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Abstract: One possible way to increase the use of bio-
plastics and thus contribute to amore resource-efficient and
sustainable economy is to broaden the application range of
such bioplastics. Poly(lactic acid) (PLA) is a promising and
commercially available bio-based and biologically degrad-
able polymer, which exhibits a high strength and stiffness
but is very brittle. Blending with other polymers can lead to
an enhancement of the ductility of the PLA. The goal of this
work was to show that blending of PLA with a bio-based
thermoplastic polyester-urethane elastomer (TPU) increases
the ductility of the compound and also affects the adhesion
of the layers when the materials – the modified PLA com-
pound and the TPU – are processed via two-component (2C)
injection molding to form corresponding composite parts.
The results show that both goals – the increased ductility as
well as the increased adhesion between the polymeric
phases in 2C parts – can be reached by compounding PLA
with two different bio-based polyester-based TPUs. Tensile
strength and Young’s modulus of the compounds decrease
according to a linear mixing rule with the addition of TPU.
Elongation at break and notched Charpy impact strength
increase by 750 and 200%, respectively. By addition of the
TPU, the surface free energies of the compounds were

increased, especially the polar parts. This led to reduced
interfacial tensions between the produced compounds and
the neat TPUs and thus increased the adhesion between
them. For the softer TPU the adhesion was so strong that
the TPU showed a cohesive failure in the 90° peel test and
thus could not be separated from the compound substrate
at all. For the harder TPU the bonding strength increased
by 140% upon the addition of this TPU inside the hard
component.

Keywords: biopolymers; compatibilization; interfacial
tension; peel tests; two-component injection molding.

1 Introduction

In the past years, consumers aswell as the plastics industry
have significantly increased their awareness regarding the
sustainability of conventional fossil-based plastics versus
bioplastics, which include both bio-based and biodegrad-
able plastics (Filho et al. 2021). Furthermore, this aware-
ness has reached governmental consideration and
manifests within theGreenDeal of the European Comission
(EC) (European Commission 2019) as well as within the
United Nations’(UN) Sustainable Development Goals
(UnitedNations 2015).With regard to the aims of the EC and
the UN, the use of bioplastics can be one way to reach a
more resource-efficient and circular economy (Di Bartolo
et al. 2021; Spierling et al. 2018). To achieve this, it is
necessary to broaden the field of applications for bio-
plastics as well as to implement specialized bioplastic
compounds on the market that target specific applications.

Currently, the most established market for bioplastics
is the area of packaging, where more than half of the pro-
duced bioplastics are used (European Bioplastics, 2021;
Institute for Bioplastics and Biocomposites 2020). Major
drawbacks of bioplastics are their insufficient material
properties in contrast to their fossil-based counterparts
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that had been established and specialized over the past
decades. Thus, the application of bioplastics in areas such
as technical parts is hindered (Pilla 2011).

There are several strategies to overcome these disad-
vantages with the aim to broaden the application range of
bioplastics and many studies covered this topic (Nakajima
et al. 2017). One established strategy is the compounding of
biopolymers with other polymers to achieve material
properties that are suitable for engineering applications
(Wang et al. 2016a). A promising bio-based material that
can be used for engineering applications is poly(lactic
acid) (PLA). It shows goodmechanical properties such as a
high tensile strength and modulus, but on the other side is
very brittle (Garlotta 2001). There are many publications
available in which PLA is blended with other (bio-)poly-
mers to overcome its inherent brittleness and achieve
better material properties (Hamad et al. 2018). Examples
are blendswith PMMA (Anakabe et al. 2015), ABS (Cao et al.
2019), TPEE (Wang et al. 2016b), PA (Rasselet et al. 2019),
PCL (Przybysz-Romatowska et al. 2020), EPDM (Piontek
et al. 2020), PP (Kang et al. 2015), PET (Gere and Czigany
2020), PBS (Su et al. 2019), or TPU (Bernardes et al. 2020). In
addition to the improved mechanical characteristics, the
blending of PLA with other polymers affects its crystalli-
zation behavior resulting in an enhancement of the cold
crystallization enthalpy and an accelerated crystallization
during cooling (Yokohara and Yamaguchi 2008). In
regards of producing more complex parts for engineering
applications in injection molding processes with PLA, the
accelerated crystallization enables shorter cooling times
leading to cycle times that are competitive with the fossil-
based counterparts.

