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Obstract

In this study, the influence of carbon black (CB) trimodal mixture, with different medium particle sizes, on the colorimetric 
and rheological properties of polyethylene was evaluated. Three different types of CB were selected, with particle sizes 
of 15nm (S), 38nm (M), and 75nm (L) and combined, generating a Design of Experiments (DOE) with 19 formulations 
to be dispersed at 30% in low density polyethylene (LDPE) in twin screw extruder. Such formulations were evaluated 
in performance and process properties, such as Tint Strength, Melt Flow Index (MFI), and Total Transmittance (TT). It 
was observed that the mixtures between small (S) and medium (M) particles developed greater tinting strength and lower 
viscosity, demonstrating the synergy of the mixture, which was superior in the performance of the mixture containing 
only a particular of 15nm (S) that would have greater potential for results.
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1. Introduction

Polymers are organic macromolecules (synthetic or 
natural origin). Plastics and rubbers are examples of synthetic 
polymers, while leather, silk, horn, cotton, wool, wood 
and natural rubber are natural organic macromolecules. 
They generally have low density, electrical and thermal 
insulation, flexibility, good corrosion resistance and low 
heat resistance[1]. Synthetic polymers are produced by the 
polymerization of smaller molecules (monomers) in a process 
called polymerization, and most of their properties derive 
from this operation; however, they can be modified and 
improved by the addition of small amounts of additives or 
larger amounts in the case of mineral fillers[2,3].

Thus, using the Principle of Combined Action, obtaining 
a multiphase material that has a significant proportion of 
the properties of both phases that constitute it in order that 
a better combination of the properties of the individual 
materials is obtained. Furthermore, the constituent phases 
must be chemically distinct and separated by an interface[2].

An example of this is the addition of fillers in the polymer 
matrix, such as carbon black (CB) or calcium carbonate 
(CaCO3), which can give the polymer better mechanical 
properties under tensile or impact, change the optical 
properties and reduce the cost of the product. The CB is 
used to develop mainly polymer reinforcements, especially 
elastomers, providing substantial mechanical strength[4,5].

Although produced since remote antiquity, it only 
began to be manufactured industrially from 1870 onwards 

to meet the needs of the paint industry. The discovery of 
its reinforcing properties in rubber, which took place in the 
early 20th century, raised this product to the current status of 
an essential filler for this industry, being even indispensable 
in many other applications.

The term reinforcement in polymer technology means an 
increase in mechanical performance, mainly in tear, tensile 
and abrasion resistance[5]. The effect on the dynamic properties 
of elastomers differs quantitatively from one elastomer to 
another. It depends on the type of processing and the state of 
dispersion, both concerning the size and number of agglomerates 
and the separation distance between them[5]. In addition to its 
wide use as a reinforcing agent in rubber, it can be used as a 
coloring agent for pigmentation, providing protection from UV 
radiation, increasing the electrical conductivity of the matrix 
but altering the rheological properties of polymers inks and 
coatings[6]. These properties change with the morphology of 
the particles and are arranged in: particles, aggregates and 
agglomerates, as illustrated in Figure 1a[7]. The particle is 
the primary spherical unit, characterized by its surface area, 
measured by Nitrogen Absorption (NSA) and expressed in 
m2/g[6,7]. The Aggregate refers to a set of primary particles 
covalently bonded and represents the fundamental structure 
of CB suspension. These aggregates are defined by their Oil 
Absorption value (OAN) and expressed in cm3/100g. They often 
assume various arrangements such as spheroid, ellipsoidal, 
linear and super-branched. Finally, the Agglomerate (cluster) 
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is a group of aggregates linked through secondary bonds. 
The magnitude of this binding force can change with the 
chemical properties of the particles, the suspension vehicle, 
and the shape and size of the agglomerates. This structural 
change is sensitively perceived through the rheological 
responses of the suspensions. In general, an increase in CB 
concentration and a decrease in particle size improve and 
even prevent the formation of agglomerates, thus increasing 
viscosity[6,7].

