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ABSTRACT
High voltage insulation materials must combine excellent dielectric and thermomechanical properties. Ternary blends based on 
isotactic polypropylene (PP) tend to feature a low electrical conductivity and high melting temperature but are usually charac-
terized by a too low ductility. Here, it is shown that the cooling rate can be used to significantly improve the ductility without 
compromising the otherwise excellent property portfolio. Rapid cooling of ternary blends comprising PP, low-density polyeth-
ylene (LDPE) and a polystyrene-b-(ethylene-co-butylene)-b-polystyrene (SEBS) elastomer is found to result in a material with 
an elongation at break above 500%, which is maintained even after prolonged annealing at up to 135°C. At the same time, the 
ternary blend continues to exhibit a high elastic modulus above the melting temperature of LDPE and a low direct-current (DC) 
electrical conductivity of 0.7 × 10−15 S m−1 at 70°C and an electric field of 30 kV mm−1. Evidently, rapid cooling of PP-based insu-
lation materials can facilitate the preparation of highly ductile insulation materials.

1   |   Introduction

The share of electricity produced from renewable sources of 
energy is rapidly increasing. In contrast to conventional power 
plants, wind and solar farms, as well as hydroelectric dams, 
tend to be located at a considerable distance from cities where 
most electricity is consumed. High-voltage direct-current 
(HVDC) systems are ideally suited for transporting electricity 
over long distances with minimal losses [1]. HVDC cables re-
quire an insulation layer so that they can be laid on the bottom 
of the sea or buried underground. The most advanced type of 
cable insulation is composed of an extruded insulation layer. 
Today, low-density polyethylene (LDPE) is commonly used, 
which must be crosslinked to improve the form stability at 
elevated temperatures, resulting in crosslinked polyethylene 
(XLPE) [2].

XLPE features a low direct-current (DC) electrical conduc-
tivity �DC of about 10−14 S m−1 at 70°C and an electric field of 
20–30 kV mm−1 [3, 4]. Typically, peroxides are used for radical 
crosslinking of polyethylene, which however leads to the forma-
tion of byproducts such as methane, cumyl alcohol, acetophe-
none, or methylstyrene [5] that tend to compromise the dielectric 
properties of the insulation [6]. These byproducts must be re-
moved via a time and energy intensive degassing step during 
cable production that involves heating of the extruded cable for a 
prolonged period of time [7]. As a result, considerable academic 
research efforts are currently dedicated to identifying alterna-
tive insulation materials that do not need to be crosslinked and 
instead remain thermoplastic [8].

Thermoplastic insulation materials that are being investigated 
comprise a higher-melting polyolefin such as high-density 
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polyethylene (HDPE) [3, 9, 10] or a polypropylene (PP) based ma-
terial [11–14]. PP-based insulation materials receive particular 
attention because of the high melting temperature of polypro-
pylene resins of up to 170°C. The high stiffness of isotactic PP at 
low temperatures necessitates the use of copolymers or blends, 
resulting in formulations that are both sufficiently flexible and 
feature a high melting temperature. Two general approaches are 
being explored in the scientific literature: (i) the stiffness of PP 
is reduced through the incorporation of a rubbery phase, or (ii) 
LDPE is used as a base resin that is then reinforced by incorpo-
ration of a PP-rich phase [12–15].

PP-based formulations that have been considered include ran-
dom [16, 17] and blocky propylene-ethylene copolymers [16] as 
well as random heterophasic propylene-ethylene copolymers 
[17]. For example, it has been reported that the incorporation 
of only 2% ethylene comonomer significantly improved the 
toughness of isotactic PP, which as a result could experience 
considerable tensile deformation [16, 17]. In addition, numer-
ous blends have been investigated including binary blends 
of (i) isotactic PP with an ethylene-propylene copolymer 
[18–20], an ethylene-octene copolymer [20, 21] or a propylene-
butylene copolymer [18], (ii) ternary blends of isotactic PP 
with an ethylene-octene and a propylene-ethylene copolymer 
[22–24], and (iii) binary blends of an ethylene-propylene co-
polymer with an ethylene-propylene rubber (EPR) [25] or a 
polystyrene-b-(ethylene-co-butylene)-b-polystyrene (SEBS) 
elastomer [26]. One intriguing example that has been explored 
is a ternary blend comprising isotactic PP, an ethylene-octene 
copolymer and a PP copolymer (with EPR inclusions), which 
resulted in a material with an elastic modulus of 10 MPa at 
150°C and �DC ≈ 10−15 S m−1 at 80°C and an electric field of ap-
proximately 8 kV mm−1 [22].

