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LIST OF SYMBOLS

η

[Pas]

viscosity

Fa

[N]

agglomeration force, the force that is holding together the
different aggregates to form an agglomerate

d

[m]

diameter of the agglomerates

do

[m]

diameter of the agglomerates at time t=0

dt

[m]

diameter of the agglomerates at time t

t

[s]

time



[s]

time constant of the agglomerate breakup process.

T

[°C]

temperature

tcycle

[s]

cycle time
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[m]

effective particle radius

Kd

[1/m]

dispensability factor

K

[-]

static mixer element constant, typical to the design of a
static mixer

6

n

[-]

static mixer element number

l

[-]

stretch

AR

[-]

aspect ratio or dimensionless length (L/D)

Cf

[-]

friction factor or dimensionless pressure drop (p/po)

γ̇

[1/s]

shear rate



[1/s]

Lyapunov exponent

max

[-]

maximum pigment volume concentration

a

[-]

concentration of component a

b

[-]

concentration of component b

𝑎̅

[-]

average concentration of component a

𝑏̅

[-]

average concentration of component b

I

[-]

intensity of segregation

σ

[-]

standard deviation

P1

[-]

fitting parameter 1 of the sigmoid curve
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P2

[-]

fitting parameter 2 of the sigmoid curve

P[R,G,B] [-]

Pixel with absolute RGB color coordinates

P[RN,GN,BN] [-]

Pixel with normalized RGB color coordinates

P[r,g,b]

Pixel with linearized RGB color coordinates

[-]

P[X,Y,Z] [-]

Pixel with XYZ color coordinates

P[L,a,b]

[-]

Pixel with Lab color coordinates

̿
𝑀

[-]

Transformation matrix for conversion of the linearized
color coordinates to XYZ color coordinates

k

[-]

Size of the scanning window in pixels

κ

[mm]

Size of the scanning window in mm

𝑎̅𝑖,𝑗,𝑘

[-]

Mean color coordinates at position i, j in a k pixel size
window

C1

[-]

First calibration constant of the IHS score

C2

[-]

Second calibration constant of the IHS score

A1

[-]

Additive type 1, used for masterbatch formulations

A2

[-]

Additive type 2, used for masterbatch formulations

A3

[-]

Additive type 3, used for masterbatch formulations

Ra

[µm]

Surface roughness

R(r)

[-]

Correlation function

ρ(r)

[-]

Normalized correlation function

SL

[m]

Linear scale of segregation

SV

[m3]

Volume scale of segregation
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LIST OF ABBREVIATIONS

PP

polypropylene

ABS

acrylonitrile-butadiene-styrene copolymer

SAN

styrene- acrylonitrile copolymer

PIB

polyisobutylene

CPVC

critical pigment volume concentration

ROI

return on investment

RGB

RGB color space (where R, G and B stands for red, green and blue color
coordinates)

Lab

Lab color space (where L, a and b stands for the L, and b color
coordinates)

CIE

Commission Internationale de l’Éclairage (International Commission on
Illumination)

BSM

Bright Surface Molding

SCORIM Shear Controlled Orientation in Injection Molding
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CTM

Cavity Transfer Mixer

TMR

Twente Mixing Ring

EDS

Energy-dispersive X-ray spectroscopy

SEM

Scanning electron microscopy/micrograph

MD

Mean Difference

HMD

Highest Mean Difference

GMD

Global Mean Difference

CMD

Corrected Mean Difference

IHS

Inhomogeneity Score

DPI

Dot Per Inch (the resolution of the digitized images)

LY

Light Yellow masterbatch/color

R

Red masterbatch/color

O

Orange masterbatch/color

G

Green masterbatch/color

DG

Dark Gray masterbatch/color
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LG

Light Gray masterbatch/color

B

Blue masterbatch/color

Y

Yellow masterbatch/color

P

Pink masterbatch/color

DOE

Design of experiment

MB

Masterbatch
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1. Introduction
From the second half of the 20th century until now the role of the synthetic polymers has
been continuously growing without any backdrop, extruding more and more the old traditional
structural materials from industrial and household applications. This trend is still alive, and
there is not any sign of a trend change in the near future. The two most important plastic
processing technologies are the extrusion and the injection molding. If we look at it from the
processed amount point of view, the two technologies are very close to each other, but if we
consider the number of products, then the amount of injection molded goods is far above the
extruded products. This is because of the injection molded products are much more diversified
from design point of view than the extruded products. The continuously growing number of
injection molding applications demands a very high quality both from mechanical and from
aesthetical perspectives as well. If colored injection molded parts have to be produced, there
are three options to choose from.
The first is production from previously colored material, called precolored material,
where the material has been colored in a separated technological step prior to injection molding
such as compounding, so in the injection molding step it is not needed to mix anything into the
polymer. In this case the material used for injection molding has exactly the same color as our
injection molded parts, and the parts have a very good color homogeneity. In case of
applications where the quality requirements are very high both from functional and aesthetical
and safety point of view, usually this technology is chosen from the available options. This
option is very comfortable from processing point of view as well, since this coloring technology
does not require additional equipment, or modification on the machines in the injection molding
factory, so the investment cost of a new factory is relatively low in this case, and it is not
required to have high qualified and experienced employees in the factory, although it is a big
disadvantage, that the raw material costs in case of precolored material is much higher
(approximately 20-70%) compared to the production from raw material and masterbatch.
The second option is to color the material by masterbatch. In this case the coloring of
the nature material takes place in the injection molding machine by the masterbatch pellets. The
two main components of the masterbatch pellets are the carrier, and the coloring agents, such
as dyes and pigments, which are small molecule organic or inorganic materials. If the
production is cost sensitive, this technology would be chosen. Altogether 90% of the
manufacturers are using masterbatches 1 for coloring the raw material, since the price of the
raw material can be decreased substantially. In this case the investment cost of building a new
10
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factory is fairly higher, but the return on investment (ROI) time of the additional equipment is
very short if the factory is running continuously. The factory will also need higher qualified and
more experienced employees for dealing with the technological challenges, but from cost
perspective it is not important since in the total production cost of an injection molded part, the
cost of human resources is usually less than 10%. Therefore, the increase of a 10-20% cost on
human resources results only 1-2% increase in the total production costs, what is a minor
increment compared to the precolored material costs. However, the result of applying this
technology is usually that the parts sometimes have color inhomogeneities, what can be detected
visually as well. In cases of certain colors and polymers it can be a huge challenge for the
factory to produce high quality parts continuously.
In the third option the coloring of the raw material also takes place in the injection
molding machine, but instead of the solid masterbatch pellets, the colorant material is a liquid.
This liquid also consists of a carrier (what is liquid in this case, such as mineral oil, PIB, liquid
sliding agents) 1 and different coloring pigments and dyes. This technology is usually applied
if only small amount of materials has to be colored, because in this case masterbatches cannot
be used in an economically reasonable way 2.
Based on the fact that most of the injection molded parts are colored by different
masterbatches, this work focuses on the challenges of this coloring technique. For the
evaluation of the changes in the technology, such as the application of different mixing
equipment and technological parameter changes, it is necessary to have a measurement system,
which is precise enough, and has a good repeatability and reproducibility. Such a measuring
system has not existed before, therefore the first and most important step of this work was to
establish and validate a measurement system. With this system different aspects of the
masterbatches and the masterbatch using coloring technology were investigated.

11
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2. Literature review
In this chapter the scientific background of the field of material and color homogeneity
in injection molded parts is going to be introduced. Sometimes related issues were found in
extrusion and other chemical processes as well, where mixing efficiency, screw design effects
or the plasticizing process itself was investigated [3]. Since the objective evaluation method of
color inhomogeneity is a crucial point of the dissertation, the different possibilities of automated
evaluation methods were reviewed as well.