Concerning the optical properties developed by the 
tinting strength of the pigment, these are related to the size 
of the Primary Particle; that is, the smaller the particle, 
the greater the total surface area and the more intense 
the coloration developed. At this point, there is a conflict 
because the highest possible yield of coloring is desired. 
For that, a small primary particle is needed and preferably 
with a small aggregate structure to influence little on the 
viscosity of the matrix, thus enabling processing under 
normal conditions, i.e., the use of small particles allows 
for greater colorimetric yield. However, their use tends 
to increase the viscosity of the polymer significantly, 
which causes processing difficulties. Thus, the mixture of 
particles can be used to develop synergy between different 
particle sizes and minimally influence the increase in the 
viscosity of the matrix, using a packing with multimodal 
particle distribution[8], contributing to the development of 
information and knowledge on the CB application, mainly 
in polyethylene, with the objective of acting as a colorant, 
in order to increase this property as much as possible, 
without affecting the rheological characteristics of the 
polymer and consequently its industrial processability. This 
study can contribute significantly to the industry, as such 
research is extremely complex, as the works on particle 
packing are well developed in the ceramic segment, but it 
is not yet used in mixing different particles of CB, in order 
to increase the tinting strength of the formulation. So, the 
challenge is to enable the use of pigment concentrates 
(masterbatch), produced with mixtures of different CB 
types, using different particle sizes in order to improve 

the colorimetric properties of polyethylene used for the 
production of different products such as films, sheets or 
parts, With this, an improvement in the optical properties 
is expected, with greater tinting strength capacity, and with 
little influence on the rheological properties.

2. Materials and Methods

2.1 Materials

The inorganic pigment (Carbon black - CB) was identified 
as Black Pearls 900 (Small - S), Regal 99I (Medium - M) 
and Black Pearls 120 (Large - L), all supplied by Cabot 
Corporation (USA), according to Table 1[9] and dispersed 
at 30% loading in low density polyethylene (LDPE) grade 
PB608[10], with MFI of 30 g/10min (2.16 kg@190 °C) or 
65 g/10min (5.00 kg@190 °C) produced by Braskem (Brazil).

2.2 Carbon black concentrates preparation

The pigment concentrates were dispersed in a twin-screw 
extruder ZSK18 (Coperion GmbH) with L/D 48, using screw 
rotation of 300 rpm (N), feed rate of 20 kg/h (Q) and a thermal 
profile between 120 and 180 °C, according to DOE Simplex 
Lattice Grade 4 shown in Figure 1b. The screw extruder 
profile was based on the scheme shown in Figure 2, however, 
there was a need for small adaptation due to the difference 
in L/D between the extruders[11]. The pigments, supplied in 
the micro-pearls form, were manually homogenized with 
polyethylene pellets and then the mixture was dosed through 
the main feeder, using the flow rate previously indicated (Q).

The samples in this step, called PART 1, were identified 
with the following nomenclature: FXX(S/M/L), indicating 
the correlation between name and composition. For example, 
the formula F01 was identified as F01(75/25/00), with 75% 
of the total fraction of CB with S particle, 25% of M particle 
and 00% of L particle. The total CB content defined was 
30%; for F01, we will have 75% x 30% and 25% x 30%, 
resulting in 22.5% for S and 7.5% for M, in addition to 70% 
of polyethylene, completing the composition.

Figure 1. (a) Carbon Black morphology; (b) design of experiment.

Table 1. Principal properties of carbon black[9].
Properties Unit Standard BP 900 (S) Regal 99I (M) BP 120 (L)

Primary particle nm ASTM D3849 15 38 75
Oil absorption (OAN) cc/100g ASTM D2414 64 63 64
Nitrogen Surface Area (NSA) m2/g ASTM D6556 230 62 25
Tinting Strength % ASTM D3265 151 97 58
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2.3 Dilution of carbon black concentrates

For some tests, the measures were in a polymeric film, 
and the specimens were prepared by blow mold extrusion 
(thickness 40 μm and blowing ratio of 1:3) diluting the 
concentrate at 5% in LDPE (MFI of 2 g/10min) in a single-
screw, model D-85560 Ebersberg (Dr. Collin GmbH) with 
L/D 30 and D=25mm,

2.4 Characterizations

2.4.1 Composition characterization

The CB content in the samples was determined via 
gravimetric after pyrolysis at 600 °C in an inert nitrogen 
atmosphere and then in a regular atmosphere, following 
the ASTM D1603[12].