Blending of LDPE and isotactic PP is complicated by their 
poor miscibility. The resulting phase-separated microstruc-
ture is characterized by weak domain interfaces that tend to 
compromise the thermo-mechanical properties of this type of 
formulation. As a result, thermoplastic insulation materials 
based on LDPE and PP have so far received lesser attention. 
Additives must be used that function as a compatibilizer or 
at least modify the interface between LDPE and PP domains. 
Recent work has shown that a small amount of SEBS, which is 
a common impact modifier for PP, can significantly improve 
the thermomechanical properties of PP:LDPE blends [27, 28]. 
Moreover, the addition of SEBS does not compromise the di-
electric properties, resulting in ternary blends with an elastic 
modulus of 10 MPa at 150°C and a low �DC ≈ 2 × 10−15 S m−1 
at 70°C and 30 kV mm−1 [28]. A remaining challenge is the 
low elongation at break �break of this type of ternary blend, as 
pointed out by a recent review [14]. PP:LDPE:SEBS ternary 
blends were found to feature an �break < 100%, in contrast to 
LDPE and SEBS which could be extended to 350% and 1400%, 
respectively [28].

The ductility of polyolefins is determined by the connectivity 
of the material, which is governed by the number of tie chains 
that connect crystal lamellae within spherulites as well as 
across the interface between spherulites [29]. In the case of PP, 
for example, the interface between spherulites tends to con-
stitute a weak point [30] since impurities often concentrate in 

this region and voids can form [31–33]. Moreover, the number 
of tie chains that bridge the spherulite interface is important, 
which tends to decrease if the material is given sufficient time 
to crystallize [29]. As a result, rapidly cooled PP tends to be 
ductile, while prolonged annealing of PP can result in a brittle 
material [34].

Similar to neat PP, it can be anticipated that the mechanical 
response of PP:LDPE:SEBS ternary blends is significantly in-
fluenced by the crystallization conditions. Here, we exploit dif-
ferences in the cooling rate to counter the previously observed 
brittleness of PP:LDPE:SEBS ternary blends and find that rapid 
cooling leads to a considerable increase in ductility. Gratifyingly, 
the cooling rate does not otherwise affect the promising electri-
cal and thermomechanical properties, which allows to consider-
ably enhance the scope of this promising type of thermoplastic 
insulation material.

2   |   Experimental Section

2.1   |   Materials

Isotactic PP with a melt flow index MFI = 3.3 g/10 min 
(230°C/2.16 kg), number-average molecular weight 
Mn = 46 kg mol−1, polydispersity index PDI = 8.6 and isotac-
ticity > 90%, LDPE with a MFI = 2 g/10 min (190°C/2.16 kg), 
Mn = 13 kg mol−1, PDI = 9 and number of long-chain 
branches = 1.9 per 1000 carbons were provided by Borealis AB. 
SEBS with a MFI < 1 g/10 min (230°C/2.16 kg) and a polystyrene 
content of 18.5% to 22.5% was obtained from Kraton Corporation 
(Kraton G1642 HU).

2.2   |   Sample Preparation

Materials were compounded in a Coperion ZSK 26 twin screw 
extruder at 150 rpm and 200°C, followed by extrusion and pel-
letization. Sheets with a thickness of 0.3, 1, or 4.5 mm were 
prepared by compression molding using a LabPro 200 Fontijne 
press. Samples were kept at 200°C for 5 min and then cooled 
at −10°C min−1 in the press or at about −130°C min−1 by plac-
ing films between cold steel plates, followed by conditioning at 
room temperature for 3 days prior to any measurements. Where 
specified, samples were then annealed for 24 h, followed by an-
other 3 days of conditioning at room temperature.

2.3   |   Differential Scanning Calorimetry

Measurements were carried out between −40°C and 200°C at 
a rate of 10°C min−1 using a DSC2 calorimeter from Mettler 
Toledo.

