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Abstract

Black-pigmented polyolefin compounds are widely used for unglazed collectors and recently also for glazed flat-plate collectors with
overheating protection. In this paper the effects of pigment concentration (carbon black (CB) – masterbatch) on morphology and per-
formance properties of a polypropylene grade for elevated temperature applications (PP-RCT) are investigated. Compounds with vary-
ing black pigment concentrations (from 0.1 to 1.0 wt.%) were prepared and moulded to 2 mm thick sheets. Morphological characteristics,
optical and mechanical properties, as well as long-term properties were characterized on specimen level by optical microscopy, Differ-
ential Scanning Calorimetry (DSC), UV/Vis/NIR- and IR-spectrometry and tensile testing. The investigated black compounds exhibited
integral solar absorbance values of about 95% and integral infrared emittance values from 93% to 95%. Hence, the effect of black pig-
ment concentration on the solar- and infrared-optical properties was small. Regarding the mechanical properties, the elastic modulus and
the ultimate properties were slightly affected by the black pigment content. A more pronounced effect was deduced after long-term expo-
sure in hot air at 135 �C. With increasing carbon black concentration a significant reduction of the embrittlement time from approxi-
mately 4000 h to 3200 h was obtained.
� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric materials offer a cost reduction potential for
solar thermal applications due to processing advantages,
design freedom and improved performance specifications
(Wallner and Lang, 2005; Kahlen et al., 2010a, b). The
usage of polymers in solar thermal applications is no longer
limited to casing, glazing and sealing materials. Engineer-
ing and high-performance polymers are already used
to replace copper and aluminum as absorber materials
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(e.g., in the Aventa� collector). Kahlen et al. (2010a, b)
investigated the applicability of commodity plastics for
solar thermal absorbers and deduced that especially poly-
propylene (PP) would be a promising material candidate
for collectors with adequate overheating control used in
northern climates (i.e., absorber temperature below
140 �C). The research work of Kahlen et al. (2010a, b)
was confined to investigations on unpigmented polyolefin
grades. Regarding the aging behaviour, exposure test in
air at 140 �C up to 500 h and in water at 80 �C up to
16,000 h were carried out. For the unpigmented PP grades
no premature failure was obtained.

http://dx.doi.org/10.1016/j.solener.2014.09.024
mailto:markus.povacz@jku.at
http://dx.doi.org/10.1016/j.solener.2014.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2014.09.024&domain=pdf


M. Povacz et al. / Solar Energy 110 (2014) 420–426 421
According to the classification of Levinson et al., 2005
and several pigment handbooks (e.g. Buxbaum, 1998;
Mayer, 1991), carbon black belongs to the class of “hot”
pigments, associated with high absorbance of the overall
solar radiation range. Hence, carbon black is a promising
and widely used pigment for solar thermal applications.
Commodity plastics such as polyethylene (PE) and poly-
propylene (PP) with adequate carbon black pigmentation
are already used for swimming pool absorbers (e.g.
FAFCO� 200 and 500 series collectors), and recently they
are more and more used in glazed collectors (e.g. eco-
FLARE� collector produced by Magen Eco Energy) with
appropriate overheating protection (Meir et al., 2012).

Nevertheless, investigations regarding the influence of
carbon black on the aging behaviour of polyolefins are
quite scarce (Allen et al., 1998; Horrocks et al., 1999).
Jakab and Blazsó (2002) investigated the effect of carbon
black on the thermal decomposition of vinyl polymers. A
major result of their work was, that the decomposition of
PP can be promoted by carbon black. An extension of
the investigations using various types of carbon blacks
revealed that the aging behaviour depends on the volatile
content of the carbon blacks (Jakab and Omastová, 2005).

In a previous paper (Kurzböck et al., 2012) various
black-pigmented polypropylene grades were evaluated. It
was shown that PP-RCT grades with carbon nanotubes
lack of fine pigment distribution. For various carbon black
based grades with black pigment concentrations of about
1.5 wt.% remarkable performance properties were deduced.
The main objective of this paper is to investigate carbon
black pigmented PP-RCT compounds for solar thermal
absorbers with black pigment concentration below
1.5 wt.%. By systematic variation of the carbon black con-
centration optimum pigment loadings for absorber materi-
als should be deduced. Regarding the morphological
features and the performance properties, special emphasis
should be given to the quality of black particle distribution,
semi-crystalline morphology, optical and mechanical
short-term properties and long-term behaviour in hot air
environment. More comprehensive aging investigations
considering various specimen types and different applica-
tion-relevant service conditions (e.g. also in hot heat carrier
fluid) are currently carried out and will be published in
subsequent papers.