2.4.2 Rheological properties characterization of carbon black 
concentrates

The MFI, which is a basic determination of the rheological 
behavior of compositions, was determined according to 
ASTM D1238 (5.00 kg@190 °C)[13]. Subsequently, the 
rheological properties were determined at low shear rates 
(steady flow regime) and high shear rates. The viscosity 
(η) as a function of shear rate ( γ ) in steady flow regime 
was determined in a rheometer ARES from Rheometric 
Scientific (N2 atmosphere, 210 °C, parallel plates geometry 
with a diameter of 25 mm and 1 mm of gap) with a shear 
rate between 10-2 and 102 s-1. The behavior at high shear 
rates was obtained by capillary rheometry in an Instron 
rheometer, model 4467 (Lc = 24.384 mm, Dc = 1.270 mm, 
Lc/Dc = 20 at 210 °C) with a shear rate range between 
101 and 104 s-1 which is equivalent to the values   found in a 
twin-screw extrusion process[14].

2.4.3 Colorimetric and optical properties characterization

The Tinting Strength is a quantitative method for comparing 
pigment performance to a reference. Prepared by mixing 
one part of CB concentrate (black) with ten parts of titanium 
dioxide pigment (white) – 1:10, generating a gray color. 
The more intense this gray, the greater the tinting strength 
of CB, as it stands out over white. On the other hand, the 
less intense the gray, the lesser the tinting strength because 
the white pigment stands out from the CB. The quantitative 
determination was performed in a spectrophotometer Datacolor 
(SF 600), using the “Contrast Ratio” mode, calculated by the 
CIE LAB L*a*b system[15]. For Total Transmittance (TT), 
measured in a film specimen, which physically represents 
the total incident light and transmitted through the sample, 

being reduced by the reflectance or absorption of light by the 
sample, measured using a BYK Gardner spectrophotometer 
(Haze-Gard Plus), following ASTM D1003 standard, 
operating in transmittance mode[16-18].

2.4.4 Dispersion and microscopy characterization

The state of the dispersion was evaluated by two techniques: 
the first (quantitative) via Filter Pressure Value (FPV) and the 
second (qualitative) by Optical Microscopy (OM), observing 
the agglomerates dispersed in the polymer matrix. The FPV 
evaluates the degree of dispersion of pigments through 
a standardized screen filtration mounted on an extruder; 
this filtration generates retention of undispersed pigment 
particles, and the degree of dispersion can be quantified 
by the pressure variation, according to EN-13900[19], using 
#635 mesh (15 μm), 220 °C and 200 g of concentrate. 
The FPV in the OM observed the CB microdispersion in 
the films specimen using a Leica microscope (DMRXP) 
and images captured with Image Pro Software at 200 or 
400x magnification.

3. Results and Discussions

In PART 1 (Preliminary Formulation), the objective 
was to obtain the best proportion between the different CBs 
dispersed in a twin-screw extruder, resulting in the best 
dispersion with the highest possible tinting strength and 
maintaining the lowest viscosity. Table 2 shows the results 
of the characterizations, and its comprehensive evaluation 
indicates the most suitable combination and proportion 
between the pigments studied.

Table 2 shows that the CB content in the concentrates 
is within the expected range, which indicates that there was 
no significant loss or variation during the incorporation 
step. The nominal value of 30% ranged between 29.1% 
and 30.1%, with less than 3% in losses.

Assessing the properties of MFI, Tinting Strength 
and FPV, it is possible to observe the balance between the 
colorimetric properties and viscosity of the mixture, as 
shown in Figure 3 in the form of the Mixture Contour Graph.

The MFI showed that LDPE PB608, identified as 
F00 (00/00/00), initially had 65.0 g/10min (5.00 kg@190 °C), 
and its value was reduced to 0.80 g/10min for F06 (100/00/00) 
after the addition of small particles of CB, indicating a 
high increase in its viscosity. This behavior was already 
expected due to the capacity of the CB pigment to absorb 
the polymer and influence its viscosity, as presented by 

Figure 2. Schematic representation of the screw profile.
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Zhang et al.[20]. As reported in Table 1, there is a significant 
difference between the surface areas of the pigments, and 
this directly reflects on this result. Thus, pigment S with 

a surface area of 230 m2/g (NSA) was the one that most 
affected this property and also in its combinations with 
pigment M, as in F01 (75/25/00), which reduced it to 5.4 g/ 

Table 2. Results of the main characterization tests.