2.1. General introduction to polymer mixing in injection molding
Colored polymers are heterogeneous systems, and mixing processes in such cases are
different from the homogenous ones, and of course the rules and fundamental processes taking
place during the mixing processes are also different. To understand and optimize mixing in
polymers it is necessary to understand the fundamental processes of mixing in heterogeneous
systems, and the rheological behavior of filled polymers.

2.1.1. Fundamentals of polymer mixing
First of all a clear distinction between dispersive and distributive (non-dispersive)
mixing mechanisms has to be made. Dispersive mixing is also called intensive mixing.
Dispersive mixing means that during the mixing, the sizes of the component clusters are
reduced. Distributive mixing is called extensive mixing as well, and it means that the
component particles are going to be spread evenly throughout the matrix. A schematic
illustration of different distributions and dispersions are shown in Figure 1 4. Several studies
have pointed out, that increasing the shear and elongational flows in the process are increasing
the mixing efficiency, although elongational flows are more effective from dispersive mixing
point of view than the simple shear flows especially in the case of high viscosity ratios 5-10.
For dispersive mixing the hydrodynamic forces in the matrix should be bigger than the
cohesive forces that holding the particle clusters together. During dispersion erosion and
ruptures of the particle clusters are taking place, although for ruptures it is needed, that the
hydrodynamic forces should be much bigger than the cohesive forces. According to this for
predicting and optimizing dispersive mixing efficiency in mixing equipment an assessment of
elongational flow components and stress distribution is necessary 11.

12
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Figure 1. Schematic illustration of distribution and dispersion 3

The most accurate way of modelling and evaluating distributive mixing is to track
different particle trajectories throughout the whole mixing equipment. This is not an easy task
even if we consider the rapid computational development that has taken place recently.
Therefore, it is necessary in these simulations to apply a few simplifications. For example, in
most cases tracked particles are assumed to be massless points so that they do not affect the
flow field, furthermore secondary chemical forces among the particles such as Van der Waals
forces and frictions are ignored. Unfortunately, even with these simplifications the modelling
is limited to only a few thousands of particle trajectories, due to computational limitations.
Figure 2 shows a particle trajectory in the screw of an injection molding machine 3.
A frequently used index for characterization of the distributive mixing is length stretch
distribution and the average length stretch. The length stretch l [m] in Eq. (1) is defined as the
ratio of the distance between two particles at a given time and the initial distance between these
two particles 12.
|𝑥|

𝑙 = |𝑥

0|

(1)
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Figure 2. Particle trajectory in the screw of an injection molding machine 3

In polymer processing equipment used in practice both dispersive and distributive
mixing takes place at the same time, but the efficiency might be different in the different
equipment. So, theoretically it is possible, that an equipment is more effective from dispersive
mixing point of view, but not so good from distributive mixing point of view, and vice versa.

2.1.2. Rheology and dynamics of mixing fillers into polymers
Generally, polymers should be categorized as a non-Newtonian fluid, and the ones
colored by different pigments should be considered as non-Newtonian fluids containing rigid
fillers. The flow during the melt processing takes place normally in the laminar flow region,
where the filler concentration has a significant effect on the viscosity of the compound. It has
been measured, that higher filler concentration results in a higher viscosity, and the surface
treatment of the filler particles can have an effect on the melt viscosity as well 13.
To understand the dynamics of the dispersion during mixing, we have to identify the
different possible structures formed by the filler particles. Figure 3 illustrates some examples
of primary particles, aggregates and agglomerates.

14
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Figure 3. Primary particles, aggregates and agglomerates 14

At the top of Figure 3 you can see different examples of primary particles, such as flakes,
fibers, or irregular shapes. The elementary particles, crystals and molecules are the smallest
structures, which are held together by primary chemical forces. The aggregates are formed by
the elementary particles, and are grown together at their surfaces, which generally cannot be
disrupted by the dispersion forces. The aggregates are the primary units in powders. The
agglomerates are formed by the aggregates that stick together at the edges or corners 14. The
agglomerates are larger and more open structures compared to the aggregates, and held together
by secondary forces, that can be disrupted during the dispersive mixing by the hydro-dynamical
forces generated by the applied shear and stress 13.
It has shown, that the level of the hydrodynamic forces, which are coming from the
shear during the melt processing, is in connection with the ruptured particle sizes. From the
force balance Eq. (2) can be obtained:
𝐾𝑑 =

6𝜋𝑅𝑒 𝜂𝛾̇
𝐹𝑎

,

(2)

where Kd is the dispersibility factor, Re is the effective agglomerate radius, η is the matrix
viscosity, 𝛾̇ is the shear rate and Fa is the inter-aggregate cohesive force. In the agglomerated
phase, when Re is large the hydrodynamic forces are bigger than the cohesive forces holding
together the agglomerates, and the dispersion proceeds efficiently. As Re gets smaller, the force
balance becomes less and less favorable for dispersion and at a certain agglomerate size
equilibrium is reached between the two opposing forces, and the dispersion stops 13.
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It is also clear from Eq. (2) that by increasing the shear rate a smaller particle size can
be reached. It also important to note, that for effective dispersion it is not enough just to break
up the agglomerates, but the separation of the fragments has to be secured to avoid the
reagglomeration of the dispersed particles.
The idea of the agglomerate breakup during dispersive mixing appeared first in the
works of Bolen and Colwell 15, 16 and Bergen 17 in the late 1950’s, but the model creation
began only in the 1980’s by Manas-Zloczower et al. 18. For the mechanism of agglomerate
breakup, they suggested a theory in which they assumed that because of the mixing stress the
agglomerate particles rupture into smaller particles, where the original particles rupture into
two approximately equal sized fragments. A few years later Shiga and Furuta 19 created
another theory for explanation of the agglomerate fragmentation process. They studied the
breakup of carbon black pigments by electron photomicrographs and proposed that the pigment
particles are eroding instead of rupturing into approximately half sized particles, what means
that during the breakup process small particles are continuously breaking off the originally
bigger particles. The truth is that both mechanisms are taking place in practice, and that has
been observed by Rwei et al. 20-22 by investigating carbon black pellets introduced into
liquids with different viscosity. Rwei et al. 22 described the change of the average
agglomerate size in thermoplastics by the following equation:
̅̅̅
𝑑𝑡
̅̅̅̅
𝑑
0

= 𝑒 (−𝑡/𝜏) ,

(3)

where t is time, do is the diameter of the agglomerates in the beginning of the process, dt is the
diameter of the agglomerates at time “t” and  is the time constant of the process. Eq. (3) shows
that the agglomerate breakdown is a first-order process. They also observed, that ruptures have
taken place in the beginning, and after a while the importance of erosion has increased in the
fragmentation of particle agglomerates.

2.1.3. Evaluation of mixtures
During investigation of mixtures and mixing processes one of the key issues is how to
evaluate the quality of mixing. There are two important dimensions in evaluations which are
the intensity of segregation and the scale of segregation. In this chapter these two dimensions
will be discussed first, then some practical applications of these.
In a two-component system the sum of the average concentration of a and b components
equal to one:

16
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𝑎̅ + 𝑏̅ = 1,

(4)

where 𝑎̅ and 𝑏̅ are the average concentration of the components a and b. To represent the
variance of the concentration of component a, one needs to obtain the actual concentration of
component a in different points, and calculate the average squared difference from the mean,
what is also called squared deviance:
𝜎2 =

∑𝑛
̅]2
𝑖=1[𝑎(𝑥𝑖 )−𝑎
𝑛−1

,

(5)

where σ2 is the squared deviance of the concentration of component a, a(x) is the local
concentration of the component a at position xi, and n is the number of samples taken. To
normalize this concentration deviance, it needs to be divided by the product of the average
concentration of the component a and b, which is expressed in Eq. (6).
𝜎2

𝐼 = 𝑎̅𝑏̅,

(6)

where I is the intensity of segregation. I equals to one if in every sample only a or only b
components can be found, and I is zero if every sample contains a and b components in its
average concentrations. In other cases, I is somewhere between zero and one 23.
The scale of segregation can be derived from the correlation coefficient, ρ(r), what is in
connection with the correlation function, R(r). Definition of the correlation function is
illustrated in Eq. (7).
𝑅(𝑟) = 〈[𝑎𝑥 − 𝑎̅][𝑎𝑥+𝑟 − 𝑎̅]〉,

(7)

what can be interpreted as the concentration deviation from the mean value at point x, multiplied
by the concentration deviation at point x+r, and averaged over the entire mixture. This can be
written in a normalized form considering that in R(0) the correlation function will equal the
variance σ2. This is represented in Eq. (8)
𝜌(𝑟) =

𝑅(𝑟)
𝑅(0)

=

𝑅(𝑟)
𝜎2

.

