus, exploits
the potential of sustainable reinforcing fiber wood in the best possible way:.

For this purpose, the processing of thermoplastics needs to be understood and its
effects on WPCs qualitatively compared. Melt processing can be defined as a thermo-
mechanical process in an oxygen-deficient atmosphere. The polymer is subjected to a
mechanical load induced by shear. In addition, it is exposed to thermal stress, which is
caused externally by heated plasticizing systems and internally by generated shear energy.
The mechanical load induced by the shear further defibers and shortens the wood filler. To
determine the correlation between the melting process and the mechanical load, the wood
fibers extracted from the injection-molded part were analyzed via an optical measuring
system, as in various publications listed in Mertens et al.’s review [29]. The thermal load
led to the degradation of the wood plastic compound. The degradation was determined
relatively over all the processing rates investigated. In the case of wood fibers, the oxidation
induction time (OIT) served as a parameter for determining the thermal damage. If the
compounding and injection molding were carried out gently, the measured OIT on the
component dropped, contrary to the usual interpretation. The components of the wood
that led to earlier onset of the oxidation reaction, such as hemicellulose, had not degraded
at this point and, therefore, appeared in the measurement of the OIT. When increased
thermal damage occurs, wood releases hydrocarbons, alcohols and organic acids [14,15]
and the WPC becomes discolored and grows dark [20-22]. Accordingly, a measurement
of the VOCs via headspace gas chromatography was performed and the colors of the
injection-molded WPC parts were analyzed. Additionally, the mechanical properties of the
WPC depend on both the fiber length in the component [33] and the amount of thermal
energy induced [20-23]. Therefore, the basic mechanics were determined via a tensile test.

2. Materials and Methods
2.1. Materials

A polypropylene (PP) homopolymer (HJ120UB) from Borealis was chosen as the
matrix material. The manufacturer specifies an MFR of 75 g/min (230 °C/2.16 kg) and
a density of 0.905 g/cm?. Furthermore, the manufacturer assigns the material’s basic
stabilization and low emissions. The spruce fibers used in the study were produced in
the technical center of the Rosenheim University of Applied Sciences. A polypropylene
copolymer grafted with maleic anhydride (SCONA TPPP 8112 GA) from BYK Additives
was used as a coupling agent between the PP and the wood fibers, hereafter also called
MAH-PP. The same mixing ratio of PP at 67 wt.-%, spruce fibers at 30 wt.-% and coupling
agent at 3 wt.-% always served as the basis for the subsequent tests. The spruce fibers were
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produced in a thermo-mechanical process (TMP) on a 12-inch laboratory refiner type 12
1CP from Andritz AG. After defibration, the wood fibers were stored open for more than
12 months. The wood fibers used in this study were between 90 um and 9050 um long,
giving an average fiber length of (1220 £ 210) um. The diameter varied between 30 pm
and 480 um, giving an average fiber diameter of (48 £ 2) pum. This resulted in an aspect
ratio of 24.5. High values of length and diameter refer to fiber bundles, which can be seen
in Figure 1. These were a small proportion of the measured fibers (<1%).

2.2. Methods
2.2.1. Production of the Wood-Fiber-Polypropylene Compound

The following section compares four different ways of compounding the materials
mentioned in Section 2.1 Materials. All melting processes investigated are schematically
illustrated in Figure 2. In all methods used, the wood fibers and wood-fiber pellets were
dried at 105 °C for 3 h in a circulating air oven before further processing. After drying, the
moisture content of the wood fibers was below 0.5 wt.-%.

PP and
MAH-PP

Figure 2. Schematic illustration of all melting processes investigated. (A) Injection-molding com-
pounder, (B) twin-screw-extruder and injection molding, (C) internal mixer and injection molding,
(D) heating cooling mixer and injection molding.

An injection-molding compounder utilizing a twin-screw extruder was used to in-
vestigate two different processing rates (L/D = 41; D = 25 mm, type KM 300 CX IMC,
KraussMaffei Group GmbH, Munich, Germany). Spruce fiber pellets were compounded
with PP and coupling agent. The wood fiber pellets were fed via a side feeder after a length
of 28 times their diameter (28 D) at 180 °C. For the first method used, the melt was conveyed
into the shotpot injection unit and further injected into the mold. This method represents
the one-step process and is hereafter called “1-step IMC”. This direct compounding process
has already been investigated by Obermeier et al. [47].

For the second method, the melt was not processed further but extruded as a com-
pound strand. The melt strand was cooled in a water bath, granulated in sizes suitable
for metering and subsequently processed on an injection-molding machine as a second
processing step. This method represents the two-step process by means of a twin-screw
extruder and is referred to as “2-step TSE”. The initial situation (screw configuration,
temperature, pressure) was identical to the one-step process and, therefore, allowed a direct
comparison between both processes.