2.4   |   Polarized Light Microscopy

Samples with a thickness of 10 μm were microtomed at −50°C 
using a PC PowerTome equipped with a glass knife. An Axio 
Scope A1 microscope from Zeiss was used in transmission mode 
with crossed polarizers.
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2.5   |   Tensile Deformation

Samples with shape type 5A were cut from 1 mm thick sheets ac-
cording to ISO 527. An Instron 5565A instrument equipped with 
side-action pneumatic grips was used at a speed of 25 mm min−1.

2.6   |   Dynamic Mechanical Analysis

Rectangular samples with a width of 6 mm were cut from 1 mm 
thick sheets. Measurements were carried out with a TA Q800 
DMA instrument in tensile mode between −50°C and 190°C, at 
a heating rate of 2°C min−1, a frequency of 1 Hz, and a maximum 
strain of 0.5%.

2.7   |   Wide-Angle X-Ray Scattering

Diffractograms of 1 mm thick samples were recorded in reflec-
tion mode with a D8 Discover instrument from Bruker equipped 
with a CuKα source (1.54 Å) and using a fixed slit mode (0.7 mm). 
To calculate the content of crystallographic forms, we decon-
volve diffractograms using the WAXSFIT program [35].

2.8   |   Small Angle X-Ray Scattering

Small angle x-ray scattering (SAXS) diffractograms were recorded 
with a Mat:Nordic instrument from SAXSLAB/Xenocs equipped 
with a microfocus CuKα source (1.54 Å) and a Dectris Pilatus 300 K 
detector. Data were processed with the SAXSGui software.

2.9   |   Thermal Conductivity Measurements

Four millimeter thick samples were analyzed with a TPS 2500S 
thermal constant analyzer from Hot Disk equipped with a Kapton 
sensor 5465 (radius = 3.189 mm) using a measurement time of 20 to 
40 s and heating power of 20 to 25 mW. Prior to each measurement, 
samples were annealed for 2 h at the measurement temperature.

2.10   |   DC Electrical Conductivity Measurements

The test cell consisted of a three-electrode system setup (measur-
ing area diameter of Ø = 60 mm), placed in an oven at 70°C and 
connected to a Keithley 2290-10 high-voltage power supply. Before 
the measurement, a sample with a thickness of 0.3 mm was con-
ditioned for 24 h at 70°C, and then a DC field of 30 kV mm−1 was 
applied across the film for 24 h. The volume leakage current was 
recorded with a Keithley 6517B electrometer and dynamically av-
eraged. The DC electrical conductivity was calculated based on the 
volume leakage current obtained at the end of the 24 h period.

3   |   Results and Discussion

In a first set of experiments, we chose to compare tensile de-
formation of PP, LDPE and various binary and ternary blends 
(Table  1) cooled from the melt at −10°C min−1. LDPE with a 
Young's modulus of E = 167 MPa is ductile and exhibits a strain 

at break �break = 793%. In contrast, the selected isotactic PP grade 
with E = 875 MPa is considerably more brittle with �break of only 
29% (Figure 1a and Table 2). Likewise, a binary blend of PP and 
LDPE comprising 56 wt% PP is found to be brittle with �break = 11% 
(Table  2 and Figure  S1). We have previously observed that the 
same PP grade in LDPE forms a continuous phase for a PP con-
tent of 40 wt% or more [27]. Hence, we assign the brittleness of the 
PP:LDPE binary blend to poor connectivity within the continuous 
PP phase. We chose to compatibilize PP and LDPE with 20 wt% 
SEBS, which in a previous study resulted in a ternary blend that 
exhibited a promising combination of electrical and thermome-
chanical properties. The continuity of the PP phase is corroborated 
by the presence of more than 100 μm large spherulites, which can 
be discerned with polarized optical microscopy (Figure 1b). The 
ternary blend exhibited an intermediate �break with a median value 
of 239%, albeit with a considerable variation between samples (see 
Table 2), which necessitates further improvement of the ductility. 
Strikingly, both LDPE:SEBS and PP:SEBS binary blends exhibited 
a high �break (Table 2 and Figure S1), which indicates that the in-
clusion of the rubber phase does not introduce weak interfaces and 
that the here used PP grade can be highly ductile.