(8)

From Eq. (8) the linear scale of segregation is the following:
∞

𝑆𝐿 = ∫0 𝜌(𝑟)𝑑𝑟,

(9)

and the volume scale of segregation is:
∞

𝑆𝑉 = ∫0 𝜌(𝑟)𝑟 2 𝑑𝑟,

(10)

which has practical importance, since it represents the size of the clumps in a mixture. Figure 4
illustrates the scale and the intensity of segregation in a mixture [23].
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Figure 4. Illustration of the scale and the intensity of segregation [23]

In most of the applications the components need to be well dispersed and evenly distributed
throughout the base material. The proper dispersion is a focus area in case of nanoparticles
filled polymers as well [24], therefore several efforts has been made in this field such as the
work of Salzano et al. [25], who developed a novel method to generate nanoscale ZnO
dispersion in HDPE. Generally the agglomerates are causing deterioration of mechanical and
aesthetic prosperities except for some special cases where the non-uniform distribution of the
components are needed to reach a certain property such as in the works of Li et al. [26], who
investigated the breaking properties of PP blends. But as it can be seen from these studies none
of them applied these formulas, since in case of polymers and their components it is extremely
difficult to measure the exact concentrations of the various additives and agents.

2.2. The influence of materials on color inhomogeneity
After the review of the fundamentals of mixing, I will analyze the material influence on
color inhomogeneities. I will discuss the differences between dyes and pigments, and certain
general rules that are well known by masterbatch producers and plastic processing experts in
this field. Furthermore, the effects of pigments and dyes in the masterbatch, the masterbatch
carrier and the masterbatch production technologies are going to be discussed in this chapter.

2.2.1. The influence of dyes and pigments
Dyes and pigments are in the masterbatches to produce the right color. Although
generally everything used to be called pigments what has the purpose to give the right color for
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the masterbatch, but we have to definitely distinguish between dyes and pigments based on their
interactions with the base polymer.
Pigments are defined as colorants that do not dissolve in the polymer matrix, whereas
dyes are colorants that do go into solution. The pigments can be divided into two categories:
inorganic and organic pigments. Inorganic pigments are mostly metal oxides, sulfides and salts,
and they are inexpensive compared to organic pigments. Even though this relative low cost it
is economically reasonable to apply organic pigments due to their 10-20 times stronger coloring
abilities. Transparent colors are usually made of organic pigments, since there is a huge
difference between them in the light scattering due to the difference in the average particle size:
inorganic pigments are between 0.2-1.0 m [27], while organic pigments are around 0.05 m,
which means that the organic pigments are much more difficult to disperse in the polymer
matrix. Considering the reactivity of the pigments the inorganic pigments has generally lower
reactivity 28.
Dyes are soluble in the polymer matrix, therefore there is no need for the dispersion
during the melt processing. As a general rule dyes have very limited solubility in polyolefin
resins, it should be avoided to use them in case of olefin blends or alloys. The advantages of
the application of high performance dyes are the transparency, excellent color strength and the
ease of dispersion. On the other hand, they are expensive, tend to migrate from the plastic, what
can be an obstacle in food applications, they might act as a plasticizer, reduce thermal properties
and a tendency of higher reactivity. They generally have only poor to fair color fastness to light.
Color fastness means the property of a color to retain its original hue, especially without
changing over time when it is exposed to light, heat or other influences. So, from this definition
a poor color fastness to light means that the dye has a tendency to change its original color when
it is exposed to light 28.
The fluorescent pigments are an interesting combination of the above mentioned two
categories. The fluorescent dye is dissolved into an oligomer or polymer matrix, and this solid
state solution is ground to a fine powder, what is used as a pigment in a masterbatch formulation.
Since they are resinous solutions of dyes, they tend to be transparent by nature 29.
Color inhomogeneities related to the pigments and dyes might take place due to different
reasons, even if they appear very similar, such as color stripes on the surface of the injection
molded parts. If the processing temperature is higher than the heat resistance of the pigments,
or not appropriate shear is applied during the processing than the pigments will degrade and
change their original color. This phenomenon is called burn-out. Another problem can be if the
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pigments during the masterbatch formulation do not disperse well enough. These agglomerates
are often detected in particle filled polymers [30-34]. The insufficiently dispersed pigments will
break up and erode further when they are injected into the cavity. These ruptures will have no
chance to be evenly distributed throughout the polymer matrix. The possibility of breaking up
these agglomerates is depending on the applied shear and pigment properties as well [35] and
can be increased by surfactants applied on the pigments [36-40]. However, they do not only
decrease the cohesion forces between the pigment particles but the matrix-pigment interaction
as well [36]. The sufficient dispersion of the fillers is a crucial point in the formulation of the
nanocomposites as well [41]. Furthermore, the masterbatch has to contain enough carrier to
avoid the reagglomeration of the pigment particles. Since TiO2 is one of the pigments used in
high amounts due to its extraordinary high light scattering properties compared to other white
pigments [42, 43] therefore their dispersion properties and its changes by different surfactants
have been investigated in several publications [38-39, 44-46].
Certain dyes and pigments might change the mechanical, the rheological [47-48] and
the crystallization properties [49] of the base polymer react with each other, the polymer
molecules or catalyze reactions that can cause color changes and the degradation of the base
polymer as well 29. In case of using fluorescent pigments, a special phenomenon might occur,
what is called plate-out. This is related to the decoupling of the fluorescent dye and its solvent
in the pigments 29. A US patent has been granted for the reduction of the possibility of
separation and decomposition of the dyes and the solvent by reducing the lower molecular
weight species 50.

2.2.2. The influence of the carrier
The carrier of the masterbatch is a material what the colorant pigments and dyes are
mixed into. This is usually the same polymer or oligomer of the raw material what we want to
color in the end-process. In special cases, it can be different as well, but of course with certain
limitations, since it is well known that the carrier of a masterbatch should be chemically similar
to the virgin material that needs to be colored 51. This is important not only because of the
homogenization, but also for the mechanical properties of the end product as well.
It is also important according to the raw material and the masterbatch producers that the
masterbatch pellets should melt earlier in the plasticizing process than the raw material pellets
52. Although it is not clear what is more important from homogenization point of view, the
earlier melting or the chemical similarity. For example, in case of coloring ABS virgin material,
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an ABS carrier is chemically identical, but it melts at approximately the same temperature as
the virgin material pellets. In case of SAN carrier, the chemical similarity is not perfect, but the
masterbatch pellets will melt at a lower temperature, and in this case the SAN can have a higher
impact on the mechanical properties of the end product.
According to Richards et al. 52 another expectation from the carrier is that it should
be rheologically similar to the virgin material. Although it is also not clear, that the masterbatch
as a whole should be rheologically similar or the carrier itself, since the different fillers and
pigments have an impact on the rheology of the compound, they increase the viscosity of the
polymer melt.
Unfortunately, currently our understanding is limited regarding how pigment properties
are influencing the masterbatch process [53], and there is a trend in the masterbatch
compounding industry to increase the pigment load of the masterbatch. That is obviously not
possible over a certain limit. This limit is theoretically connected with the point when there is
only enough polymer to fill the interstices between the crowded solid particles. At this point
the filled polymer does not flow anymore, and it is represented by max, what is the maximum
volume concentration of the pigments. Sometimes it is referred also as Critical Pigment Volume
Concentration (CPVC). Although there are several theories how to determine the CPVC, there
is considerable disagreement between theory and practice 54. That is of course interesting for
the plastic processing factories, which are coloring their products with masterbatches, since
over this max the mixing of the masterbatch homogenously into the base polymer gets
extremely difficult. Even though we are just below this CPVC it might not be optimal from
processing point of view, since it does not necessarily eliminate the possibility of the
reagglomeration of the pigment particles if we are too close to the CPVC, and there is not
enough polymer in the interstices between the solid particles.