FXX 
(S/M/L) S (%) M (%) L (%)

CB 
content 

(%)

MFI 
(g/10min)

Tinting 
Strength 

(%)
Ref. (F17) Result FPV (bar) TT (%)

F00 
(00/00/00) 0.00 0.00 0.00 0.00 65.0 0.00 - 0 82.7 ± 1.0

F01 
(75/25/00) 22.5 7.50 0.00 29.5 5.40 113.0 68 9.7 ± 0.6

F02 
(00/75/25) 0.00 22.5 7.50 29.7 26.9 109.0 21 11.3 ± 0.6

F03 
(00/25/75) 0.00 7.50 22.5 28.9 28.5 96.90 33 15.5 ± 1.1

F04 
(50/50/00) 15.0 15.0 0.00 29.1 12.3 114.1 8 10.8 ± 0.6

F05 
(00/100/00) 0.00 30.0 0.00 29.6 26.1 109.8 1.5 9.7 ± 0.7

F06 
(100/00/00) 30.0 0.00 0.00 30.0 0.80 124.5 21 6.1 ± 0.7

F07 
(25/25/50) 7.50 7.50 15.0 30.1 23.1 102.7 13 13.2 ± 0.8

F08 
(66/17/17) 20.0 5.00 5.00 30.2 6.80 111.1 7 11.4 ± 0.3

F09 
(50/25/25) 15.0 7.50 7.50 29.7 14.2 106.4 8 12.5 ± 0.4

F10 
(33/33/33) 10.0 10.0 10.0 29.6 20.9 109.2 13 15.2 ± 0.5

F11 
(00/50/50) 0.00 15.0 15.0 29.7 28.6 100.6 13 18.5 ± 0.6

F12 
(17/17/66) 5.00 5.00 20.0 29.8 26.6 95.30 21 18.9 ± 1.0

F13 
(75/00/25) 22.5 0.00 7.50 29.7 4.60 113.9 14 12.4 ± 0.5

F14 
(17/66/17) 5.00 20.0 5.00 30.0 23.3 106.6 13 16.2 ± 0.5

F15 
(25/50/25) 7.50 15.0 7.50 29.9 21.8 110.5 12 15.1 ± 0.9

F16 
(50/00/50) 15.0 0.00 15.0 29.9 14.2 106.6 13 16.1 ± 0.7

F17 
(00/00/100) 0.00 0.00 30.0 29.9 27.9 100.0 62 17.0 ± 0.7

F18 
(25/75/00) 7.50 22.5 0.00 30.0 18.8 126.7 1.2 7.2 ± 0.5

F19 
(25/00/75) 7.50 0.00 22.5 29.6 26.3 97.10 26 16.8 ± 0.7

Figure 3. Mixture Contour Graph of MFI, FPV and Tinting Strength.
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10min or in F08 (66/17/17) with 6.80 g/10min pigment L, 
which has a smaller surface area, had less influence on this 
property, such as F17 (00/00/100) with 27.9 g/10min, as 
shown in Table 2.

The Tinting Strength, which determines pigment 
performance as a function of its ability to impart color to 
the polymer, can be evaluated considering the same amount 
of pigment mass in the formulations. This is due to the 
size of the primary particle and the structure of CB, which 
determine this property as a function of the surface area of 
the pigment. However, its degree of dispersion enhances 
this characteristic; the better it is dispersed, the greater the 
surface area of the pigment obtained and, consequently, the 
greater tinting strength, as widely discussed by Donnet[21] 
and later by Spahr and Rothon[22]. As this determination is 
comparative, F17 (00/00/100) was adopted as a reference 
(100%), as it was expected to be the one with the lowest 
because of the largest particle size in its composition

Again, the best results were obtained in compositions 
with pigments S and M and their combinations, such 
as F06 (100/00/00) with 124.5%, F18 (25/75/00) with 
126.1% and F04 (50/50/00) with 114.1%. On the other 
hand, F03 (00/25/75) presented only 96.9%, this behavior 
as reported visually in Table 2 showing different grays and 
illustrated in Figure 3.