The ductility of PP is influenced by the type of crystal poly-
morphs that are present in the material. For instance, Tordjeman 
et al. have observed for β-nucleated isotactic PP that an increase 
in the β-phase content from 45% to 90% resulted in an increase 
in �break from 10% to 50% [36]. In another study, β-nucleation was 
found to increase �break from about 190% to 470%, provided that a 
high melt temperature of 240°C was selected [37]. We therefore 
employed wide-angle X-ray scattering (WAXS) to determine the 
amount of β phase according to: [38]

where A(hkl) are the areas under the various diffraction peaks 
(see Figure  1c and Figure  S2). For neat PP cooled at rate of 
−10°C min−1 we obtain Kβ = 15% with the remaining crystals 
mostly of α-phase type. The presence of β-phase crystals was 
confirmed by differential scanning calorimetry (DSC) heating 
thermograms, which feature two melting peaks at 150°C and 
165°C (Table  3 and Figure  S6) that can be assigned to melt-
ing of β- and α-crystals, respectively, which is likely accom-
panied by recrystallization [39]. Interestingly, PP:SEBS and 
PP:LDPE:SEBS blends did not feature an appreciable amount 
of β phase (K� < 1%) but nevertheless exhibited a higher degree 

(1)Kβ =
A(110)β

A(110)β + A(110)α + A(040)α + A(130)α + A(117)γ

TABLE 1    |    Composition of blends comprising PP, LDPE, and/or 
SEBS.

wt% PP wt% LDPE wt% SEBS

PP 100 — —

PP:LDPE 56 44 —

PP:SEBS 80 — 20

LDPE — 100 —

LDPE:SEBS — 80 20

PP:LDPE:SEBS 45 35 20
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FIGURE 1    |    (a) Representative stress–strain curves recorded during tensile deformation, (b) polarized optical micrograph of a 10 μm thin sheet of 
the SEBS:PP:LDPE ternary blend, (c) wide-angle X-ray scattering (WAXS) diffractograms, and (d) small-angle X-ray scattering (SAXS) Kratky plots 
of LDPE, PP, and SEBS:PP:LDPE cooled from the melt at −10°C min−1. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    Young's modulus E, stress and elongation at break, �break and �break, and storage modulus E′
150◦C

 at 150°C from DMA of PP, LDPE, and 
blends comprising PP, LDPE, and/or SEBS, prepared by cooling at ΔT ∕Δt = −10 or −130°C min−1; median values and standard deviations of five 
measurements.

𝚫T ∕𝚫t (°C min−1)

−10 −130

E (MPa)
�break 
(MPa) �break (%)

E′

150◦C
 

(MPa) E (MPa)
�break 
(MPa) �break (%)

E′

150◦C
 

(MPa)

PP 875 ± 63 35 ± 1 29 ± 4 144 734 ± 41 32 ± 2 998 ± 72 119

PP:LDPE 427 ± 39 21 ± 1 11 ± 2 35 345 ± 10 18 ± 1 15 ± 3 24

PP:SEBS 366 ± 11 41 ± 5 1012 ± 131 55 305 ± 15 40 ± 1 1226 ± 67 49

LDPE 167 ± 6 15 ± 1 793 ± 34 n.a. 150 ± 6 15 ± 1 824 ± 40 n.a.

LDPE:SEBS 74 ± 9 12 ± 2 872 ± 130 n.a. 70 ± 6 16 ± 1 1154 ± 43 n.a.

PP:LDPE:SEBS 227 ± 9 15 ± 2 239 ± 173 30 241 ± 17 24 ± 5 826 ± 172 33
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of ductility compared to PP (Figure S1 and Table 2), suggesting 
that the amount of β-phase is not the cause for the observed brit-
tleness of PP.

For samples cooled at a rate of −10°C min−1, we also observed 
a maximum characteristic of the γ-crystallographic form of 
PP. The occurrence of a minor amount of the γ form in sam-
ples crystallized at atmospheric pressure has been observed 
previously [40]. We determined the amount of γ phase accord-
ing to [38].

For the here studied materials, K� is only 4% and since the pres-
ence of the γ phase does not strongly influence the ductility of 
PP [41], it is unlikely to be the reason for the brittleness of slowly 
cooled PP.