2.2.3. Masterbatch production technologies
An improvement in the color homogeneity in the end product has been achieved by so
called micro pellet masterbatches, which are usually 1 mm or less in size 52. It can be stated
generally that continuous masterbatch production technologies (masterbatches produced by
twin-screw extruders) have less variation during time, and between different masterbatch lots
than batch production technologies, like internal mixers [55]. State of the art masterbatch mass
production technologies are based on co- or counter rotating twin-screw extruders [56].
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2.3. The influence of technological parameters on color inhomogeneity
Unfortunately, there is not much articles dealing with the effects of injection molding
parameters on color inhomogeneities. The troubleshooting part of the injection molding
handbook written by Dunai and Macskási [57] refers to color inhomogeneities. They suggest
increasing the barrel temperature, increasing the back pressure and decreasing the dosing speed
to eliminate this phenomenon. The effect of injection molding parameters on the appearance of
the products has been investigated by Pisciotti et al. [58]. They have investigated the effects of
injection speed, mold temperature and holding pressure on the color and the gloss of PP parts.
Dawkins et al. [59] got to very similar conclusions when they have measured the effects of
mold temperature, barrel temperature, injection speed and back pressure on color and gloss.
However, they did not measure homogeneity levels, they concluded that these injection molding
parameters had a significant effect on the evaluated properties, which suggests that some of
these parameters might also have an effect on the color homogeneity as well. From these it can
be concluded that the effects of injection molding parameters on color inhomogeneity is not a
well-researched area, and the exact effects of various injection molding parameters have to be
further investigated.

2.4. Machine and equipment influence on color inhomogeneity
Injection molding machines are not designed for mixing, but their mixing ability can be
significantly improved by the application of different mixing elements. Generally, injection
molding mixing equipment can be divided into two main categories, such as static mixers and
dynamic mixers. Static mixers always need to be mounted additionally in front of the injection
unit. Some types of dynamic mixing elements can be the part of the injection molding screw,
and some other types can be a replacement of the non-return valve. There is a difference how
static and dynamic mixers influence the injection molding process itself. A dynamic mixer does
not influence the injection phase but decreases the plastification capacity by approximately 1015% [57]. Static mixers do not influence the plastification phase, but cause significant pressure
drop in the injection phase [60], resulting a higher pressure need for proper filling of the
cavities.
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2.4.1. Screws and dynamic mixers
A general-purpose injection molding screw consists of three zones, such as feeding
compression and metering zone. The function of the feeding zone is to convey the solid granules
to the compression zone and secure a continuous material flow. The plastic granules are melted
in the compression zone. Most of the heat needed for melting is generated by the friction and
compression of the plastic granules, and only a minor fraction is coming from the heating bands
around the injection barrel. In ideal case the plastic is completely melted at the end of the
compression zone, which is followed by the metering zone. The purpose of the metering zone
is to convey the melted plastic in front of the screw and to homogenize the melt. The length of
an injection molding screw is measured relative to its diameter and referred as the L/D ratio. A
general purpose injection molding screw has an L/D ratio of 20, however a screw optimized for
mixing has 23-26 L/D ratios [57, 61]. It is due to the fact that different dynamic mixing
elements, built into the metering zone of the screw, needs additional 3-6 D length. Figure 5
shows the metering zone of a screw designed for improved dispersive mixing [62]. Generally
high pitch screw zones are considered as dispersive mixing zones while low pitch zones are
considered as distributive mixing zones [63].

Figure 5. CRD mixing screw [62]

In certain cases, the application of a longer screw is not possible due to technical or
economic issues. In these machines the use of a dynamic mixing screw tip still could be an
option. Figure 6 illustrates a mixing screw tip called Twente Mixing Ring (TMR), which
incorporates the basic principles of the Cavity Transfer Mixer (CTM mixer) into a non-return
valve [64].
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Figure 6. The TMR screw tip [64]

It is unfortunately not known how the different dynamic mixing equipment and screw
designs influence the mixing efficiency of the injection molding process, therefore the
optimization of the setup of an injection molding machine is impossible.

2.4.2. Static mixers
Static mixers  called motionless mixers as well  are applied widely in chemical and
polymer processing, when it comes to improve the dispersion and/or the distribution of lower
concentration components in a matrix 65-67. Static mixers are typically built up in a
cylindrical housing from mixer elements. Several patents have been granted for various static
mixer designs [68-72]. This design determines the main characteristics of the static mixer itself,
such as dispersion and distribution capabilities and energy efficiency. In the polymer processing
industry, the material of the housing and the elements are typically steel. During the flow these
elements are redistributing the fluid traverse to the flow direction. The effectiveness of the
mixer depends on two main factors: the design and the number of the elements. Since 1970, the
first industrial application of static mixers, a lot of scientific and technical papers and articles
have been published about different type of mixers, their effectiveness and comparison 65, 7376. Figure 7 shows some well-known static mixer element designs 60.
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Figure 7. Different static mixer designs
a) Kenics mixer, b) Ross LPD mixer, c) standard Sultzer mixer 60

In the injection molding technology, the Sulzer SMX mixers, and the StaMixCo SMN
mixers are the two most common mixers. Several publication can be found measuring and
comparing Kenics, Sulzer, and other type of mixers -75, but only a few can be found
regarding the StaMixCo mixers 77. Figure 8 illustrates the mixer elements of a StaMixCo
SMN static mixer.

Figure 8. Mixer elements of a StaMixCo SMN static mixer [77]

These mixers have a special nomenclature for each design. The Kenics mixers are
named as followings: The Kenics RL 180o name means it is made from right and left twisted
blades, each blade rotates 180o and then another blade follows the previous one rotated by 90 o
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to edge of the last blade. In case of the Sulzer mixers the nomenclature is SMX (n, Np, Nx, ),
where n means the number of crossing bars over height, Np means the number of crossings over
the length of an element, Nx means the number of crossings over the width, and  means the
closing angle of the bars. The SMX (2, 3, 8, 90o) is one of the standard mixers of Sulzer, and
has 2 crossings over the height, 3 crossings over the length, and 8 crossings over the width, and
has a closing angle of 90o between the bars. Figure 9 represents the nomenclature of the Sulzer
mixers on the examples of SMX (1, 1, 3, 90o) and SMX (3, 5, 9, 90o) mixers.