Another compounding option for two-step processing was presented by means of a
heating—cooling mixer (HCM). For the investigations, the type KM 23 HCM of the company
Thyssen Henschel was used (Thyssen Henschel, now Zeppelin Systems, Kassel, Germany).
A HCM is divided into two boilers with different temperature controls. The heating unit at
180 °C was used for compounding, whereas the cooling unit tempered at 20 °C was used
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for heat extraction from the melt and for pelletizing. This method makes it possible to use
wood fibers instead of pellets as no continuous dosing is necessary. This process is referred
to as “2-step HCM".

The last compound option used was an internal mixer (IM). The mixing was performed
with HAAKE Polylab OS Rheodrive combined with HAAKE Rheomix OS 3000 with
Banbury rotors (ThermoFisher Scientific, Waltham, MA, USA). The processing temperature
was set to 180 °C and the rotation speed was constantly kept at 20 rpm. After 10 min of
mixing time, a steady torque was reached and the polymer was completely melted. The
wood fibers were then added to the polymer melt. The internal mixer also makes it possible
to use wood fibers as it is an intermittent process. The processing parameters chosen for
the IM showed the lowest final temperature in the melt and the highest final fiber length in
the study by Teuber [23]. The mixing was considered as complete when the torque and the
temperature reached a steady level. This process is referred to as “2-step IM”.

Following all three two-step processes, the WPC parts were produced by means of an
injection-molding machine from Wittmann Battenfeld (type HM160/750 S, WITTMANN
Technology Ges.m.b.H., Vienna, Austria). To ensure comparability for all processes, the
same barrel temperatures were set and the same injection mold with cold runner was used;
in this case, it was a plate (290 mm x 190 mm x 2 mm). After production, the plates were
stored at room temperature. Subsequently, tensile test specimens according to DIN EN ISO
527 type B—150 mm were milled out along the flow direction.

2.2.2. Tests of Component Properties

Soxhlet extraction was used to extract the PP from the specimen using xylene as
solvent in accordance with DIN EN ISO 10352. The remaining fibers were then dried and
distributed on an optical scanner to analyze the fiber lengths of the wood fibers (type V850,
Seiko Epson Corporation, Tokyo, Japan). The dispersed fibers were scanned and the scan
was evaluated using the image analysis software FibreShape manufactured by IST AG,
according to ISO 9276 (IST AG, Vilters, Switzerland).

Using differential scanning calorimetry (DSC), the wood-fiber plastic compounds
were examined with regard to their behavior at elevated temperatures within an oxygen
atmosphere. The oxidation induction time of a material quantifies its oxidation stability.
The OIT was determined isothermally. The investigated materials were heated at 20 K/min
in a nitrogen atmosphere. The temperature was kept constant at 180 °C for three minutes
for equilibration. Next, the sample was exposed to an oxygen atmosphere. The method is
explained in detail by Stammen [48]. The flow rate was 50 mL/min for both N; and O,.
The time interval between the first contact with oxygen and the start of oxidation defines
the OIT, according to DIN EN ISO 11357. The tests were carried out using a DSC 2920 from
TA Instruments (TA Instruments, New Castle, DE, USA).

The color values of the WPC surface were measured by a spectrophotometer (Byk-
Gardner, Geretsried, Germany) (10° standard observer, D65 standard illuminate, color
difference format AEab*), according to DIN EN ISO 11664. To assess the difference between
two colors, a total color difference AE was determined (expressing the distance between
two points in the L*a*b* system).

Headspace gas chromatography was performed to determine the specific amount of
volatile organic compound (VOC) of the individual injection-molded parts in pg carbon
per g sample, in accordance with VDA 277. The analyzed test specimens were sealed
immediately after processing and until the measurement of the VOC was carried out.
The samples were placed and sealed in headspace vials after calibration of the system.
Next, they were tempered for 5 h at 120 °C in the headspace sampler so that all volatile
components diffused into the gas phase and a stable equilibrium was established. A
total of 0.05 mL of these volatiles was analyzed in the gas chromatograph (GC) using
a flame ionization detector (FID). In order to do so, the volatiles were evaporated and
transported through a column, along with the carrier gas (He 5.0). To evaporate the volatile
components, the sample was isothermally exposed to a temperature of 50 °C for 3 min,
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then heated to 200 °C at 12 K/min and held at this temperature for 4.5 min. The FID
recorded the individual spectrum, whose peaks were to determine the specific amount
of VOC of the individual test specimens in pg carbon per g sample. A Perkin Elmer Inc.
gas chromatograph of e Clarus 680 type was used (PerkinElmer, Inc., Waltham, MA, USA).
Three molded parts of each processing method mentioned above were measured and
packed airtight for the time between processing and measurement.

The tensile test, which was carried out according to ISO 527-2 to determine the tensile
modulus and tensile strength of the milled specimens, was performed on a Zwick/Roell
type Z020 universal testing machine (ZwickRoell GmbH & Co. KG, Ulm, Germany). The
testing speed to determine the tensile modulus was set to 1 mm/min. To evaluate the
tensile strength, a testing speed of 5 mm/min was chosen.

The microscopic images were taken with a Zeiss Smartzoom 5 digital microscope in
coaxial bright field. Microsections were prepared with a polishing machine type Mecatech
250 SPC from Presi (Presi, Grenoble, France).