An important factor that influences the performance of 
the pigment in the polymer matrix is dispersion; in this way, 
the agglomerates are reduced during processing as a function 
of the shear, and the surface area of   the pigment reaches its 
greatest potential; thus, the FPV provides a determination of 
the microdispersion of the pigment. The better its dispersion 
in the polymeric matrix, the lower the result because the 
agglomerates were reduced. The particles pass more easily 
through the filtering screen, not producing obstruction, 
consequently not increasing pressure. An important observation 

is that the BP120 (L) pigment has a high level of impurities, 
which was not observed in the others, and this compromised 
the evaluation, as it was not possible to determine whether 
the increase in pressure was due to the poor dispersion of 
the pigment or the contaminants present in the raw material. 
Thus, the best results were obtained with pigments S and 
M and their combinations, as in F17 (00/00/100), which 
presented 62 bar while F03 (00/25/75) and F19 (00/25/75) 
showed 33 bar and 26 bar, respectively.

Qualitatively the dispersion was observed by Optical 
Microscopy (OM). The agglomerates were identified, 
helping to understand the higher values   of FPV due to the 
greater clogging and accumulation in the filtering screen[19]. 
In Figure 4, some elements can be easily seen, such as the 
CB particles being well dispersed and distributed throughout 
the polyethylene matrix and some agglomerates, indicating a 
less efficient dispersion. Taking as reference F17 (00/00/100), 
one can observe some extremes, such as F18 (25/75/00), 
which showed good tinting strength (126.7%) and low FPV 
(1.2 bar) and also F06 (100/00/00) which showed good tinting 
strength (124.5%), slightly higher FPV (21 bar); however 
its micrograph showed the presence of many agglomerates, 
indicating poor dispersion and that it could have been better, 
enhancing the tinting strength, with reduced FPV. This fact 
is related to its large surface area, requiring greater Specific 
Mechanical Energy (SME) for complete dispersion due to 
its high viscosity[22,23].

The formulations with pigment S showed a greater 
tendency to develop agglomerates, presenting points of 
poor dispersion, as in F06 (00/00/100), F01 (75/25/00) 
and F13 (75/00/25). On the other hand, the formulations 
containing pigment L, due to their structure, showed greater 
ease of dispersion and presented these poorly dispersed 
agglomerates in a reduced form, due to the combination 
with other pigments, as in F17 (00/00/100), F03 (00/25/75) 

Figure 4. Micrographs of samples F06, F17 and F18 in MO (magnification: 200x).
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and F19 (00/25/75). The pigment M, which was expected 
to have an intermediate behavior, brought interesting results 
with good dispersion, as observed in F05 (00/100/00) and 
F18 (25/75/00); this is due to its intermediate structure, which 
gives good dyeing power associated with less processing 
difficulty, in addition to less influence on viscosity, as shown 
in the Mixture Contour Graph of Figure 3 correlating these 
properties. This balance is essential as it provides sufficient 
viscosity to increase shear and enhance pigment dispersion 
without limiting processing due to excessive viscosity 
increase[20]. In Figure 5, it is possible to see some of these 
micrographs at 400x magnification.

Correlating the Tinting Strength with the MFI, the 
Correlation Matrix was obtained for a preliminary and 
fundamental analysis of the balance between viscosity and 
performance, as shown in Figure 6a. It can be observed 
that some formulations are found in the quadrant with high 
tinting strength and higher MFI, such as F01 (75/25/00), 
F02 (00/75/25), F04 (50/50/00), F05 (00/100 /00), 
F08 (66/17/17), F10 (33/33/33), F13 (75/00/25), F15 (25/50/25) 

and F18 (25/75/00). There is a strong tendency to reduce 
the MFI using S particle and its mixtures. However, this 
combination is the one that provided the greatest Tinting 
Strength; the F18 (25/75/00) presented a good balance 
between the properties, as demonstrated by Aghajan[8].

Complementing the colorimetric evaluation, it was 
evidenced that the Total Transmittance (TT) measured in films 
has a strong correlation with the Tinting Strength, as shown 
in Table 2. The greater the tinting, the lower transmittance 
will be due to the pigment dispersed in the matrix; in 
addition to conferring the color, it also reduces the passage 
of light on the substrate, as observed in F06 (100/00/00), 
F13 (75/00/25) and F18 (75/25/00). Figure 6b shows this 
correlation more evidently.