Figure 9. Nomenclature of the Sulzer mixers
a) SMX (1, 1, 3, 90°), b) SMX (3, 5, 9, 90°) 60

To evaluate static mixers for highly viscous materials two main factors are generally
used: the Cf, what is typical to the energy consumption, and it is measured in terms of the
dimensionless or relative pressure drop, and the AR what is the compactness, and it is measured
in terms of the dimensionless length. The dimensionless or relative pressure drop is the pressure
drop of the element divided by the pressure drop of an empty tube with equivalent diameter.
The dimensionless length is the ratio of the length and the diameter of the elements, also called
to aspect ratio. Meijer et al. 60 evaluated the mixing efficiency by the interfacial stretch
generated by the mixing elements. According to them, if a compact mixer is needed, then the
Sulzer type designs should be preferred with the largest number of bars in the cross section for
the best mixing efficiency, although this mixing efficiency will result a high pressure drop.
They also concluded that the Kenics mixer performed better in the actual tests compared to the
expectations. According to them if one prefers the low pressure drop, and the length of the
mixer does not matter, then the Kenics design should be preferred, although they concluded
that the traditional Kenics RL 180o lags behind the optimized Kenics RL 140o 60. In these
tests the SMX mixers had an AR of 1.0, and the Kenics RL 180o had AR of 1.5. So, considering
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these parameters it is not surprising that the Kenics mixers performed worse from compactness
point of view.
Since it is easy to change the AR of the Kenics mixers without drastically changing the
design of the mixer, it seems to be a good idea to test Kenics mixers with lower AR. That could
provide better mixing with a shorter total mixer length. That has been tested by Song and Han
78 in 2005, when they measured Kenics mixers with different aspect ratios from 1.0 to 2.5.
Generally, they came to the conclusion that can be summarized in the Eq. (11).
𝐾 = 𝐶𝑓 𝐴𝑅 2.04,

(11)

where K is a constant typical the design of the static mixer, Cf is the relative pressure drop and
AR is the aspect ratio of the mixer element. Unfortunately, measurement data is available only
in the range from 1.0 to 2.5 aspect ratios, so if we want to calculate Cf values for aspect ratios
under 1.0, we have to extrapolate from Eq. (11). If we do this extrapolation, it turns out, that
the Kenics mixers can outperform the standard SMX mixers, both from compactness, and from
energy efficiency (relative pressure drop) point of view as well, especially the optimized Kenics
RL 140o mixer, only the AR value of the mixer elements must be optimized to the specific
application. Although this conclusion applies only for distributive mixing, since this was
derived from the interfacial stretch generated by the different mixer elements and has to be
experimentally proven. If we want to examine these mixers from dispersive mixing efficiency
point of view, we should evaluate the mean shear rate and the Lyapunov exponent, what is
defined in Eq. (12). The Lyapunov exponent is a signature of chaos, but also used to evaluate
mixing efficiency. The Lyapunov exponent is in connection with the stretching defined in
Eq. (1).
𝛿 = lim
t→∞

log(𝑙)
𝑡

,

(12)

where  is the Lyapunov exponent, l is the stretch from Eq. (1), and t is time. The higher this
exponent is the more chaotic the system is, and the more effective the mixer is from dispersive
mixing point of view 75.

2.5. Measuring methods of colors and mixing problems
Measuring colors in chemical or other process industries is a well-known technique [7985]. Usually not the color itself is the primary interest, but the efficiency of the mixing [80, 82]
or certain other factors or processes which are in correlation with the color changes [83, 84].
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2.5.1. Color systems and measurements
To understand and differentiate between the different color systems and spaces, it is
fundamental to understand the background of human color sensation. Light stimulates one or
more of the three cones in the human eyes. Figure 10. shows the sensitivity curves of the three
different cones. The peaks of the sensitivity curves are at a red (R), a green (G) and a blue (B)
color, what are also called primaries.

Figure 10. Cone sensitivities in function of the wavelength 86]
Digital color sensors and scanners use also this principle to measure the colors of
different pixels. By the reproduction of the different colors a linear combination of the
originally measured R, G, B values are generated. The R, G and B values define a threedimension space, where all the different colors can be placed, this is also referred as RGB color
space. Although the RGB color space is widely used in digital technologies, it is not the only
one. Colors can be described by different properties, but what is common in different color
spaces is that they use three independent color attributes, and by different mathematical
methods they can be transformed into each other. The most often used way to describe colors
is defining their hue, saturation and lightness, represented in Figure 11. It also shows, how these
color attributes define a three-dimension color space.
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Figure 11. The most often used color attributes: hue, saturation and lightness [87]
By the normalization of the R, G, B color components you can obtain the followings:
𝑅

𝑥 = 𝑅+𝐺+𝐵,
𝐺

𝑦 = 𝑅+𝐺+𝐵,
𝐵

(13)
(14)

𝑧 = 𝑅+𝐺+𝐵,

(15)

𝑥 + 𝑦 + 𝑧 = 1.

(16)

Different colors can be put in a diagram, where the horizontal axis is x from Eq. (13), and the
vertical axis is y from Eq. (14). This diagram is called CIE 1931 xy chromaticity diagram, what
can be seen in Figure 12. 88. The curved line limiting the area of the visually perceivable
colors is called the spectral locus, while the straight line connecting the blue and the red corner
is called the non-spectral line of purples. In this diagram hue and chromaticity values are
represented, and an additional lightness factor is needed to be able to describe all the colors,
what leads to the CIE xyY color space. Unfortunately, there is a fundamental problem with this
diagram, since the color differences calculated by the Euclidean distances are not proportional
to the human color perception. Eq. (17) shows the Euclidean distance in a three-dimension
space.
∆𝐸 = √∆𝑥 2 + ∆𝑦 2 + ∆𝑧 2 ,

(17)

where E is the Euclidean distance between two points in a three-dimension space, x, y, z
are the coordinate differences of the three dimensions.
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Figure 12. CIE 1931 xy chromaticity diagram [88]

A lot of efforts have been taken to create a more balanced color space since the creation
of the original CIE color system. The first few ones, such as the CIE 1960 uv, and the CIE
1976 u’v’ chromaticity diagram were linear transformations of the original CIE 1931 xy
chromaticity diagram, but the fundamental problem of non-proportionality to human color
perception has not been reduced reassuringly. Eq. (18, 19) shows the transformation formulas
for the conversion of CIE 1931 xy coordinates to CIE 1960 uv coordinates 89-91.
4𝑥

𝑢 = −2𝑥+12𝑦+3,
6𝑦

𝑣 = −2𝑥+12𝑦+3.

(18)
(19)

The CIE 1976 u’v’ transformation formulas are similar, and can be seen in Eq. (20, 21) 9193.
4𝑥

𝑢, = 𝑢 = −2𝑥+12𝑦+3,
9𝑦

𝑣 , = 1,5𝑣 = −2𝑥+12𝑦+3.

(20)
(21)

Adding the lightness factor to the CIE 1976 u’v’ chromaticity diagram, we get to the CIE L*u*v*
or CIELUV color space where the L* is the lightness, and u*, v* represents the chromaticity
attributes of the colors. By adding the lightness, other transformations have been introduced to
the CIELUV color space as well, such as the cube root compression of the lightness, the shifting
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of the white point to the chromaticity of the light source, and incorporating that colorfulness
increases as the luminance of them increases. These are summarized in Eq. (22-24).
𝐿∗ = 116 3√𝑌/𝑌𝑤 − 16,

(22)

′
𝑢∗ = 13𝐿∗ (𝑢′ − 𝑢𝑤
),

(23)

𝑣 ∗ = 13𝐿∗ (𝑣 ′ − 𝑣𝑤′ ),

(24)

where Yw, u’w, v’w are the color attributes of the source light. This color space has numerous
advantages compared to the previous ones, such as the Euclidean distances are close to
proportional to the human perception and the additive mixture of two lights can still be
represented by a straight line in the color space, like the original CIE color spaces, but
unfortunately it fails in predicting color differences in case of the change of the luminance. This
is because the color differences are calculated from differences of u’, u’w,, v’ and v’w instead of
the ratios of them. In 1976 parallel with the CIELUV color space another color space has been
proposed as well by CIE, in which the chromaticity coordinates were generated by the ratios of
color attributes of the illuminating light and the given color. These color coordinates are L*, a*,
and b*, where L* is the lightness, calculated the same way as in the CIELUV system (Eq. 22).
The calculation formulas of a*, and b* are shown in Eq. (25, 26).
3

𝑅

3

𝐺

𝑎 ∗ = 500 ∗ ( √𝑅 − √𝐺 ),
𝑤

3

𝐺

𝑤

3

𝐵

𝑏 ∗ = 200 ∗ ( √𝐺 − √𝐵 ).
𝑤

𝑤

(25)
(26)

This color space is also called CIELAB color space, and it is the most often used system
in industrial applications, since the calculated Euclidean distances in this color space is
proportional to human color perceptions [94].