One processing method with increasing attention for
engineering applications is multicomponent injection
molding. This process enables the creation of form-fitting
joints of two or more polymers in one process without
further postprocessing like welding or gluing. Injection
molded plastic-plastic composites are mainly produced to
combine material properties, such as color, hardness, or
viscosity as well as thermal and electrical properties (Mieth
and Tromm 2016). By combining properties, it is possible to
integrate specific functions in the component or to link
functional elements. For example, in hard-soft composites,
the hard component absorbs loads, while the soft compo-
nent usually acts as damping or sealing or it fulfills haptic
functions (Klute et al. 2018; Rüppel 2021; Schlitt et al. 2019).

The aim of this study was to show that the blending of
PLA not only enhances its mechanical properties and pro-
cessability but also improves the adhesive properties in two-
component (2C) injection molded parts to create stronger
material bonds between the hard and soft components. The
supposed mechanism behind this assumption is illustrated
in Figure 1, where light green represents a commercially
available PLA based blend and orange the TPU. Prior to the
2C injectionmoldingof a soft plastic onto ahard one, the two
materials are blended in a compounding process to create a
hard component that contains small amounts of the soft
component (middle of Figure 1). During the overmolding of
this blend, the soft component will connect with the small
inclusions of soft component in the blend to create a
stronger bond.

Both steps will be addressed separately in terms of
process parameters and characteristics. During compound-
ing, it is crucial to achieve a homogeneous distribution of

Figure 1: Schematic illustration of the
approach of this study.
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the TPU in the PLA blend. This distribution and the
morphology of the compounds will be analyzed using
scanning electron microscopy (SEM) and differential scan-
ning calorimetry (DSC). To increase the bonding strength of
the 2C parts as shown in Figure 1, the small amount of TPU
within the compoundneeds to be present at the surface onto
which the soft component will be injected.

When processing PLA in two-component injection
molding for producing hard-soft composites with TPU, the
interfacial tension is an important parameter that de-
termines the creation of a strong adhesive bonding. Studies
have shown that a small interfacial tension between the
hard and the soft component leads to high bonding
strengths of thematerial joints (Güzel et al. 2020). Since the
calculated interfacial tension (IFT) between identical ma-
terials is zero, higher amounts of TPU on the compound’s
surface will lead to lower interfacial tensions between the
compound and the TPU soft component. This will be
analyzed using drop shape analysis (DSA).

2 Experimental

2.1 Materials

A Poly(lactic acid) based blend (Bio-Flex® S7514) was
kindly provided by FKuR Kunststoffe GmbH, Willich, Ger-
many. It is characterized by a melt flow index (MFI) of 24 g
per 10 min (210 °C, 2.16 kg) and consists of PLA blended
with a second bio-based polyester. Thermoplastic poly-
ester urethane elastomers (TPU, Elastollan® N75A12 P,
Elastollan® N95A12, abbreviated as N75A and N95A,
respectively) were kindly provided by BASF Polyurethanes
GmbH, Lemförde, Germany, with shore hardnesses of 75
and 95 A and bio-based carbon contents of 49 and 43%,
respectively. For the characterization of the surface free
energy, two test liquidswith known surface tensions had to
be used. For this purpose, water (H2O) and Diiodomethane
(CH2I2) (Sigma-Aldrich, St. Louis, MO, USA) were used
since several studies showed their applicability for the
characterization of PLA based biopolymers (Bernardes
et al. 2020; Chen and Zhen 2021).