2. Experimental

2.1. Materials

The b-nucleated polypropylene random copolymer (PP-
RCT) chosen for this work is a grade for elevated temper-
ature applications with a melt flow rate of 0.25 g/10 min
(230 �C/2.16 kg) provided by Borealis Polyolefine GmbH
(Linz, Austria). In contrast to previous work (Kurzböck
et al., 2012) commercially available masterbatch based car-
bon black pigments with a primary pigment size of 60 nm
were used (provided by Cabot Corporation, Boston,
USA). Five different compounds with carbon black
concentrations from 0.1 to 1.0 wt.% and a combination
of phenolic and phosphite stabilizers were prepared.

To produce compounds with such low carbon black
contents a two-step compounding process was used. First,
the carbon black masterbatch with 50 wt.% carbon black
content was compounded on a twin-screw extruder (Type:
Prism TSE 24 HC; Thermo Fisher Scientific Inc., Waltham,
USA) to grades with 1.5 wt.% carbon black. To provide
best blend homogeneity the masterbatch flow was con-
trolled through a cascade chamber. The screw speed was
400 rpm. In the second compounding step the concentra-
tions were further reduced to values ranging from 0.1 to
1.0 wt.% carbon black. The pelletized compounds were
injection-moulded into 3 mm thick plates. To obtain a
homogeneous compound without flow and strain induced
orientations, the injection-moulded plates were further-
more compression-moulded into 2 mm thick plaques.
Unpigmented PP-RCT granules were similarly processed
to receive reference specimens with the same thermo-
mechanical history.

Tensile test specimens of the 5A type (ISO 527-2/5A)
with an overall length of 75 mm were machined with a
puncher. To derive detailed information on the pigment
dispersion of the compounds and the effects on the
mechanical and optical properties, micro-sized 50 and
100 lm thick film-specimens with a width of 20 mm and
a length of 200 mm were automatically sliced on a
CNC-machine (Wallner et al., 2013).

2.2. Characterization methods

Various analytical, optical, mechanical and aging char-
acterization methods were chosen. Optical light micros-
copy in transmitted light mode was applied to check the
dispersion quality of the masterbatch based carbon black
pigmentation. Micro-sized specimens (i.e., slices with
50 lm thickness) were probed using a BX 61 microscope
(Olympus Austria GmbH; Vienna, Austria) with 5�, 20�
and 50� objectives in transmitting mode. The thermal
transitions of the black pigmented plates were character-
ized by Differential Scanning Calorimetry (DSC), using a
Perkin Elmer DSC 4000 (Perkin Elmer GmbH; Rodgau,
Germany). At least 3 samples with mass of 0.8–1.2 mg were
taken from sliced specimen and placed in 30 ll aluminium
pans with perforated lids. DSC runs were performed with
heating/cooling rates of 10 K min�1 under static air purge.
Melting behaviour and b-phase content were determined
from the 2nd heat-up thermogram according to Patent
EP 0682066B2 (Bernreiter and Wolfschwenger, 2002). To
analyse the morphology ratio the b- and a- peaks were
evaluated and correlated. The results of the DSC-based
method were supported and validated with wide angle
X-ray scattering (WAXS) measurements done by Borealis
Polyolefine GmbH, Linz.

The solar-optical properties of 2 mm thick plates were
characterised using a Perkin Elmer Lambda 950 Ulbricht



422 M. Povacz et al. / Solar Energy 110 (2014) 420–426
sphere spectrophotometer (Perkin Elmer GmbH; Rodgau;
Germany). The diameter of the Spectralon Ulbricht sphere
was 150 mm. Hemispherical absorbance values were
derived from measured normal-hemispherical transmit-
tance and reflectance spectra. The spectral data were
weighted and integrated in steps of 5 nm by the AM 1.5
global solar irradiance source function (Bird et al., 1983).
For the characterization of the heat radiation properties
a Fourier Transform Infrared (FTIR) spectrometer (Perkin
Elmer Spectrum 100 spectrometer) equipped with a gold
coated Ulbricht sphere with a diameter of 100 mm was
used. Normal-normal transmittance and reflectance spectra
were recorded in the wavenumber range from 4000 to
700 cm�1 at a resolution of 2 cm�1 and an average of 128
scans. Integral infrared emittance values were obtained
by weighting the measured data with black body functions
for temperatures at 100 �C.