2.5.2. The effect of surface textures
It has been shown that the injection molding parameters has a significant effect on the
obtained color and gloss of the finished parts, and the effect is different in case of a smooth and
a rough surface 58, 59.
Pisciotti et al. 58 has measured the effects of injection molding parameters on color
and gloss in case of PP parts and has concluded that mold temperature and packing pressure
have a significant effect on the measured color and gloss. They also concluded that lower melt
viscosity and higher shear rates provided a better replication of the mold surface, what had a
different effect if they tested a smooth and a rough surface. In case of a rough surface gloss has
been decreased with the increase of the surface replication, and the opposite has been
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recognized with a smooth surface. Dawkins et al. 59 has measured very similar results to
these. Although they did not measure color inhomogeneity, just the color coordinates itself, it
can be assumed that these parameters and the surface texture of the cavity could influence the
level of visually obtained color inhomogeneity as well.

2.5.3. Measurement methodology of pigment size distribution
It is clear, that without proper dispersion acceptable homogeneity levels cannot be
reached. Generally it is considered, that by masterbatch colored injection molding processes
the dispersion has to take place during the compounding of the masterbatch, since the
plasticizing unit of the injection molding machine is not designed to generate high enough shear
to ensure proper dispersion of the pigment particles 52, 60.
Van de Velde et al. 14 measured the pigment size distribution in different
monobatches, masterbatches, and extruded yarns. They have written that the dispersion is
acceptable, if the largest particles are smaller than one tenth of the diameter of the yarn. They
have prepared samples by two different methods: they have created slices and films from the
materials. Slices have been created by a microtome, and films have been created by a hydraulic
press. In the analysis of the samples it turns out, that they consequently measured smaller
particle sizes in the slices compared to the films, what suggests that by the preparation of the
slices the original particles have been damaged. Once they also stated that pigment bleeding
was recognized on the slices what also suggest the damage of the pigment particles in this
sample preparation method. They carried out the analysis by an optical microscope
(magnification of 200, 400, 1000), and took pictures by a camera.

2.5.4. Calculation methods of homogeneity
In the available literature there are a lot of different methods used to calculate the
homogeneity of images, however according to Cheng et al. [95] these methods can be put into
the following categories: edge value (or edge detection) [96], standard deviation (or variance)
based calculations [97-99] and entropy based calculations [100, 101]. Edge value based
methods typically apply some kind of gradient operator on the pixels of the images. The most
typically used gradient operators are the Sobel-operator, the Laplace-operator or the Robertoperator. Usually they apply a certain threshold and use the gradient values above this threshold.
This way the image can be segmented, or certain formations can be detected. Entropy based
calculations are usually used to evaluate image segmentation or contrast enhancements. Mixing
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quality is typically evaluated by standard deviation or variance based methods. There are
calculations also which are applying a certain combination of the above-mentioned procedures
[102].

2.6. Summary and discussion of the literature overview and aims
The color inhomogeneities in the past usually has been evaluated visually by a board of
professionals giving points typically from 1 to 10, but this method has several disadvantages:
the ability of the reproduction of a measurement is uncertain, and the measurement results have
high standard deviation, what makes impossible to decide if a change in the average value is
significant. This measurement method is simply unable to show the differences between most
of the mixing equipment. Therefore, it is clear that there is a need for setting up an automated
measurement method what is in line with human judgments but has better repeatability and
lower standard deviation. Automated measurements have another advantage as well over the
human judgments: the measurement itself needs much less time. This evaluation method should
be based on statistical methods applied by Nadal et al. [103] as well for evaluating color
difference distributions.
Based on the literature review it can be stated that an automated measurement system,
which works with significantly lower standard deviations, could be a step forward in this field
and could make it possible to investigate such phenomena which were not possible by human
evaluations. Having such a system, an experimental homogenization test could be executed
with different mixing equipment, which is currently missing from the literature. However, some
numerical studies are available for static mixers, they are not available for dynamic mixers at
all due to their extreme complexity. Furthermore, the effect of different injection molding
parameters could be cleared as well, since conflicting results are observed. By the introduction
of a standardized homogeneity measurement of masterbatches estimations could be made on a
certain injection molding setup for the inhomogeneity level of the molded parts. This could be
a definite improvement in the field of engineering the mixing efficiency of injection molding
machines, and developing better masterbatch receipts, and the role of injection mold design
could also be mapped by using a novel objective measurement method.
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By knowing the scientific background of this field, my dissertation has the following
aims:
–

the development of a measurement method, which can be used as a standard for
quantitative measurement and comparison of the effect of different equipment and
parameters on the color inhomogeneity of injection molded parts,

–

the quantitative comparison of the effect of static and dynamic mixers on color
inhomogeneity in case of injection molded parts,

–

the measurement of the effect of processing parameters on color inhomogeneity in
case of injection molded parts,

–

the analysis of the effect of static mixer diameter and element number on the color
inhomogeneity,

–

the characterization of the masterbatch receipts based on their homogenization
properties,

–

34

the analysis of the effect of mold design on perceived color inhomogeneity.
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3. Materials, machines and methods
In this chapter materials and machines that have been used for the tests are described.
The applied measurement method is discussed in chapter 4.1 and 4.2 in details, since the
development and the calibration of this method is an organic part of my own work and theses.

3.1. Machines used for test
Compounds have been produced on Labtech Scientific co-rotating twin-screw extruder
(Figure 13), which has the following technical specification:


maximum extrusion temp.: 400 °C,



maximum screw rotation speed: 800 1/min,



screw diameters: 26 mm,



volumetric dosing,



L/D ratio: 44,



rotation: co-rotating

Figure 13. Labtech Scientific twin-screw extruder

The twin-screw extruder was used only in chapter 4.6, where the effect of the multiple
compounding was verified. The screw rotation speed was 15 rpm in each compounding step.
The applied temperature profile can be seen in Table 1.
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Table 1. The applied twin-screw extruder temperature profile

Energy-dispersive X-ray spectroscopy (EDS) and Scanning Electron Micrographs
(SEM) were performed and taken with the help of a Jeol JSM 6380LA type electron
microscope. The used electron microscope is shown in Figure 14.

Figure 14. Jeol JSM 6380LA electron microscope

The injection molding has been performed on an Arburg Allrounder Advance 370S 700290 type (screw diameter 30 mm) injection molding machine (Figure 15). The injection
molding of the test specimens has been carried out with a fixed parameter set presented in
Table 2. All samples have been injection molded with these parameter sets unless otherwise
indicated.
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Figure 15. Arburg Allrounder Advance 370S 700-290 injection molding machine

Table 2. General injection molding parameters

For the digitalization of the samples an HP Scanjet G4010 and an EPSON Perfection V
600 Photo have been used. Their performance has been evaluated and compared. Figure 16
illustrates two digitized images, where image (a) contains, while image (b) does not contain any
color inhomogeneity which could be perceived by human eyes. The main focus area of this
work is the objective characterization of the differences visible between image (a) and (b) and
the practical application of such a method.
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(a)

(b)

Figure 16. Digitized image samples with color inhomogeneity (a) and without (b)

3.2. Materials used for test
The tested masterbatches in this work can be divided into two main groups. The first
group is the commercially available masterbatches, produced by three leading masterbatch
manufacturing companies such as Clariant, PolyOne and A. Schulman. These are referenced in
the following chapters as Pink (P), Light Yellow (LY), Yellow (Y), Dark Gray (DG), Light
Gray (LG), Orange (O), Red (R), Green (G) and Blue (B). Unfortunately, due to various
intercompany non-disclosure agreements the exact trade names and compositions of these
masterbatches cannot be disclosed in this work. The second group of tested masterbatches were
manufactured specifically for these tests also by one of the three suppliers. Generally, in the
test series all the applied masterbatches were formulated with an ABS carrier. The colorants
used in the specifically manufactured masterbatches are shown in Table 3.