3. Results and Discussion
3.1. Fiber Length

Comparing the resulting fiber lengths of the injection-molded parts of the single-step
and the two-step process (one-step IMC and two-step TSE), an 11% higher fiber length can
be achieved by processing in just one step (Figure 3). After compounding via the IMC, the
homogenized melt is merely pressed into the mold by means of a shotpot injection unit.
The wood fibers were not reheated and mechanically stressed; this occurred in the two-step
process. A comparison of all three two-step processes (two-step TSE, two-step HCM and
two-step IM) shows that the HCM and IM result in lower fiber lengths. The mixing time
within the heating cooling mixer and the internal mixer is significantly higher after more
than 5 min. By compounding with the TSE, the wood fibers were fed into the melt after a
length of 28 D, which resulted in a time under thermal and mechanical load of less than a
minute. It is well known that the pelletizing process decreases the fiber length [29], but the
results indicate that the time under thermal load has a greater impact. A comparison of the
two-step HCM and two-step IM showed no significant difference in the arithmetic fiber
length, although dry blending should result in a lower fiber length compared to feeding
into the melt, as Teuber showed with wood flour [23]. The mixing time and time under load
for both processes were similar. Furthermore, the analyses showed that the fiber length
reduced by more than half across all the processes considered.

Sample Fiber length

30 4 — 2-step IM 430 £ 64 pm

2-step HCM 405+ 32 pm

— + 2-step TSE 521 £ 89 um

25+ --+ 1-step IMC 578 £33 um
— unprocessed 1220 + 210 pm

relative frequency [%]

0 T T 1
10 100 1000 10,000
fiber length, log x [um]

Figure 3. Residual arithmetic fiber length distribution (unrolled) in the component according to ISO
9276; n =3; X + SD; minimum number of measured objects >30,000.



Materials 2022, 15, 3393

7 of 13

3.2. Oxidation Induction Time

In the case of wood fibers, the OIT can serve as a parameter for thermal damage.
If compounding and injection molding are carried out gently, the measured OIT on the
component drops, contrary to the usual interpretation. The components of the wood that
lead to an earlier onset of the oxidation reaction, such as hemicellulose, do not degrade at
this point and, therefore, appear in the measurement of the OIT. The higher the determined
OIT of the wood composites, the more severe was the thermal damage that occurred in the
previous processing steps. In general, the addition of wood drastically reduces the OIT of

PP, which is also shown in the work of Borysiak [49].

The OIT of the investigated processing methods is shown in Figure 4. It is shown that
an increased thermal degradation of the wood occurred in the single-step process. The OIT
measured was 20 min. The reasons for this were the increased dwell time, shear stresses
and pressures that occurred during processing. The intermediate melt reservoir, which
acts as a buffer linking the continuous process of the twin-screw compounder with the
discontinuous injection molding, increases the dwell time for the temperature-sensitive
WPC. Furthermore, the wood-fiber plastic composite is exposed to high temperatures for
longer periods of time compared to the two-step process. Additionally, direct processing
requires a higher back pressure compared to the injection-molding machine, which also
leads to an increased melting temperature. As a result, the wood fibers can thermally

degrade further.
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Figure 4. Comparison of the oxidation induction time of each individual melting process (measured
on the WPC part) and the temperature effect during the processes shown on exemplary curve
progressions (left); photographs of the tensile bars and extracted fibers show the discoloration due to
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In comparison, the two-step processing using the twin-screw compounder and the
injection-molding machine resulted in an OIT of 18 min. Compounding the WPC with
the heating—cooling mixer resulted in an OIT of 17 min. Using the internal mixer to
compound the WPC resulted in the lowest OIT (of 16 min) and, consequently, in the least
chemical change in the wood. The geometry of the twin-screw compounder resulted in
comparatively high thermal stress due to shear because of the small passage volume and
gap dimensions of the cylinder. The shear force was considerably lower with suitable
process control in the heating—cooling mixer. Furthermore, the wood fibers in the TSE
were brought directly into contact with the hot plastic melt, whereas the materials of the
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pgCarbon / g Sample [ugC/g]

composite were dry-blended in the HCM. The internal mixer offers the most gentle way
of compounding the WPC when considering the result of the OIT of 16 min. The mixing
chamber was only filled up to 60%; therefore the shear rate was reduced to a minimum. The
thermal and mechanical damage caused by the shearing of the injection molding process
was identical for both processes. The results of the OIT correlated with the discoloration of
the tensile test bars, as shown in Figure 4 (right).