Mechanical properties were obtained by tensile testing
of 5A multi-purpose specimens on a screw-driven universal
testing machine (Type: Zwick Line Z5.0; Zwick GmbH &
Co. KG; Ulm, Germany) according to DIN EN ISO 527-
2 (1996). The initial clamping length was 50 mm, the test
speed was 50 mm/min. For each series 5 specimens were
tested at ambient temperature. The stress–strain curves
were evaluated as to the Young’s modulus, ET, the yield
stress, rY, and the strain-at-break, eB. Small deformations
were determined applying a multi-extensometer.

Regarding long-term properties micro-sized specimen
(i.e. slices with 100 lm thickness) were exposed in a heating
oven (Type: Binder FED 53; Binder GmbH; Tuttlingen,
Germany) to hot air at 135 �C for up to 4000 h. After
hot air exposure the specimen were characterized by Differ-
ential Scanning Calorimetry (DSC) and tensile testing
(Type: Zwick Line Z2.5; Zwick GmbH & Co. KG; Ulm,
Germany) at ambient temperature.
3. Results

3.1. Morphological characteristics and thermal transitions

In Fig. 1 optical micrograph images of 50 lm thin slices
of the compression moulded compounds PP-RCT with
Fig. 1. Optical micrograph images of 50 lm thin slices of compression mould
black.
0.10, 0.25 and 1.00 wt.% carbon black are displayed. For
the black pigmented compounds a fine dispersion of car-
bon black was detected. Small agglomerates with a diame-
ter of 0.5 lm were dominating. With increasing
concentration, the dispersion of carbon black is homoge-
neous and the visible agglomerates are below 1 lm (see
Fig. 1c).

Representative DSC thermograms taken from the sec-
ond heating run are depicted in Fig. 2. The unpigmented
reference sample PP-RCT (orange curve) exhibited a dou-
ble melting peak, which is characteristic for beta-nucleated
polypropylene. The melting peak temperatures for the hex-
agonal b-crystallites and the monoclinic a-crystallites were
obtained at 137 �C and 151 �C, respectively. Carbon black
pigmentation lowers the melting temperatures of the PP-
RCT compounds for about two degrees. The oxidation
temperature of the reference specimen without carbon
black was at 272 �C and slightly decreased for the pig-
mented compounds to 268 �C (Fig. 2b).

For the unpigmented reference material a b-phase con-
tent of 72% and 81% was obtained by DSC and WAXS,
respectively. Concerning the pigmented PP-RCT grades,
DSC measurements revealed that the incorporation of
low amounts of carbon black pigments into the polypro-
pylene random-copolymer matrix does not affect the b-
phase content.

3.2. Solar and infrared optical properties

Fig. 3 illustrates the normal hemispherical reflectance
spectra of the PP plaques with varying black pigment con-
centrations over the solar and infrared wavelength range.
The reflectance spectra of the grades with varying carbon
black content were comparable. Slight differences were
obtained in the UV range (250–380 nm), in the NIR range
(1000–2500 nm) and in the infrared wavelength range
(2500–14285 nm). Compounds with the lowest carbon
black concentration (0.1 wt.%) revealed a slightly lower
reflectance in the overall wavelength range. By integration
over the solar wavelength range integral solar reflectance
values ranging from 4.8% to 4.9% were obtained. The
reflectance in the heat radiation range was about 4.3%.
ed PP-RCT compounds with (a) 0.10, (b) 0.25 and (c) 1.00 wt.% carbon



Fig. 2. DSC thermograms of PP-RCT CB-MB compounds in (a) the melting and (b) the oxidation regime in the 2nd heating interval. The grey curve
represents the thermogram of the unpigmented reference compound.