Table 3. Colorants used in the specifically design masterbatches
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For injection molding a general-purpose ABS, Styrolution Terluran® GP-35 has been
used, which technical specification is shown in Table 4. This material is used in large amounts
in toys, electric and automotive components and household appliance manufacturing industries.
Furthermore, it is expected that the results and conclusions drawn from the investigations
carried out with this base material will be applicable to other types of polymers as well.

Table 4. Properties of Styrolution Terluran® GP-35 ABS
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4. Results and discussion
To find out the root cause of the inhomogeneities Energy-dispersive X-ray spectroscopy
(EDS) and Scanning Electron Micrographs (SEM) were performed and taken with the help of
a Jeol JSM 6380LA type electron microscope. Unfortunately, these methods did not help to
identify the root cause and characterize the mixing problems, which appeared on the injection
molded samples. Therefore, I have developed a new measurement method to objectively
characterize the color inhomogeneity level of flat test specimens. Using the developed software
and method, the effects of various process parameters and conditions have been tested on the
color inhomogeneity of injection molded parts, such as the effect of injection molding
parameters, the application of different static and dynamic mixers, the influence of masterbatch
homogenization properties and the effects from mold design.

4.1. Development of a novel measurement method
In the case of evaluating the root cause of color inhomogeneities, it is essential to
evaluate the mixing efficiency, which can be reached by the measurement of pigment size
distribution before and after the injection molding. If the pigment size distribution does not
show significant differences, then the dispersion is good enough, since there is no rupture and
erosion under these processing conditions which decreases the pigment sizes. A significantly
larger average pigment size before injection molding indicates that the dispersion is not good
enough, and during the injection molding process further erosion and ruptures of the pigment
particles take place. This is not ideal and might cause color inhomogeneities on the surface of
the molded parts.
I measured the cut surfaces of two pink color masterbatches from two different supplier.
SEM pictures were taken with the help of a Jeol JSM 6380LA type electron microscope. The
samples were coated with a very thin layer of Au/Pd alloy to avoid electrostatic charging.
However, the color inhomogeneity on the injection molded plates were quite different, the
scanning electron micrograph pictures were the same. Large chumps of TiO2 have been
recognized in both samples as illustrated on Figure 17. Unfortunately, from the results of this
measurement, it was not possible to differentiate between the two samples regarding
homogenization properties.
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a)

b)

Figure 17. TiO2 agglomerates in pink masterbatches: a.) Clariant, b.) PolyOne

In the test specimens produced white stripes were visible in the case of certain
masterbatches. To find the root cause of these color inhomogeneities, injection molded samples
were further analyzed. EDS was performed with the help of a Jeol JSM 6380LA type electron
microscope. The surfaces of the injection molded samples were investigated. The samples were
coated with a very thin layer of Au/Pd alloy to avoid electrostatic charging. The EDS analysis
of the samples showed the presence of Ti, which suggests that the samples contain a significant
amount of TiO2. This could be an explanation of the appearance of white stripes. Unfortunately,
the results showed that the TiO2 particles were evenly distributed around the area of the stripes
(Figure 18) on the surface of the observed injection molded specimens.

a)

b)

Figure 18. Microscopic (a) and EDS (b) analysis of the area of the stripes
Based on these measurements I could not differentiate between the masterbatches,
therefore I needed to find another method to describe homogenization properties. Since there
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were not many scientific papers dealing with color homogeneity evaluations, I have decided to
develop a method which can be applied to evaluate injection molded flat specimens.

Figure 19. Flowchart of the novel homogeneity evaluation method

The developed method was based on the following steps: injection molding of the test
specimens, digitizing the samples, masking the ejector pins and black dots, and the evaluation
of the scanned images by an own developed algorithm (Figure 19). These steps were applied in
every single test described in this dissertation. The flatbed scanner used in these tests was a
commercially available high-end scanner, while the injection mold and the software have been
developed in this work and are described in the following chapters.

4.1.1. Development of the injection mold for inhomogeneity tests
For the color inhomogeneity evaluation tests, a mold was built to produce 80x80 mm
flat shape specimens. The mold (Figure 20) has exchangeable inserts to be able to produce
sample parts with different gates (standard, film, and also multiple gates), with different mold
surface finishes (polished, fine eroded, rough eroded) and different thicknesses (0.5-4 mm).
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Figure 20. Test mold with different gate inserts (standard, film, and also multiple gates),
and different mold surface finished cavity inserts (polished, fine eroded, rough eroded)

All the different gate types, surface finishes and wall thicknesses have a significant
influence on the surface quality, thus on the color homogeneity and appearance of the parts. For
instance, the finer the mold surface, the more visible the surface problems can be.

“F1” type

“F2” type

“MS” type

“S” type

Figure 21. Various gate types (F1: standard film gate; F2: special film gate; MS:
multiple standard gate; S: standard gate) used in the exchangeable gate insert mold

The multiple gates will generate weld lines that may have even more visible problems
on the surface. The mold applies special ejector system, which works on the whole part surface
area eliminating the surface defects that may come from the ejector pins. For the tests flat
specimens with different wall thicknesses (1.2 mm – 2.0 mm) were injection molded on an
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Arburg Allrounder 370S 700-290 injection molding machine using different surface finished
inserts (Ra = 0.1, 1.6, 6.3) and various gates, such as the standard film gate (F1), the special
film gate (F2), the standard gate (S) and the multiple standard gate (MS), which are illustrated
on Figure 21.

4.1.2. Development of the evaluation algorithm
1. generation
The first generation evaluation algorithm was incorporated into a software illustrated on
Figure 22. It used to evaluate the digitalized images from the RGB color coordinates of the
pixels. It divided the image to 10 by 10 areas (Figure 23).
The algorithm calculated the differences from the average RGB color coordinates at
every pixel, and calculated the product of the ΔR, ΔG and ΔB values, and determined the average
of these products in each area. The software could derive the inhomogeneity value of a given
picture by averaging the values of the worst few areas. The software allowed to manually
change from 1 to 10 how many of the first worst values should be taken into account when
calculating the inhomogeneity value. It could visualize the results of the different areas on a 10
by 10 matrix, called “Local difference map”, where the red areas meant the highest and the
white areas the lowest inhomogeneity areas (Figure 23).

Figure 22. The first generation of the evaluation software
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Figure 23. Inhomogeneity results visualized on a 10 by 10 matrix by the first generation
software (Local difference map)

These values had been pulled to a 0 to 10 scale by the help of a sigmoid curve
transformation (Eq. 27) which is illustrated on Figure 24.
𝑓(𝛥𝑅𝛥𝐺𝛥𝐵) = 10 −

10
𝛥𝑅𝛥𝐺𝛥𝐵
𝑝1 ⋅𝑙𝑛
𝑝2
1+𝑒

,

(27)

where P1 and P2 are the fitting constants which are influencing the scaling of the sigmoid curve.