3.3. Volatile Organic Compounds

The occurrence of the discussed phenomena is supported by the investigations using
headspace gas chromatography, which make it possible to determine the content of VOC
of a material. The VOC includes hydrocarbons, alcohols and organic acids, which are
released in the case of increased thermal damage [14-19]. The temperatures of around
180 °C occurring in the compounding process suggest that hemicellulose in particular
degrades [12,13]. Accordingly, the measurement of emissions via headspace gas chromatog-
raphy indicates the thermal damage sustained by materials. In Figure 5, the measured the
emission values in pg carbon per g sample over the four process variants are shown. Since
the test specimens were sealed immediately after processing and remained sealed until
the VOC was measured, the measured values represent the emissions released due to the
compounding rate. The single-step process shows twice the emission value (99.2 ngC/g)
of the two-step processing with the twin-screw extruder and injection-molding machine
(42.1 ugC/g.) Comparing all the two-step processing methods, the emission value can be
reduced down to 6.3 ngC/g via compounding by means of an internal mixer. The measured
emissions confirm the result of the OIT and the discoloration, discussed in Section 3.1.

140 - T T T T T 140 T T T T
{zawec |_]PP neat
120 Sample Emission i = 1201 Sample Emission i
1-step IMC ~ 99.2+9.8 ngC/g ) 1-step IMC  37.4 = 0.5 ugClg
100+ 2-step TSE  42.1+11pgClg [ 100+ 2-step TSE  51.6+1.2ugClg =
2-step HCM  17.6 + 1.1 ugClg L) 1 2-step HCM  54.6 + 1.6 ugClg
80 / 2-step IM 6.3+ 1.3 ugClg L g— 804 2-step IM 56.5 + 1.6 ugClg L
_ g |
60 - - 2 604 ) : -
| 5 ] B
40- / 1 L S 404 .
o S
Q]
=3
20 - 201 I
0 1 1 1 V /;:- /] 0 ! ! ! !
1-step IMC 2-step TSE 2-step HCM 2-step IM 1-stepIMC  2-step TSE 2-step HCM  2-step IM

Figure 5. Resulting emissions in ugC/g for all processing methods analyzed; n = 9 for WPC (left),
n = 3 for PP neat (right); X + SD, normal distribution confirmed by Shapiro-Wilk test.

To evaluate the influence of the different processing methods on the polymer itself,
the neat PP resin was identically investigated. According to the measured results, it can
be said that processing the polymer multiple times does increase the amount of measured
ug carbon per gram sample. Therefore, the polymer itself experiences less stress when
processed with the IMC. Furthermore, the results show that the different two-step melting
processes themselves do not affect the VOC emission of neat PP in a significant way. This
aligns with the comprehensive study by Xiang et al. [50], who showed that the amount of
VOC on neat PP increases with multiple processing.

It is to be noted that the measured values for the WPC and for the PP resin could not
be directly compared. In the applied measurement, the sample was heated, the volatile
components evaporated and an equilibrium formed in the vapor space of the sample bottle.
An aliquot of the vapor space above the sample was taken, injected directly into the FID
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and evaluated afterwards. However, the equilibrium of the volatile components depends
strongly on the type and concentration of the analytes.

3.4. Tensile Properties

The tensile properties of the one-step processing by means of an IMC and the two-step
processing with TSE were almost on the same level, as can be seen in Figure 6. The fiber
length within in the one-step process was significantly higher, which should have led to
increased mechanical properties [20,34,35], but the increased dwell time resulted in an
elevated thermal load and seemed to deteriorate the benefits of the higher fiber length.
A high dwell time was proven to be associated with reduced component mechanics in
WPCs [21,22,25,26]. Increasing the throughput, thereby reducing the dwell time, could
change the results [21]. Comparing the two-step processing methods, a clearly increased
mechanical strength can be seen for the compounding method by means of the heating—
cooling mixer. At 30 wt.-% of wood fiber content, a tensile strength of 42 MPa and tensile
moduli of 3.5 GPa is possible. Compared to PP resin with a tensile modulus of 1.7 GPa
and a tensile strength of 32 MPa, the stiffness can be doubled and the tensile strength can
be improved by 30%. The compounding method by means of an internal mixer shows
equal potential for high mechanical properties but lacks homogeneity at applied process
control, as can be seen in the high standard deviation as well as in the cluster formations
within the tensile bar depicted in Figure 7 (two-step IM). These investigations show that by
increasing the mixing time, a homogeneous fiber distribution in the injection-molded part
can be achieved and the mechanical properties e.g., the tensile strength, can be increased
up to (43.3 & 0.4) MPa. The fiber orientations, assessed qualitatively, are similar within all
four of the tensile bars, as shown in Figure 7. Other reasons for the results of the tensile
mechanics may include fiber-matrix adhesion and variations in the fiber content due to
the gravimetric dosing caused by the non-uniform bulk density of the wood-fiber pellets.
Based on the results, it can be said that, in the case of the wood fibers, the fiber length alone
is not a decisive factor in the components” mechanical performance.