Fig. 3. Hemispherical solar and infrared reflectance spectra for 2 mm
thick black pigmented PP-RCT plaques.
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As depicted in Fig. 4 the hemispherical transmittance in
the solar wavelength range is negligible. In the infrared
region a slight hemispherical transmittance was obtained,
which was more pronounced for compounds with low car-
bon black contents (0.10 and 0.25 wt.%) at 4500 to
6000 nm and above 12000 nm. The integral infrared trans-
Fig. 4. Hemispherical solar and infrared transmittance spectra for 2 mm
thick black pigmented PP-RCT plaques.
mittance values weighted with black body functions at
100 �C were ranging from 1.0% for highest pigment con-
centration to 2.0% for lowest carbon black concentration
(see Table 1). For the integral infrared emittance values
ranging from 93.7% to 94.7% were obtained with the lower
value only for the grade with 0.10 wt.%.
3.3. Mechanical properties

In Fig. 5 representative stress–strain curves from tensile
tests are shown for unpigmented and carbon black pig-
mented PP-RCT specimens. The shape of the stress–strain
diagrams was comparable exhibiting a yield point at about
10% strain, a necking of samples and a plastic deformation
regime with strain hardening at strain values of about
300%. Characteristic mechanical properties for the
specimen with varying carbon black loading are summa-
rized in Table 2. The unpigmented reference material
exhibited a Young’s modulus of 1040 MPa, a yield stress
of 26.5 MPa and a strain-at-break of 465%. Regarding
the modulus slightly lower values were obtained only for
specimen with carbon black masterbatch content of 0.75
and 1.00 wt.%. For these specimens also the yield stress val-
ues were slightly lower. With exception of the specimen
with 0.10 wt.% carbon black masterbatch also the strain-
at-break values were almost comparable and within the
scattering limits.
3.4. Aging behaviour

In Fig. 6 representative DSC thermograms of the first
heating run in the unaged state and after exposure intervals
of 168, 2016 and 3024 h in 135 �C hot air are depicted for
1.00 wt.% carbon black masterbatch compounds. As men-
tioned above, PP-RCT crystallizes in a- and b-form so that
two melting peaks are detectable. Kahlen et al. (2010a,
2010b) described a significant increase in the degree of crys-
tallinity after short intervals of exposure, related to post-
and/or re-crystallization. Moreover b-to-a recrystallization
and a pronounced shift in melting peak temperature in hot



Table 1
Characteristic integral solar- and infrared-optical properties of the black-pigmented PP-RCT specimen. The integral infrared optical values have been
calculated by weighting with black body functions at 100 �C.

Compound Solar absorbance (%) Infrared reflectance (%) Infrared transmittance (%) Infrared emittance (%)

PP-RCT/0.10 wt.% CB 95.2 ± 0.1 4.3 ± 0.1 2.0 ± 0.1 93.7 ± 0.1
PP-RCT/0.25 wt.% CB 95.1 ± 0.1 4.2 ± 0.2 1.2 ± 0.1 94.6 ± 0.2
PP-RCT/0.50 wt.% CB 95.2 ± 0.1 4.2 ± 0.1 1.1 ± 0.0 94.7 ± 0.1
PP-RCT/0.75 wt.% CB 95.1 ± 0.1 4.4 ± 0.0 1.0 ± 0.2 94.6 ± 0.1
PP-RCT/1.00 wt.% CB 95.2 ± 0.1 4.4 ± 0.1 1.0 ± 0.2 94.6 ± 0.2

Fig. 5. Stress–strain curves of the investigated 5A specimen with varying
carbon black pigmentation. Fig. 6. DSC thermograms of pigmented PP-RCT films (1.00 wt.% CB)

exposed to 135 �C hot air for 0, 168, 2016 and 3024 h.

Fig. 7. Oxidation temperature (Tox) and strain-at-break (eB) for unpig-
mented and pigmented PP-RCT films versus oven aging time in hot air at
135 �C.
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air take place after short time of exposure. These physical
changes are in good agreement with findings described by
Kotek et al. (2004), Ščudla et al. (2003) and Groff et al.
(1996) for various unpigmented PP grades.