2.2 Sample preparation

The PLA/TPU blends were compounded with a co-rotating
twin-screw extruder (ZSK 25 from Coperion GmbH, Stutt-
gart, Germany, screw diameter 25 mm, L/D ratio 40) at
different mass ratios (95/5, 90/10, 85/15, 80/20) and are
denoted as x-N75A and x-N95A, where x corresponds to the
mass percent of the corresponding TPU. Compoundingwas
carried out with a screw speed of 300 rpm and a mass flow
rate of 15 kg/h. The temperature profiles are shown in
Table 1. The extruder contains an atmospheric degassing, a
two hole nozzle with a diameter of 3mm each, a water bath
for cooling and a strand pelletizer. The raw materials were
dried at 60 °C in a dry-air dryer overnight before process-
ing. The prepared compounds were dried in the same way.

The process ing parameters screw speed, mass tem-
perature and torque were recorded during the com-
pounding. With these parameters, the specific mechanical
energy consumption (SMEC) can be calculated according
to Eq. (1) (Rauwendaal 2014).

SMEC [kJ
kg

] = 2·π·60·n·MD

ṁ
. (1)

Thereinn is the screw speed inmin−1,MD is the torque of
the extruder ram in Nm and ṁ is the mass flow rate in kg/h.

For the characterization of themechanical properties of
the produced blends and the TPU, tensile test specimens
(type 1A for the blends and type S2 for the TPU) were pro-
duced according to ISO 527-2 (1A) and DIN 53,504 (S2) using
an injection molding machine (Arburg Allrounder 320C
Golden Edition from Arburg GmbH + Co KG, Loβburg, Ger-
many). The processing parameters were set according to
Table 2.

To test the bonding strength of the materials, two-
component peel test specimens were produced according
to the test guideline VDI 2019 of the Association of
German Engineers (VDI Verein Deutscher Ingenieure
e.V., Düsseldorf, Germany). For this overmolding, a two-
component injection molding machine (Arburg
Allrounder 470S from Arburg GmbH + Co KG, Loβburg,
Germany) with two injection units was used. The pro-
duction process consists of two consecutive steps. First,

Table : Temperature profile in the compounding extruder.

Samples containing Zone  (Hopper) Zone / Zone  Zone  Zone  Zone / Zone / Zone  (Die)
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]

NA        

NA        
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the PLA blend is injected to form the 40 mm wide sub-
strate plate. After a defined cooling time a movable core
opens the second cavity of the mold so that the TPU can
be directly injected onto the substrate plate and an ad-
hesive substance-bonded connection is formed. The di-
mensions of the peel specimens are shown in Figure 2 and
the parameters used for injection molding are given in
Table 3.

2.3 Characterization

2.3.1 Thermal and rheological properties

Differential scanning calorimetry (DSC) was performed
with a DSC 204 F1 Phoenix from Erich NETZSCH GmbH &
Co. Holding KG, Selb, DE, equipped with a liquid nitrogen
cooling system. The device is regularly calibrated using an
indium standard. The samples were cooled to −100 °C, held
for 5 min, heated up to 230 °C, held for 3 min, cooled
to −100 °C, held for 5 min and heated up to 250 °C. All
heating and cooling rates were set to 10 K/min and the
measurements were performed in a nitrogen atmosphere.

MFI measurements were performed using a Ceast Melt
Flow 7026 from Instron GmbH, Darmstadt, Germany, at
210 °C using a weight of a mass of 2.16 kg.

2.3.2 Surface characterization

As mentioned before, the surface free energy (SFE) of the
materials and the interfacial tension (IFT) between them
significantly affect the adhesive bonding strength of injection
molded 2C-compounds. We measured the SFE of the mate-
rialsused in this studyvia theDropShapeAnalysis (DSA). For
this method, a drop of a test liquid with known surface ten-
sion is placed on the surface of a substrate plate. Two three-
phase anglesbetween the solid plate, the liquid drop, and the
surroundinggasaredetermined (Figure 3). For usingwater as
the test liquid a contact angle between 1° and 90° is consid-
ered to result from good to partial wetting abilities, while 0°
resembles a complete wetting (Rüppel et al. 2017).