7 - - 70
Sample tensile modulus[] tensile strength
1-step IMC 2.7 +0.1 GPa 35.6 £ 0.9 MPa
6 1 2-step TSE  2.8+0.1 GPa 37.4+1.9 MPa - 60
2-step HCM 3.5+ 0.1 GPa 42.0 + 0.8 MPa
—_ 2-step IM 3.3+0.1 GPa 39.7 + 3.6 MPa —_
0(? 5 50 ©
a
O =
%) Z 1 e
>S5 4 — I~ 40 -~
5 | N T ) . 2
S - T : g
g 34 < -30 B
@ F + Q@
% 2 - 20 o
14 - 10
0 0

1-step IMC 2-step TSE 2-step HCM 2-step IM

Figure 6. Tensile test according to ISO 527 at 30 wt.-% wood-fiber-reinforced PP; test specimens
milled out of injection-molded sheets with s = 2 mm; n = 10; X +S D; values deviate between 10 and
20% from injection-molded test specimens, according to ISO 527. Normal distribution confirmed for
every group of specimens by Shapiro-Wilk test.
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Figure 7. Microsection of the tested tensile rods in flow direction; position of the micrographs similar
to those shown for one-step IMC; non-homogeneity and fiber bundles of the two-step IM process.

The microsections of one tested tensile bar for each processing method were evaluated.
The difference between the edge layer and the core layer can be clearly seen in each tensile
bar. The fiber orientation was similar to that of the glass fibers, established by Menges [51]:
in the flow direction in the edge layers and transverse to the flow direction in the low-shear
core layer. It can be seen that the wood fibers did not have a uniform width, as in glass
fibers. This can lead to the development of a weak point in the composite if the L/D ratios
are insufficient [36,37].

4. Conclusions

In the field of lightweight construction, the application of wood fibers offers the
potential to reduce the environmental impact of plastic composites by saving raw materials
and energy. This requires ideal processing, starting with fiber production and compounding.
This article compared four different compounding processes with regard to the resulting
thermal load acting on the injection-molded wood—plastic composite. Not all processes are
equally suitable for industrial applications. Continuous compounding methods, such as
one-step IMC or two-step TSE, are preferable for applications with very high quantities. By
choosing a gentle method of compounding, such as the use of an internal mixer, the least
thermal damage occurs and, therefore, the best properties of the injection-molded part in
terms of emissions and mechanical properties can be achieved, while homogeneity can be
increased. Although the average fiber length resulting from the use of one-step processing
is significantly higher when compared to two-step processes, the increased dwell time
and, consequently, the elevated thermal load seem to damage the structural integrity of
the wood fiber and counter the benefits of the enlarged fiber length. The findings of this
article indicate that the structural integrity of wood fibers is more important in terms of
their mechanical properties than the resulting fiber length.

Author Contributions: Conceptualization, methodology and validation, S.W., PK., M.S. and M.L,;
investigation, resources, data curation, S.W., PK., M.S. and M.L.; writing—original draft preparation,
SW.,, PK,MS, M.L. and H.R,; writing—review and editing, S.W., PK.,, M.S., M.L. and H.R; visual-
ization, S.W.; supervision, PK. and H.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Bundesministerium fiir Wirtschaft und Klimaschutz, grant
number ZF4383608TA9.



Materials 2022, 15, 3393 11 of 13

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to thank the industrial cooperation partner Inotech Kunststofftech-
nik GmbH, who supported this project. In addition, we would like to thank Borealis Polyolefine,
Linz, Austria and BYK-Chemie GmbH, Wesel, Germany, who provided us with test materials. We are
indebted to Michael Miiller (TH Rosenheim) for recording the SEM pictures. Furthermore, we would
like to thank all our other colleagues at the TH Rosenheim, who directly or indirectly supported
this investigation, in alphabetical order: Christian Bielenberg, Markus Bonauer, Sophia Hefenbrock,
Sabine Hummel, Roberto Lackner, Frederik Obermeier, Katharina Obermeier, Stephan Puntigam,
Niclas Schillinger, Thomas Schmid, Mara Schumacher and Markus Zillmer.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kopp, G.; Burkhardt, N.; Majic, N. Leichtbaustrategien und Bauweisen. In Handbuch Leichtbau-Methoden, Werkstoffe, Fertigung;
Henning, F.,, Moeller, E., Eds.; Carl Hanser Verlag: Miinchen, Germany, 2011; Volume 3, pp. 66—68.

2. Huda, M.S,; Drzal, L.; Ray, D.; Mohanty, A.; Mishra, M. Natural-fiber composites in the automotive sector. In Properties and
Performance of Natural-Fibre Composites; Woodhead Publishing: Shaston, UK, 2008; pp. 221-222. [CrossRef]

3. Brizga, J.; Hubacek, K,; Kuishuang, F. The Unintended Side Effects of Bioplastics: Carbon, Land, and Water Footprints. One Earth
2020, 3, 45-51. [CrossRef]

4. Carus, M.; Partanaen, A. Biocomposites, find the real alternative to plastic—An examination of biocomposites in the market.
Reinf. Plast. 2019, 63, 317-321. [CrossRef]

5. Bledzki, AK,; Faruk, O.; Sperber, V.E. Cars from Bio-Fibres. Macromol. Mater. Eng. 2006, 291, 449-457. [CrossRef]

6.  Wolodko, J.; Alemaskin, K.; Perras, T. An Evaluation of Pulped Natural Fibres in Thermoplastic. Composites. In Proceedings of
the CANCOM2015, Canadian International Conference, Edmonton, AB, Canada, 17-20 August 2015.