Small-angle X-ray scattering was used to obtain information 
about the long period Lp of the PP phase, which allowed to esti-
mate the tie-chain probability for a polymer chain with molecu-
lar weight M according to the Huang–Brown model: [42]

where b2 = 3∕2r2 is related to the square of the end-to-end 
distance r2 = Dnr2

i
 of a random coil with a chain extension 

factor in the melt of D = 6.2 [43], the number of links given by 
n = M/(42 g mol−1), and a link length of ri = 2.52 Å. Both, SAXS 
Kratky plots of neat PP and PP:SEBS feature a diffraction peak 
at qp = 0.38 nm−1 (Figure  1d and Figure  S3), which we assign 
to 1D stacking of crystalline lamellae and amorphous regions 
(the peak at q = 0.21 nm−1 is assigned to hexagonally packed cy-
lindrical PS domains in SEBS; Figure S4). We calculate a long 
period of Lp = 2� ∕qp of 16.5 nm, which allows to calculate the 
minimum distance L that a polymer chain needs to bridge in the 
amorphous phase according to:

where Lc is the thickness of a crystalline lamellae and 
Xc =ΔHPP

m ∕ ΔH0
m is the mass crystallinity, ΔHPP

m  is the melting 
enthalpy of the PP fraction from DSC (Table 3), ΔH0

m = 209 J g−1 
is the enthalpy of fusion of PP [44, 45], �s is the density of the 
sample and �c = 0.946 g cm−3 is the density of the crystalline 
phase [46, 47]. Since brittle PP and ductile PP:SEBS have a sim-
ilar ΔHPP

m  (Table  3), we obtain a comparable value of PM = 8% 
and 9%, respectively, using M =Mn. Evidently, differences in 
tie-chain probability cannot explain the observed differences in 
ductility. Note that we were not able to estimate Lp of PP from 
SAXS in case of blends comprising both PP and LDPE because 
the lamellar stacking diffractions of the two polymers overlap 
(see Figure 1d and Figure S3).

Having concluded that the PP does not change connectivity 
in terms of tie-chain density, we instead turned our attention 
to the microstructure of PP domains and in particular the in-
terface between spherulites. Optical microscopy suggests that 
voids are present at the interface between spherulites in PP 
cooled at −10°C min−1, which constitute weak points in the 
material (Figure S5) [48]. We argue that voids form because 
of the increase in density upon crystallization, preventing the 
material from filling space as the growth fronts of spherulites 
meet. Moreover, the connectivity across spherulite boundaries 
can be influenced by the local tie chain density. Wang et al. 
have recently argued that the number of tie chains that bridge 
the spherulite interface decreases if the material is given time 
to crystallize [29].

It can be anticipated that rapid cooling is likely to result in 
(i) a lower crystallinity in case of PP, which would reduce 
the likelihood of void formation, and (ii) increase the num-
ber of tie chains that bridge the interface between spherulites. 
We therefore chose to rapidly solidify the here studied blend 
formulations, anticipating that a higher cooling rate may 
improve connectivity of the PP phase across spherulite bound-
aries. We observe that rapid cooling at −130°C min−1 consider-
ably increases the ductility of both PP and the PP:LDPE:SEBS 
ternary blend (Figure  2a), with an �break = 1154% and 826%, 
respectively (Table  2). Polarized optical microscopy of the 
ternary blend reveals more than 50 μm large spherulites, sug-
gesting that the PP phase is again continuous (Figure 2b). In 
addition, we cannot discern voids at the interface between PP 

(2)Kγ =
(
1 − Kβ

) A(117)γ

A(130)α + A(117)γ

(3)PM =
1

3

⎛⎜⎜⎝
1 −

4b3√
�

L

∫
0

r2e−b
2r2dr

⎞⎟⎟⎠

(4)L = Lp + Lc = Lp

(
1 + Xc

�s

�c

)

TABLE 3    |    Peak melting temperature of the LDPE and PP fraction, TPE
m

 and TPP
m

, and melting enthalpy of the LDPE and PP fraction, ΔHPE
m

 and 
ΔHPP

m
, of material cooled at ΔT ∕Δt = −10 or −130°C min−1, obtained from DSC first heating thermograms.

𝚫T ∕𝚫t (°C min−1)

−10 −130

TPE
m

 (°C) �HPE
m

 (J g−1) TPP
m

 (°C) �HPP
m

 (J g−1) TPE
m

 (°C) �HPE
m

 (J g−1) TPP
m

 (°C) �HPP
m

 (J g−1)

PP — — 150/165a 100 — — 169 94

PP:LDPE 111 135 164 104 111 122 165 102

PP:SEBS — — 165 94 — — 166 89

LDPE 112 130 — — 111 124 — —

LDPE:SEBS 112 117 — — 112 110 — —

PP:LDPE:SEBS 111 135 165 113 110 121 164 94
aPeak melting temperature of the β- and α-phase, respectively.
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spherulites, which we explain with the lower crystallinity of 
rapidly cooled material (cf. ΔHPP

m  in Table 3) and the smaller 
spherulite size.