The SFE of the solid substrate plate (σs) can be
described using the Young’s equation Eq. (2). The method
of Owens, Wendt, Rabel and Kaelble (OWRK) (Kaelble
1970) extends the relationship between the SFE of the solid
and the surface tension of the liquid drop (σl) by the
dispersive (σsD and σlD) and polar (σsP and σlP) SFE parts of
the two materials Eq. (3) (Kloubek 1992).

σs = σsl + σl · cos θ, (2)

σsl = σs + σl − 2( ̅̅̅̅̅
σD
s ·σD

l

√
+

̅̅̅̅̅
σP
s ·σP

l

√ ). (3)

By combining Eq. (2) and Eq. (3) and using the contact
anglesmeasured bymeans of two different test liquidswith
known surface tensions, the SFE of the substrate material

Figure 2: Dimensions of peel test specimen
according to VDI 2019 guideline.

Table : Processing parameters for the injection molding of C peel
test specimen.

Process parameters Injection unit  Injection unit 

Melt temperature [°C]  

Mold temperature [°C]  

Injection velocity [cm³/s]  

Packing pressure [bar] / 

Packing time [s] / 

Cooling time [s]  

Table : Processing parameters for the injection molding of tensile
test specimen.

Process parameters Blend TPU

Melt temperature [°C]  

Mold temperature [°C]  

Injection velocity [cm³/s]  

Injection pressure [bar] 
a


a

Packing pressure [bar] // /
Packing time [s] // /
Cooling time [s]  

aApproximate values, the pressure varies depending on the shore
hardness of the TPU and the amount of TPU in the blend.
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can be calculated and divided into its dispersive and polar
parts. In addition, the interfacial tension (σsl) between the
twomaterials combined to an adhesivematerial bond in 2C
injection molding can also be calculated using Eq. (3).

The DSA measurements on the injection molded sub-
strate plateswere carriedoutwith a contact anglemeasuring
device (EasyDrop DSA 20B, Krüss GmbH, Hamburg, Ger-
many). As test liquids, water (H2O) and diiodomethane
(CH2I2) were used. The surface tensions of these liquids used
to calculate the SFE of the substrate are given in Table 4. On
every surface, the contact angles of ten drops of each liquid
weremeasured and themean values of those ten dropswere
used for the calculation of the SFE.

2.3.3 Morphological properties

Scanning electronmicroscopy (SEM) was performedwith a
Vega3 from TESCAN GmbH, Dortmund, Germany, with
20 kV acceleration voltage. The specimens were sub-
merged in liquid nitrogen for 10 min and were then cryo-
genically broken. To prevent electrostatic charging, the
fractured surfaces were sputter coated with gold under
vacuum prior to observation.

2.3.4 Mechanical properties

Tensile tests of the hard phase were performedwith a 5567A
universal testing system from Instron GmbH, Darmstadt,
Germany, at a speed of 50 mm/min in accordance with DIN
EN ISO 527-1. Testing speed for the determination of the
Young’s modulus between 0.05 and 0.25% elongation was
1 mm/min. All results presented are averages from five
measurements. Graphs of tensile tests represent the mea-
surement with the median in elongation at break.

Charpy impact fracture tests of the hard phases were
performed with a Ceast 9050 pendulum impact testing

machine from Instron GmbH, Darmstadt, Germany, with
notched (type A) specimens using a 5 J instrumented
pendulum and unnotched specimens using a 15 J instru-
mented pendulum according to DIN EN ISO 179-2. All re-
sults presented are averages from 10 measurements.