7. Sandermann, W.; Augustin, H. Chemische Untersuchungen tiber die thermische Zersetzung von Holz-Zweite Mitteilung:
Untersuchungen mit Hilfe der Differential-Thermo-Analyse. Holz Als Roh. Werkst. 1963, 21, 305-315. [CrossRef]

8.  Kollmann, E; Fengel, D. Anderungen der chemischen Zusammensetzung von Holz durch thermische Behandlung. Holz Als Roh.
Werkst. 1965, 23, 305-315. [CrossRef]

9.  Thomason, L.; Rudeiros-Fernandes, ].L. Thermal degradation behaviour of natural fibres at thermoplastic composite processing
temperatures. Polym. Degrad. Stab. 2021, 188, 109594. [CrossRef]

10. Asim, M,; Paridah, M.T.; Chandrasekar, M.; Shahroze, R.M.; Jawaid, M.; Nasir, M.; Siakeng, R. Thermal stability of natural fibers
and their polymer composites. Iran. Polym. J. 2020, 29, 625-648. [CrossRef]

11.  Endres, H.; Shamsuyewa, M.; Vellguth, N. Bioskonomie International 2016: DeFiCoat-Entwicklung Speziell Beschichteter Natur-
fasern zur Herstellung von Neuartigen Bioverbundwerkstoffen aus Technischen Thermoplasten: Verdffentlichung der Ergebnisse von
Forschungsvorhaben im BMBF-Programm: Projektlaufzeit: 01 November 2017-31 December 2019; Fraunhofer Institut fiir Holzforschung:
Braunschweig, Germany, 2020.

12.  Sivonen, H.; Maunu, S.L.; Sundholm, F; Jamsd, S.; Viitaniemi, P. Magnetic resonance studies of thermally modified wood.
Holzforschung 2002, 56, 648-654. [CrossRef]

13.  Jeske, H.; Schirp, A.; Cornelius, F. Development of a thermogravimetric analysis (TGA) method for quantitative analysis of wood
flour and polypropylene in wood plastic composites (WPC). Thermochim. Acta 2012, 543, 165-171. [CrossRef]

14. Stamm, A.]. Thermal degradation of wood and cellulose. Ind. Eng. Chem. 1956, 38, 630—-634. [CrossRef]

15.  Rusche, H. Die thermische Zersetzung von Holz bei Temperaturen bis 200 °C. 2.Mitt.: Reaktionskinetik des Massenverlustes bei
Wiéarmebehandlung von Holz. Holz Roh-Werkst. 1973, 31, 307-312. [CrossRef]

16. Hillis, W.E. High temperature and chemical effects on wood stability. Part 1 General considerations. Wood Sci. Technol. 1984, 18,
218-293. [CrossRef]

17. Hillis, W.E.; Rozsa, A.N. High temperature and chemical effects on wood stability. Part 2. The effect of heat on the softening of
radiate pine. Wood Sci. Technol. 1985, 19, 57-66. [CrossRef]

18. Hillis, W.E.; Rozsa, A.N. High temperature and chemical effects on wood stability. Part 3. The effect of heat on rigidity and
stability of radiate pine. Wood Sci. Technol. 1985, 19, 93-102. [CrossRef]

19. Popper, R.; Eberle, G. Untersuchungen Thermomechanischer Eigenschaften des trockenen Holzes. Drevarsky vyskum. Wood Res.
1993, 135, 11-17.

20. Burgstaller, C. Processing of Thermal Sensitive Materials—A Case Study for Wood Plastic Composites. Mon. Chem. 2007, 138,
343-346. [CrossRef]

21. Gonzales, C. Thermal Degradation of Wood Fillers at the Melt-Processing Temperatures of Wood-Plastic Composites: Effects on

Wood Mechanical Properties and Production of Volatiles. Intern. J. Polymeric Mater. 1993, 23, 67-68. [CrossRef]


http://doi.org/10.1533/9781845694593.2.221
http://doi.org/10.1016/j.oneear.2020.06.016
http://doi.org/10.1016/j.repl.2019.04.065
http://doi.org/10.1002/mame.200600113
http://doi.org/10.1007/BF02610964
http://doi.org/10.1007/BF02627217
http://doi.org/10.1016/j.polymdegradstab.2021.109594
http://doi.org/10.1007/s13726-020-00824-6
http://doi.org/10.1515/HF.2002.098
http://doi.org/10.1016/j.tca.2012.05.016
http://doi.org/10.1021/ie50438a027
http://doi.org/10.1007/BF02607365
http://doi.org/10.1007/BF00353364
http://doi.org/10.1007/BF00354753
http://doi.org/10.1007/BF00353070
http://doi.org/10.1007/s00706-007-0606-5
http://doi.org/10.1080/00914039308009660

Materials 2022, 15, 3393 12 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Nourbakhsh, A.; Ashori, A. Fundamental Studies on Wood-Plastic-Composites: Effects of Fiber Concentration and Mixing
Temperature on the Mechanical Properties of Polar/PP Composite. Polym. Compos. 2008, 29, 569-573. [CrossRef]