The rheological behavior of the formulations was 
evaluated to complement the primary results from the 
MFI. The viscosity (η) as a function of shear rate ( γ ) was 
measured, and some formulations presented higher viscosity 
than others as a function of their composition, as illustrated 
in Figure 7a, following the effect previously mentioned 

Figure 5. Micrographs of samples F05, F06, F10, F13, F17 and F18 in MO (magnification: 400x).
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on MFI behavior. In addition, the evaluation of η( γ ) also 
considers the pseudoplasticity of the polymer matrix[14]. 
The rheological behavior as a function of composition, as 
expected, was influenced by the significant difference between 
the surface areas of the pigments. Thus, the pigment S with 
a surface area of   230 m2/g was the one that most affected 
the viscosity and also its combinations with the pigment M, 
such as F06 (100/00/00), F01 (75/25/00), F04 (50/50/00) 
that presented viscosity values in the order of 105 Pa.s at a 
shear rate of 10-1 s-1. The formulation F08 (66/17/17) can 
be highlighted in the same order of magnitude. Pigment 
L, which has a smaller surface area, had less influence; for 
example, F17 (00/00/100) showed a viscosity value one 
order of magnitude lower at the same shear rate, as seen in 
Figure 7a. In this way, seeking the best balance between 
higher tinting strength with lower viscosity, the samples 
below were ordered from the lowest to the highest viscosity: 
F17 (00/00/100) < F05 (00/100/00) < F18 (25 /75/00) < 
F10 (33/33/33) < F13 (75/00/25) < F06 (100/00/00), such 
behavior observed by Chuayjuljit et al.[24].

The rheological behavior at higher shear rates is essential 
to evaluate the pseudoplasticity at shear rates commonly 
applied to the polymer during processing[14]. Thus, capillary 
rheometry was used to determine the viscosity as a function 
of shear rate, and the curves are shown in Figure 7b. Even 
at high rates, the rheological profile of viscosity remained 
close to 103 s-1, with F06 (100/00/00) being the highest 
viscosity and F17 (00/00/100) having the lowest values. 
Above this shear rate, the viscosity values   are equivalent, 
and the curves overlap.

As determined by the previous tests, the F06 (100/00/00) 
showed high tinting strength; however, the viscosity also 
had high values. On the other hand, F17 (00/00/100) showed 
low viscosity values and did not develop tinting strength.

4. Conclusions

The trimodal mixture and distribution of different 
CB can produce an optimized combination between 
these pigments to improve the colorimetric properties, 
with less interference in the rheological and processing 
characteristics of the polymer, compared to using a 
single type of particle. The formulations containing 
small particle fractions (S) showed greater tinting 
strength and greater viscosity. The combinations showed 
superior performance than formulations containing only 
one type of particle. F18 (25/75/00) and F13 (75/00/25) 
had tinting power of 126.7% and 113.9%, respectively; 
the formulation F17 (00/00/100) was considered as 
100%. The F06 (100/00/00), which has only particles 
P, obtained 124.5% of tinting power due to its great 
difficulty in processing (high viscosity and consequent 
deficient dispersion). The viscosity results evaluated by 
the MFI show that F00 (00/00/00) went from 65 g/10min 
(5.00 kg@190 °C) to 18.8 g/10min in the formulation 
F18 (25/75/00) and 29.7 g/10min in the formulation 
F13 (75/00/25) while formulation F06 (100/00/00) 
reached 0.80 g/10min. The same behavior was observed 
in the rheological measurements. A factor that affects 
the performance of the pigment in the polymer matrix 
is its dispersion. The agglomerates are broken during 
processing due to the Specific Mechanical Energy 
(SME), providing better braking and dispersion of the 
agglomerates; thus, the surface area of the pigment 
reaches its highest values.

Figure 6. Correlation Matrix – (a) MFI and (b) Total Transmittance 
versus Tinting Strength.

Figure 7. Viscosity as a function of shear rate for the best 
formulations balances measured at: (a) low shear rates (parallel 
plates); (b) high shear rates (capillary).
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