The tensile tests of the TPU were performed using an
Inspekt Table 5 kN universal testing system (Hegewald &
Peschke Meβ-und Prüftechnik GmbH, Nossen, Germany).
The testing speed was set to 200 mm/min in accordance
with DIN EN ISO 527-1. For each material, eight specimens
were tested. To perform the peel tests according to the VDI
2019 guideline, the universal testing system was equipped
with a test trolley in which the substrate plate was fixed.
The trolley allows a horizontal movement to ensure a 90°
peel angle of the TPU over the guide pulley. The peeling
speed was set to 100 mm/min and five test specimens of
each material combination were tested.

The shore hardness of the TPU was measured using a
digitest II hardness tester (Bareiss Prüfgerätebau GmbH,
Oberdischingen, Germany). To ensure the thickness of
6 mm, three tensile test specimens were stacked and
measured according to DIN ISO 7619-1 with a Shore A
indenter. Five measurements for each TPUwere performed
with a testing time of 3 s.

For every measurement performed in this study, test
specimens were stored under standard conditions (23 °C,
50% relative humidity) for at least 16 h prior to testing.

3 Results and discussion

3.1 Compounding

Compounding of the materials showed some differences
between the blends containing the soft TPU N75A and the

Figure 3: Two three-phase angles of a water
drop on a PLA blend substrate surrounded
by air.

Table : Surface tension of the two used test liquids.

Liquid Surface tension [mN/m] Polar component [mN/m] Dispersive component [mN/m] Source

Water . . . Janczuk and Bialopiotrowicz ()
Diiodomethane . . . Fowkes ()
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blends containing the harder TPU N95A. The measured
compounding parameters and their standard deviation are
shown in Table 5. In total, the processing did not reveal
noticeable deviations and thuswas considered stable. From

the results, it can be seen that the mass temperature in-
creases with increasing content of the TPU inside the blends
as well as with using the harder TPU type. The SMEC stays
constant at the addition of N75A to the compound, but in-
creases upon the addition of N95A and thus shows a similar
behavior as the mass temperature. The higher SMEC values
for N95A blends result from a higher viscosity that leads to
an increased energy dissipation inside the polymer melt.

3.2 Thermal and rheological properties

Figure 4 depicts the cooling as well as the second heating
curves of theproduced samples, fromwhich themelting and
crystallization temperatures of the PLA phase can be
deduced. It can be seen that the crystallization of the PLA
shifts to lower temperatures and the crystallization enthalpy
values decrease. Additionally, the temperature of the first
melting peak of the PLA decreases with an increasing

Table : Mean values and standard deviation of the measured
compounding parameters.

Sample Speed
[min−]

Torquea

[%]
Mass

temperature [°C]
SMEC
[kJ/kg]

Ref – – – –
-NA  ± .  ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

-NA  ±   ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

-NA  ± .  ± .  ± .  ± 

aMaximum torque of the extruder ram is  Nm.

A) B)

C) D)

Figure 4: Close-ups of the DSC graphs of the produced compounds: Cooling (bottom) and second heating (top) curves of the samples
containing N75A (A, C) and N95A (B, D).
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content of the TPU. Thus, it can be concluded that the TPU
partly inhibits the crystallization of the PLA phase. This
leads to less, especially small, crystallites, which leads to
the diminishing melting peak at around 163 °C. Another
interesting detail is the fact that the TPU in the blend – in
contrast to the pure TPU–neither crystallizes nor shows any
melting behavior. This leads to the conclusion that the
compatibility due to physical interactions between the PLA
and the TPU seems to be quite good.

Table 6 shows the glass transition temperatures (Tg) of
the compounds. It can be seen that the Tgs of the PLA are
lower for the blends containing TPU compared to the pure
reference material. This can also be explained by an inter-
action between PLA and the TPUs as observed from the
findings of Bernardes et al. (Bernardes et al. 2020). Addi-
tionally, this is in accordance with the above mentioned
results of the missing crystallization and melting peaks of
TPU in the blends. For the blends containing N75A a steady
decrease of Tg can be observed with increasing content of
the TPU. This may be due to the fact that N75a contains a
plasticizer which may also be miscible with PLA and thus
leads to a decrease of its Tg. This behavior cannot be
observed for the blends containing N95A, which also sup-
ports the plasticizer distribution hypothesis, because N95A
does not contain any plasticizer.