Teuber, L.; Militz, H.; Krause, A. Processing of wood plastic composites: The influence of feeding method and polymer melt flow
rate on particle degradation. J. Appl. Polym. Sci. 2016, 133, 1-9. [CrossRef]

Bledzki, A K.; Faruk, O. Influence of Processing Temperature on Microcellular Injection-Moulded Wood-Polypropylene Compos-
ites. Macromol. Mater. Eng. 2006, 291, 1226-1232. [CrossRef]

Yam, K.L.; Gogoi, B.K.; Lai, C.C.; Selke, S.E. Composites from compounding wood fibers with recycled high density polyethylene.
Polym. Eng. Sci. 1990, 30, 693—-699. [CrossRef]

Peltola, H.; Laatikainen, E.; Jetsu, P. Effects of physical treatment of wood fibres on fibre morphology and biocomposite properties.
Plast. Rubber Compos. 2011, 40, 86-92. [CrossRef]

Carus, M.; Partanen, A. Bioverbundwerkstoffe-Naturfaserverstirkte Kunststoffe (NFK) und Holz-Polymer-Werkstoffe (WPC); Fachagentur
Nachwachsende Rohstoffe e.V. (FNR): Guelzow, Germany, 2019; pp. 8-18.

Nygérd, P.; Tanem, B.S.; Karlsen, T.; Brachet, P; Leinsvang, B. Extrusion-based wood fibre-PP composites: Wood powder and
pelletized wood fibres—A comparative study. Compos. Sci. Technol. 2008, 68, 3418-3424. [CrossRef]

Mertens, O.; Gurr, J.; Krause, A. The utilization of thermomechanical pulp fibers in WPC: A review. J. Appl. Polym. Sci. 2017, 134,
45161. [CrossRef]

Thomason, ].L.; Vlug, M. A. Influence of fibre length and concentration on the properties of glass fibre-reinforced polypropylene:
Part 1. Tensile and flexural modulus. Compos. Part A Appl. Sci. Manuf. 1996, 27, 477-484. [CrossRef]

Thomason, J.L.; Vlug, M.A.; Schipper, G.; Krikor, H.G.L.T. Influence of fibre length and concentration on the properties of glass
fibre-reinforced polypropylene: Part 3. Strength and strain at failure. Compos. Part A Appl. Sci. Manuf. 1996, 27, 1075-1084.
[CrossRef]

Thomason, J.L.; Vlug, M. A. Influence of fibre length and concentration on the properties of glass fibre-reinforced polypropylene,
4. Impact properties. Compos. Part A Appl. Sci. Manuf. 1997, 28, 277-288. [CrossRef]

Reussmann, T. Entwicklung eines Verfahrens zur Herstellung von Langfasergranulat mit Naturfaserverstirkung. Ph.D. Thesis,
Technische Universitit Chemnitz, Chemnitz, Germany, 2003.

Migneault, S.; Koubaa, A.; Erchiqui, F.; Chaala, A.; Wolcott, M. Effects of processing method and fiber size on the structure and
properties of wood-plastic composites. Compos. Part A 2009, 40, 80-85. [CrossRef]

Sanschagrin, B.; Sean, S.T.; Kokta, B.V. Mechanical properties of cellulose fibers reinforced thermoplastics. J. Thermoplast. Compos.
Mater. 1988, 1, 184-195. [CrossRef]

Wolcott, M.P.,; Englund, K. A technology review of wood-plastic composites. In Proceedings of the 33rd International Particleboard
and Composite Materials Symposium, Pullman, WA, USA, 13-15 April 1999; p. 8.

Gamstedt, E.K.; Nygérd, P; Lindstrom, M. Transfer of knowledge from papermaking to manufacture of composite materials. In
Proceedings of the 3rd Wood Fibre Polymer Composites International Symposium, Bordeaux, France, 26-27 March 2007; p. 12.
Fraunhofer-Institut fiir Werkstofftmechanik IWM. FENAFA-Netzwerkverbund—Teilvorhaben 5: Entwicklung von Dosier-
systemen und Compounderkonfigurationen fiir Optimierte Compoundierprozesse mit Ganzpflanzenbasierten Naturfasern.
FENAFA-Netzwerkverbund; Schlussbericht zum Vorhaben: Projektlaufzeit: 1 June 2009-31 May 2014. Awvailable online:
https:/ /www.tib.eu/en/search/id /TIBKAT:829174109 / FENAFA-Netzwerkverbund-Teilvorhaben-5-Entwicklung?cHash=
1bcdbb995698fac4fcfbb5d637330741 (accessed on 21 February 2022).