In the oxidation temperature regime a significant reduc-
tion of Tox was obtained for all investigated compounds.
The shift in oxidation temperature is dependent on expo-
sure time. The upper part of Fig. 7 depicts that higher
amounts of carbon black lead to a more pronounced
decrease of the oxidation temperature. PP-RCT pigmented
with 1.00 wt.% of carbon black revealed oxidation temper-
atures of 230 �C after already 2000 h, whereas the oxida-
tion temperature of compounds with lower
concentrations like 0.10 and 0.25 wt.% carbon black fell
below 230 �C after approximately 3000 h of exposure in
hot air at 135 �C.

The better long-term stability of PP-RCT with low car-
bon black contents is also reflected by ultimate strain val-
ues obtained by tensile testing. As depicted in Fig. 7, first
a significant decrease of the strain-at-break values within
Table 2
Characteristic mechanical properties of the black pigmented PP-RCT specimen.

Compound Young’s modulus (MPa) Yield stress (MPa) Strain-at-break (%)

PP-RCT/0.00 wt.% CB 1040 ± 20 26.5 ± 0.3 465 ± 7
PP-RCT/0.10 wt.% CB 1020 ± 35 26.0 ± 0.5 419 ± 7
PP-RCT/0.25 wt.% CB 992 ± 42 26.1 ± 0.2 437 ± 11
PP-RCT/0.50 wt.% CB 1030 ± 56 26.3 ± 0.3 436 ± 22
PP-RCT/0.75 wt.% CB 934 ± 19 24.9 ± 0.3 474 ± 43
PP-RCT/1.00 wt.% CB 870 ± 55 24.9 ± 0.5 472 ± 42



Fig. 8. Maximum embrittlement time (in hours) versus carbon black
concentration for thermo-oxidative degradation in hot air at 135 �C.
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48 h, related to post-crystallization can be observed. Subse-
quently, the strain-at-break values remained constant for
exposure times up to 2500 h. In this induction time period
slow oxygen uptake associated with stabilizer consumption
takes place (Schwarzenbach et al., 2009). Following
the induction period, embrittlement was observable. The
time-to-embrittlement is significantly dependent on the
concentration of carbon black pigments. While the embrit-
tlement time for PP-RCT with 1.00 wt.% carbon black was
about 3200 h, the unpigmented PP-RCT and the grade
with 0.10 wt.% carbon black exhibited embrittlement time
of about 4000 h. In Fig. 8 the embrittlement time of the
various grades is plotted as a function of pigment concen-
tration. The relationship clearly indicated, that the content
of the investigated carbon black type should be 0.1 wt.% or
less.
4. Summary and conclusions

Black solar absorber compounds based on polypropyl-
ene (PP) with varying concentrations of carbon black were
prepared using a twin-screw extruder. Specimens were
characterized as to the morphological, thermo-analytical,
solar and infrared optical, mechanical properties and the
aging behaviour in hot air. In comparison to previous
investigations a quite homogeneous dispersion of the car-
bon black masterbatch in the polypropylene matrix was
achieved for all concentrations. Microscopical observa-
tions revealed small spherical carbon black domains with
diameters smaller than 0.5 lm. Slightly independent on
pigment concentration high solar absorbance values of
about 95% were achieved. The solar transmittance of the
2 mm thick specimen was negligible. In the infrared range
a low transmittance was observable for grades with carbon
black contents. Also the mechanical properties of the PP-
grades with different carbon black loadings were only
slightly affected. The incorporation of carbon black pig-
ments resulted in a decrease of the Young’s modulus and
the yield stress by 15% and 6%, respectively. The basic
investigations proved that the investigated PP grades are
of high potential for black absorbers of collectors with
overheating control. Regarding the long-term behaviour
preliminary exposure test in hot air at 135 �C were carried
out using micro-sized specimen. Aged specimens were char-
acterized as to changes of to the oxidation temperature and
the strain-at-break. Depending on the carbon black con-
tent significant differences in the reduction of oxidation
temperatures and strain-at-break values was obtained.
Hence, it can be concluded that compounds with low car-
bon black concentrations are the most promising candi-
dates for glazed solar thermal collectors, in which the
glazing provides a UV protection of the polymeric solar
absorber.
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Jakab, E., Blazsó, M., 2002. The effect of carbon black on the thermal
decomposition of vinyl polymers. J. Anal. Appl. Pyrol. 64 (2), 263–277.
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