It has to be noted that the second bio-based polymer,
which is contained inside thePLAblend, alsoexhibitsmelting
and crystallization phenomena. They donot change upon the
addition of the TPUs and thus are not shown in detail.

Table 7 lists the MFIs of the produced compounds. It
can be seen that the addition of the softer N75A does not
show a significant impact on the MFI. As the results of the
thermal properties revealed, the plasticizer of the N75A
may also be miscible with PLA. This could lead to a lower
viscosity of the matrix material, i.e. PLA, and thus a lower
viscosity of the whole blend. At the same time, the higher
viscosity of the TPU itself counteracts the influence of the

plasticizer and thus no change in the viscosity of the blend
can be observed. On the other side, the harder N95A
significantly affects the viscosity and thus the MFI of the
compounds. The MFI values steadily decrease with an
increasing content of the N95A. When adding 20% of the
N95A the value reaches a level of less than 1 g/10 min,
which lies under a reasonable measurement limit. In total,
the addition of the N95A leads to a significantly higher
viscosity with increasing TPU content, while the addition
of the softer N75A does not change the blend viscosity.

3.3 Surface and interfacial tension

The results of the DSA are shown in Table 8. While the
contact angles of the almost nonpolar diiodomethane
show stable values for every blend, the angles of the water
change upon the addition of the TPU to the blend. With
increasing amount of TPU, the contact angle decreases,
which corresponds to an increasing wettability. This ap-
plies to both TPUmaterials. The calculated total SFE shows
a steady increase with increasing amount of TPU in the
blend. Although the dispersive component of the energy
decreases, the total value of the SFE increases due to a
higher gradient of the increase in the polar component. It is
known that higher polar components of the SFE of a sub-
strate material lead to higher bonding strengths (Mir-
abedini et al. 2004).

In Table 9 the calculated interfacial tensions between
the corresponding material combinations are listed. From
these results, the assumption can be made that N75A
shows a higher adhesive bonding strength on the PLA
reference material, than the N95A. The addition of TPU to
the PLA blend enhances the adhesive surface properties of
the created material by reducing the interfacial tension
between the two components. For both TPU, the interfacial
tension decreases with increasing soft component in the

Table : Glass transition temperatures of the compounded samples and the reference materials.

Sample Ref NA NA -NA -NA -NA -NA -NA -NA -NA -NA

Tg, [°C] – −. −. −. −. −. −. −. −. −. −.
Tg, [°C] . – – . . . . . . . .

Table : Values of the measured melt flow indices (MFI).

Sample Ref -NA -NA -NA -NA -NA -NA -NA -NA

MFI (°C/. kg) [g/min] . . . . . . . . <
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hard component blend. In both cases the addition of 15
ma.% of the TPU to the PLA blend results in interfacial
tensions close to zero, which in theory represents a high
work of adhesion since the distance between the two
components will be small enough for the bonding forces
(e.g. van derWaals interactions) to act (Baldan 2012). Since
other surface characteristics like the surface roughness of
the substrate plate or the surface chemistry of thematerials
in contact can also affect the actual work of adhesion, the
interfacial tension only provides basic information about
the practical bonding strength of 2C material joints.
Without further surface characterization, it only allows the
comparison of different material combinations regarding
their adhesive bonding abilities. Therefore, it is possible to
analyze the impact of surface treatments or material
modifications in comparison to the reference material.