DSC thermograms indicate that neither the crystallinity nor 
lamellar thickness of the LDPE and PP fraction drastically 
change upon increasing the cooling rate (cf. ΔHPE

m  and ΔHPP
m  as 

well as TPE
m  and TPP

m ; Table 3). WAXS diffractograms of both neat 
PP as well as various blends cooled at −130°C min−1 indicate 
that no significant amount of β phase is present (Figure 2c), in 
agreement with a study by Mollova et al., according to which de-
spite the presence of a β-phase nucleating agent only the α-phase 
forms if isotactic PP is cooled at a rate of more than −100°C s−1 
[49]. SAXS Kratky plots feature a distinct peak at qp = 0.40 and 
0.51 nm−1 in case of PP and PP:SEBS, respectively (Figure 2d), 
indicating a long period of Lp = 15.7 and 12.3 nm. We calculate 
a tie chain density of PM = 10% for PP and 18% for PP:SEBS. 
The value that we obtain for neat PP cooled at −10°C min−1 and 
−130°C min−1 is comparable, suggesting that the pronounced 

difference in ductility does not arise due to differences in tie 
chain density within spherulites. Instead, the tie chain density 
of rapidly cooled PP:SEBS is significantly higher (PM = 18%) 
while it features a comparable ductility to slowly cooled ma-
terial (PM = 9%) with an �break > 1000% in either case (Table 2). 
We thus argue that the high ductility of rapidly cooled material 
arises due to improved connectivity between PP spherulites due 
to (i) a reduction in the number of voids and (ii) a likely increase 
in the number of tie chains that bridge the spherulite interface, 
as proposed by Wang et al. [29].

The insulation of HVDC cables experiences elevated tempera-
tures; at present an operating temperature of 70°C to 90°C is 
typical while even higher temperatures are possible during 
overload conditions such as lightning strikes and short circuits 
[2]. Therefore, we studied to which extent annealing for 24 h 
influences the ductility of PP, LDPE and the PP:LDPE:SEBS 
ternary blend. We observe that �break of rapidly cooled material 
gradually decreases with the annealing temperature Tannealing, 

FIGURE 2    |    (a) Stress–strain curves recorded during tensile deformation, (b) polarized optical micrograph of a 10 μm thin sheet of the 
SEBS:PP:LDPE ternary blend, (c) wide-angle X-ray scattering (WAXS) diffractograms, and (d) small-angle X-ray scattering (SAXS) Kratky plots of 
LDPE, PP, and SEBS:PP:LDPE rapidly cooled from the melt at −130°C min−1. [Color figure can be viewed at wileyonlinelibrary.com]
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while the ductility of slowly cooled material is less affected. 
Nevertheless, �break remains high with a value of about 650% 
in case of PP and 535% for PP:LDPE:SEBS (Figure 3). Upon an-
nealing at 135°C, the degree of crystallinity of rapidly cooled 
PP increases from 45% to 53% (Figure S6 and Table S1), indi-
cating that the material experienced secondary crystallization 
during annealing.

Dynamic mechanical analysis (DMA) was used to exam-
ine the impact of the cooling rate on the thermomechanical 
properties of ternary blends above the melting temperature 
of LDPE, TPE

m  = 110°C (Table  3). DMA thermograms indicate 
that the cooling rate does not affect the elastic modulus E′ of 
LDPE, PP and the PP:LDPE:SEBS ternary blend (Figure  4). 
The ternary blend maintains a value of E′ > 10 MPa up to the 
melting temperature of PP, TPE

m  = 164°C (Table 3) with a value 
of E′

150◦C
 = 33 MPa at 150°C (see Table  2). Moreover, we note 

that the ternary blend displays a similar E′ as LDPE below 
room temperature, while neat PP is significantly stiffer at 
low temperatures due to its comparatively high glass transi-
tion temperature Tg ≈ 0°C (Figure 4). Evidently, rapid cooling 
of the ternary blend allows to improve the ductility without 
otherwise influencing its advantageous thermomechanical 
properties.