Stadlbauer, W. Wood Plastic Composites—Neues Eigenschaftsprofil durch Refinerfasern; Schriftenreihe 63; BMVIT: Vienna, Austria, 2010.
Shahi, P.; Behravesh, A.H.; Daryabari, S.Y.; Lotfi, M. Experimental investigation on reprocessing of extruded wood flour/HDPE
composites. Polym. Compos. 2012, 33, 753-763. [CrossRef]

Mazzanti, V.; Mollica, F. A Review of Wood Polymer Composites Rheology and Its Implications for Processing. Polymers 2020,
12, 2304. [CrossRef] [PubMed]

Stark, N.M.; Matuana, L.M.; Clemons, C.M. Effect of processing method on surface and weathering characteristics of wood-
flour/HDPE composites. |. Appl. Polym. Sci. 2004, 93, 1021-1030. [CrossRef]

Clemons, C.M.; Ibach, R.E. Effects of processing method and moisture history on laboratory fungal resistance of wood-HDPE
composites. For. Prod. ]. 2004, 54, 50-57.

Bledzki, A K.; Faruk, O. Extrusion and injection moulded microcellular wood fibre reinforced polypropylene composites. Cell.
Polym. 2004, 23, 211-227. [CrossRef]

Kahr, 5.C. Wood Plastic Composites: Determination and Comparison of the Specific Energy Consumption for WPC Compounding
Methods Based on Two State-of-the-Art Formulations. Master’s Thesis, Montan Universitdt Leoben, Leoben, Austria, 2010.
Specht, K. Holz- und hanffaserverstarktes Polypropylen in der Spritzgiefiverarbeitung—Faseraufschluss- und Verbundaufbere-
itungsverfahren, Haftvermittler, Alterungsverhalten. Ph.D. Thesis, Institut fiir Werkstofftechnik, Universitdt Kassel, Kassel,
Germany, 2007.

Obermeier, E; Schumacher, M.; Barth, S.; Karlinger, P.; Michanickl, A.; Schemme, M.; Altstadt, A. Verstirkung von Polyp-ropylen
mit Holzfasern durch Direkt-Compoundierung. Z. Kunstst. 2021, 17, 87-111. Available online: https://www.kunststoffe.de/a/
fachartikel/verstaerkung-von-polypropylen-mit-holzfa-314376 (accessed on 21 February 2022). [CrossRef]

Stammen, E.; Bunzel, F; Dilger, K. Bestdndigkeit von Klebstoffen schnell einschédtzen. Adhaes. Kleb. Dicht. 2016, 60, 28-33.
[CrossRef]


http://doi.org/10.1002/pc.20578
http://doi.org/10.1002/app.43231
http://doi.org/10.1002/mame.200600210
http://doi.org/10.1002/pen.760301109
http://doi.org/10.1179/174328911X12988622801016
http://doi.org/10.1016/j.compscitech.2008.09.029
http://doi.org/10.1002/app.45161
http://doi.org/10.1016/1359-835X(95)00065-A
http://doi.org/10.1016/1359-835X(96)00066-8
http://doi.org/10.1016/S1359-835X(96)00127-3
http://doi.org/10.1016/j.compositesa.2008.10.004
http://doi.org/10.1177/089270578800100206
https://www.tib.eu/en/search/id/TIBKAT:829174109/FENAFA-Netzwerkverbund-Teilvorhaben-5-Entwicklung?cHash=1bcdbb995698fac4fcfbb5d637330741
https://www.tib.eu/en/search/id/TIBKAT:829174109/FENAFA-Netzwerkverbund-Teilvorhaben-5-Entwicklung?cHash=1bcdbb995698fac4fcfbb5d637330741
http://doi.org/10.1002/pc.22201
http://doi.org/10.3390/polym12102304
http://www.ncbi.nlm.nih.gov/pubmed/33050062
http://doi.org/10.1002/app.20529
http://doi.org/10.1177/026248930402300402
https://www.kunststoffe.de/a/fachartikel/verstaerkung-von-polypropylen-mit-holzfa-314376
https://www.kunststoffe.de/a/fachartikel/verstaerkung-von-polypropylen-mit-holzfa-314376
http://doi.org/10.3139/O999.02022021
http://doi.org/10.1007/s35145-016-0042-y

Materials 2022, 15, 3393 13 of 13

49. Borysiak, S. The thermo-oxidative stability and flammability of wood/polypropylene composites. J. Therm. Anal. Calorim. 2015,
119, 1955-1962. [CrossRef]

50. Xiang, Q.; Xanthos, M.; Mitra, S.; Patel, S.H.; Guo, ]. Effects of melt reprocessing on volatile emissions and structural /rheological
changes of unstabilized polypropylene. Polym. Degrad. Stab. 2002, 77, 93-102. [CrossRef]

51. Menges, G.; Geisbiisch, P. Die Glasfaserorientierung und ihr Einfluss auf die mechanischen Eigenschaften thermoplastischer
Spritzgussteile—Eine Abschidtzmethode. Colloid Polym. Sci. 1982, 260, 73-81. [CrossRef]


http://doi.org/10.1007/s10973-014-4341-y
http://doi.org/10.1016/S0141-3910(02)00083-6
http://doi.org/10.1007/BF01447678

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Production of the Wood-Fiber–Polypropylene Compound 
	Tests of Component Properties 


	Results and Discussion 
	Fiber Length 
	Oxidation Induction Time 
	Volatile Organic Compounds 
	Tensile Properties 

	Conclusions 
	References