3.4 Morphological properties

The blendmorphology was investigated via SEM pictures of
the cryo-fractured sample bars. Figure 5 depicts the corre-
sponding surface of the blend containing 20% N75A. There
are sheet shapedfillers inside the referencematerial that can
be attributed to phyllosilicates. In addition to these fillers,
small droplet-shaped inclusions can also be detected. Since
the reference material itself is already a polymer blend of
two bio-based polyesters, these inclusions cannot be
entirely attributed to the TPU. Comparing themorphology of
the different produced blends no change in shape or size of
the inclusions can be observed. Furthermore, no correlation

Table : Mean values and standard deviation of the measured contact angles and calculated surface free energy of the used materials.

Contact angle Surface free energy

Sample Water [°] Diiodomethane [°] Polar [mN/m] Dispersive [mN/m] Total [mN/m]

NA . ± . . ± . . . .
NA . ± . . ± . . . .
Ref . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .
-NA . ± . . ± . . . .

Table : Calculated interfacial tension and work of adhesion be-
tween the created blends (sample) and the two TPU (NA and
NA).

Interfacial tension [mN/m]

Sample NA NA

Ref . .
-NA . –
-NA . –
-NA . –
-NA . –
-NA – .
-NA – .
-NA – .
-NA – .

Figure 5: SEM picture of the cryo-fractured sample bar of 20-N75A.
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between the amount of TPU in the blends and the number
and distribution of inclusions can be established by the
SEM images. Therefore, the other blend compositions are
not shown here.

Bernardes et al. (Bernardes et al. 2020) found a clearly
separated phase structure inside blends of PLA and TPU.
Their blends contained visible TPU droplets in the size of
around 4 µm for an uncompatibilized blend and of around
2 µm for a compatibilized blend using poly(ethylene-butyl
acrylate-glycidyl methacrylate) as a compatibilizer. The
droplets that are visible in Figure 5 are significantly smaller
than the ones observed by Bernardes et al. This difference
maybedue to the fact that here injectionmolded test pieces
were used and that a polyester-based TPUwas used, which
shows good compatibility with the polyesters inside the
reference material. The small values of the calculated
interfacial tensions between the twomaterials also support
this assumption, indicating a good compatibility of the
polymeric phases inside the blends.

3.5 Mechanical properties of the neat
materials and the blends

Table 10 shows the mechanical properties of both TPUs.
Compared to N95A, N75A only has about one third of the
tensile strength but a much higher elongation at break.
This difference affects the stress-strain behavior of the

compoundedblends. Theblends containingN75Aalso show
higher elongations at break with lower tensile strengths.

Compounding the referencematerial with the two types
of TPU clearly affects the mechanical properties. Typically,
blending of a soft and ductile elastomeric phase and a stiff
and brittle thermoplastic polymer enhances the ductility of
the latter (Zhao et al. 2020). This also applies for the blends
compounded in this study. The values of the mechanical
properties are listed in Table 11. Increasing the content of
TPU inside the blends increases the elongation at break as
well as the notched and unnotched impact strength.

On the other side, due to the TPU being a much softer
polymer compared to PLA, the Young’s Modulus as well as
the tensile strength decrease accordingly, as depicted in
Figure 6. It can be seen that for the blends containing the
TPU with a higher shore-hardness, N95A, the Young’s
moduli as well as the tensile strengths are higher than
those of the blends containing the softer TPU N75A.

The results of the mechanical properties are summa-
rized graphically in Figure 7.

3.6 Peel test results

During peel tests, the measured force is plotted over the
peel distance. For the N95A peel test specimens produced
for this study, this plot shows a typical pattern, which can
be seen in Figure 8 (right). Due to an unavoidable ridge on

Table : Mechanical properties of the compounded blends (mean values and standard deviation).

Sample Young’s modulus
[MPa]

Tensile strength
[MPa]

Elongation at break
[%]

Charpy impact strength
[kJ/m]

Charpy notched impact strength
[kJ/m]

Ref  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .
-NA  ±  . ± . . ± .  ±  . ± .

Table : Mechanical properties of the two TPUs (mean values and standard deviation).