In a final set of experiments, we carried out thermal and elec-
tric conductivity measurements to determine to which extent 
rapid cooling impacts the thermal and electrical behavior 
of the ternary blend. For PP, LDPE and all investigated bi-
nary and ternary blends we consistently observe that rapid 
cooling results in a slight reduction in thermal conductivity 
�. For the ternary blend we find a reduction from � = 0.273 
to 0.268 W m−1 K−1 upon increasing the cooling rate from 
−10°C min−1 to −130°C min−1, which we assign to a margin-
ally lower crystallinity and/or lamellar thickness of both the 
PP and LDPE fraction in case of rapidly cooled material (cf. 
lower melting enthalpies ΔHPE

m  and ΔHPP
m  in Table  3). The 

thermal conductivity of the ternary blend lies in between 

values measured for PP with � ≈ 0.25 W m−1 K−1 and LDPE 
with � ≈ 0.394 W m−1 K−1, as previously observed [28].

LDPE displayed an electrical conductivity �DC = 18 × 10−15 S m−1 
(Table  4; see Figure  S7 for recorded charging currents), when 
slowly cooled at −10°C min−1, which is comparable to previ-
ously reported values [28]. Rapidly cooled PP and LDPE fea-
ture values of �DC = 0.3 and 13 × 10−15 S m−1, respectively. The 
PP:LDPE:SEBS ternary blend featured a low electrical conduc-
tivity that was more comparable with the value determined 
for PP, with a similar �DC = 0.8 and 0.7 × 10−15 S m−1 for slowly 
and rapidly cooled material, respectively (Table 4). For ternary 
blends, additional measurements were performed for samples 

FIGURE 3    |    Elongation at break �break of PP (blue), LDPE (gray) and the PP:LDPE:SEBS ternary blend (red) cooled slowly at −10°C min−1 (dashed 
lines) or rapidly at −130°C min−1 from the melt (solid lines) of (a) as-prepared samples and (b) annealed samples as a function of annealing tempera-
ture Tannealing (samples were annealed for 24 h followed by conditioning for 3 days at room temperature; see Section 2). [Color figure can be viewed at 
wileyonlinelibrary.com]

FIGURE 4    |    Dynamic mechanical analysis (DMA) first heating 
thermograms of PP (blue), LDPE (gray) and the PP:LDPE:SEBS ternary 
blend (red) cooled slowly at −10°C min−1  (dashed lines) or rapidly at 
−130°C min−1 from the melt (solid lines). [Color figure can be viewed at 
wileyonlinelibrary.com]
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prepared with a cooling rate of −40°C min−1, again yielding a 
similar �DC = 0.5 ± 0.1 × 10−15 S m−1. The invariance in �DC of the 
ternary blend agrees with a recent report by Zhan et  al. who 
studied a heterophasic PP copolymer and observed that a change 
in cooling rate from -70°C min−1 to -1000°C min−1 resulted in a 
similar �DC ≈ 0.5 × 10−15 S m−1 [50]. Evidently, the cooling rate 
can be altered without compromising the excellent electrical 
properties of the ternary blend.

4   |   Conclusions

We have shown that the ductility of PP based insulation ma-
terials can be significantly improved by rapid cooling. The 
tensile deformation behavior of neat isotactic PP as well as a ter-
nary blend comprising PP, LDPE, and SEBS can be drastically 
changed from brittle to highly ductile by increasing the cooling 
rate from the melt. Slow cooling at −10°C min−1 resulted in a 
ternary blend that displayed a highly varying ductility with 
samples varying from brittle to somewhat ductile and an av-
erage elongation at break �break = 239% ± 173%. Instead, rapid 
cooling at −130°C min−1 resulted in a highly ductile material 
with a high �break = 826% ± 172%, which maintained a high de-
gree ductility even after prolonged annealing at temperatures 
up to at least 135°C. Otherwise, the ternary blend maintained 
its thermomechanical properties such as a relatively high elastic 
modulus above the melting temperature of LDPE. Moreover, no 
significant change in thermal and electrical conductivity was 
observed, indicating that the ductility of PP:LDPE:SEBS ternary 
blends can be improved without compromising its excellent 
thermomechanical and dielectric properties. Future work may 
entail theoretical studies such as molecular dynamics simula-
tions that can deepen the understanding of the melt density [51] 
and tie chain formation [52], and kinetic Monte Carlo simula-
tions that can provide knowledge about electrical transport in 
insulation materials [53].
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