Sample Tensile strength
[MPa]

Elongation at break
[%]

Stress at % elongation
[MPa]

Stress at % elongation
[MPa]

Hardness [Shore
A]

NA . ± . . ± . . ± . . ± . . ± .
NA . ± . . ± . . ± . . ± . . ± .
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the specimen side where the TPU tab protrudes above the
substrate plate, increased forces are required to begin the
peeling. In the graph this effect is seen at a distance be-
tween 0 and 20 mm. A second peak occurs short before the
end of the peel distance and is caused by an internal
pressure sensor in the mold cavity. Therefore, the mean

value of the peel force is calculated between a distance of
20 and 130 mm. The force-distance plots of the material
combinations containing N75A (Figure 8, left) reveal a
different pattern. Only the reference PLA blend shows an
adhesive peeling, while for the others a cohesive failure of
the soft component occurred. It means that the adhesive

Figure 6: Stress-strain curves of the compounded blends N75A (left) and N95A (right).

Figure 7: Relative change of the mechanical
properties with regard to the formulation.

Figure 8: Force-distance curves of the compounded blends in combination with N75A (left) and N95A (right).
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bonding strength of the material joints was higher than the
tensile strength of the N75A. Since no statement about the
actual bond strength can be made, only maximum
measured forces are listed. The results of the peeling tests
are given in Table 12.

While no conclusive statement on the effect of adding
the soft component to enhance the adhesive bonding
properties can be made for the compounded blends con-
taining N75A, the blends containing N95A show a very clear
positive effect. Although the addition of 5 wt% of N95A to
the PLA reference material lowers the average peel force,
this force increases significantly with higher amounts of the
soft component in the blend. For the blends containing
N75A, an addition of 5% soft component was enough to
increase the adhesive bonding strength to the point where it
was higher than the cohesive tensile strength of the TPU.
The relative change of the polar part of the SFE, the IFT and
the peel force are graphically summarized in Figure 9.

4 Conclusions

The results of the mechanical and morphological analysis
reveal that the PLA referencematerial and the two used TPU
types are compatible. The SEM images show small droplet-
shaped inclusions but no large-scale phase separation and
the Young’s modulus and tensile strength of the blends
follow a linearmixing rule with increasing TPU content. The
DSC measurements reveal that the TPU phase inside the
compounded blends does not show any crystallization and
melting peaks but alleviates the crystallization of the PLA.
This also indicates a good compatibility of the polymeric
phases, due to the resulting interactions between them. By
blending PLA with the different TPUs, the inherent brittle-
ness of the PLA was reduced. Thus, a much more ductile
hard component for the use in 2C injection molding was
received. The elongation at break was around eight times
that of the neat PLA blend and the notched impact strength
was around three times higher as for the reference material.
Furthermore, the compatibility of thematerials also resulted
in good processabilities. The processing parameters during
the compounding and the injection molding did not have to
be adjusted with increasing amount of TPU in the blends.
Only the resulting mass temperature and the SMEC showed
a slight increase for the blends containing the N95A, which
can be traced back to a higher viscosity of the harder TPU.

The measured SFE of the compounded blends and the
interfacial tension between them and the two TPU proof
that an increasing amount of soft component in the blend
enhances the wettability and adhesive properties of the
substrate surfaces. The performed peel tests reveal that the
improved surface properties result in higher bonding
strengths, confirming the hypotheses shown in Figure 1.

Table : Average peel forces and standard deviation of the com-
pounded blends.

Average peel force [N]

Sample NA NA

Ref . ± . . ± .
-NA .a ± . –
-NA .a ± . –
-NA .a ± . –
-NA .a ± . –
-NA – . ± .
-NA – . ± .
-NA – . ± .
-NA – . ± .

ameasured maximum force.

Figure 9: Relative change of the surface free
energy (SFE), the interfacial tension (IFT)
and the peel force with regard to the
formulation.
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While the bonding strength of the N95A combinations was
increased by 140%, the adhesive bonds of the N75A com-
bination were higher than the soft components’ tensile
strength, resulting in a cohesive failure.
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