Figure 24. The sigmoid curve on a 0 to 10 scale
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2. generation
In the second generation evaluation algorithm the image analyzer software used Lab
color coordinates in order to objectively characterize the uneven color of injection molded
products. Because the Lab color system approximates the human vision, the RGB color system
of the pictures of the scanned samples was conversed to Lab color system. This consisted of the
following steps.
First the RGB values were normalized by dividing the RGB values of each pixel (P) by
255 (Eq. 28).
𝑃[𝑅𝑁 , 𝐺𝑁 , 𝐵𝑁 ] =

𝑃[𝑅,𝐺,𝐵]

(28)

255

The normalized RGB values were linearized using the inverse sRGB compounding function
(Eq. 29).
𝑃[𝑅𝑁 ,𝐺𝑁 ,𝐵𝑁 ]

𝑃[𝑟, 𝑔, 𝑏] = {

12.92

,

𝑃[𝑅𝑁 , 𝐺𝑁 , 𝐵𝑁 ] ≤ 0.04045

𝑃[𝑅 ,𝐺 ,𝐵𝑁 ]+0.055 2.4
( 𝑁 𝑁1.055
) ,

𝑃[𝑅𝑁 , 𝐺𝑁 , 𝐵𝑁 ] > 0.04045

(29)

The r, g, b values were transformed into XYZ color system (Eq 30).
𝑃[𝑋, 𝑌, 𝑍] = 𝑀 ⋅ 𝑃[𝑟, 𝑔, 𝑏],

(30)

where 𝑀 transformation matrix is as follows:
0.4887180
𝑀 = [0.1762044
0.0

0.3106803
0.8129847
0.0102048

0.2006017
0.0108109].
0.9897952

(31)

The XYZ color system is transformed into Lab color system using Eq 32-34.
𝐿 = 116 ⋅ 𝑓𝑌 − 16,

(32)

𝑎 = 500 ⋅ (𝑓𝑋 − 𝑓𝑌 ),

(33)

𝑏 = 200 ⋅ (𝑓𝑌 − 𝑓𝑍 ),

(34)

where
3

𝑓𝑖 =

𝑖

𝑖

𝑅

𝑖𝑅

√𝑖 ,
𝑖
⋅𝜅+16
𝑖𝑅

>𝜀
,

(35)

𝑖

, 𝑖 ≤𝜀
𝑅
{ 116
𝑖 = {𝑋, 𝑌, 𝑍}, 𝑖𝑅 = {𝑋𝑅 , 𝑌𝑅 , 𝑍𝑅 } = {1,1,1} is the reference white, κ=24389/27 and ε=216/24389.
Using the calculated Lab values of the pixels, a moving window scans the picture, and at every
(i, j) position of this window the mean color coordinates are calculated (𝑎𝑖,𝑗,𝑘 ), where k is the
size of the window (Figure 25).
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Figure 25. The moving window on the image

The window size (k) could be varied from 1 to the maximum size of the picture. A matrix can
be generated from the mean color coordinates as follows (Eq. 36-38):

𝐴𝑖,𝑗,1

𝐴𝑖,𝑗,2

𝑎0,0,1
𝑎
= 0,1,1
⋮
[𝑎0,𝑗,1

𝑎0,0,2
𝑎0,1,2
=
⋮
𝑎0,𝑗−1,2
[ 𝑛. 𝑎.

𝑎1,0,1
𝑎1,1,1

⋯
⋱
⋯

𝑎1,𝑗,1

𝑎1,0,2
𝑎1,1,2

⋯

𝑎𝑖,0,1
𝑎𝑖,1,1
,
⋮
𝑎𝑖,𝑗,1 ]
𝑎𝑖−1,0,2
𝑎𝑖−1,1,2

⋱

(36)

𝑛. 𝑎.
𝑛. 𝑎.
⋮ ,
𝑛. 𝑎.
𝑛. 𝑎.]

𝑎1,𝑗−1,2
𝑎𝑖−1,𝑗−1,2
𝑛. 𝑎.
⋯
𝑛. 𝑎.
𝑎0,0,𝑘 𝑛. 𝑎. ⋯ 𝑛. 𝑎.
𝑛. 𝑎.],
𝐴𝑖,𝑗,𝑘 = [ 𝑛. 𝑎. 𝑛. 𝑎.
⋮
⋱
⋮
𝑛. 𝑎. 𝑛. 𝑎. ⋯ 𝑛. 𝑎.
where the elements of the matrix can be calculated as follows (Eq. 39):
𝑗+𝑘−1

∑𝑖+𝑘−1
∑𝑦=𝑗
𝑥=𝑖

(37)

(38)

𝑃[𝐿,𝑎,𝑏](𝑥,𝑦)

𝑎𝑖,𝑗,𝑘 =
,
(39)
𝑘2
where i and j are the position of the moving window within the whole picture, k is the width
and height of the moving window, and x and y are the local coordinates within the moving
window.
For all window sizes and positions, the Euclidean distance of each pixel from the mean
color coordinates (𝑎𝑖,𝑗,𝑘 ) in the given window were calculated. For each window, the average
Euclidean distance has been calculated by Eq. (40).
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𝑗+𝑘−1

∑𝑖+𝑘−1
∑𝑦=𝑗
𝑥=𝑖

√∑𝜀=𝐿,𝑎,𝑏{𝑃[𝜀](𝑥,𝑦)−𝐴[𝜀](𝑥,𝑦)}2

𝑀𝐷𝑖,𝑗,𝑘 =
.
(40)
𝑘2
In the Lab color space, the distance of two colors are independent from the reference
white, therefore it was not necessary to measure that. However, it is possible to execute these
calculations in case of k = 1, it has no practical importance since in this case all the calculated
MDi,j,k values are going to equal to zero. In case of k ≥ 2 values, the lower the MDi,j,k value is,
the more even the color of the sample in the area covered by the moving window is. Moving
the window pixel by pixel, the software can locate the area having the highest MDk value which
is called HMDk. If the size of the moving window is equal to the image size in pixels, a global
MD value (GMD) can be obtained. The software calculates the HMDk values for different
window sizes which can be compared to human evaluations.

4.2. Testing and calibration of the measurement method
To investigate color inhomogeneity in injection molded parts objectively, it is
fundamentally important to have a measurement system which is fast enough, works with
relatively small standard deviation and produces results which correlates with human
inhomogeneity perception. Unfortunately, at least two of these criteria cannot be fulfilled by
human inspections, since human decision incorporates a huge uncertainty. The only way to
reduce this uncertainty is to increase the number of inspectors and average their results, which
slows down the evaluation process. Due to these issues, it seemed necessary to develop an
automated method, which reassuringly fulfills the criteria of being fast, working with low
standard deviation and correlates well with human inhomogeneity perception.
From the two different evaluation algorithms described in Chapter 4.1.2 the second has
been chosen and applied in the further measurements, because its much higher correlation with
human visual evaluations as it can be seen in Figure 26. The second method has reached a
correlation peak around R=0.95 under special conditions which are presented and discussed in
chapter 4.2.2. Furthermore, the second algorithm has been proved to be more robust in case of
giving the exact same results when the artificial inhomogeneities were moved to various areas
on the image, while the first version gave different results.
We asked six color technicians to evaluate the homogeneity of the samples that were
used for the calibration of the software we developed. Three of these individuals worked in
Hungary and three in Denmark for an international injection molding company in a color
technician or quality assurance position and all have at least 2 years of related experience. Three
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of them were males and the other three were females. Their job included examining the visual
appearance of injection molded samples similar to the ones in our tests, in shape, material and
size with special attention to color inhomogeneity. The tests were conducted in the laboratory
at the company, where the specimens were examined in a SpectraLight QC lightbox, in D65
lighting, from a distance of 30–40 cm, perpendicular to the samples. For the scoring the
technicians were only given instructions to rate the specimens on a scale from 0 to 10, in which
0 means visibly homogeneous and 10 means extremely inhomogeneous. Based on these
instructions, the technicians considered a sample without stripes and looking homogeneous as
faultless (0 points), while strongly striped specimens, which were unacceptable by all standards,
were given 10 points. Based on the scores of the samples the company decided if the given
masterbatch was suitable and could be used in production. The technicians were also told to
ignore ejector marks and their close environment, the film gate area, cavity numbering and its
environment and black dots from contamination. For the correlation calculations an average of
the six human scores was used. The averages of the technicians’ scores correlated well with our
software scores, but there were huge differences between the scores of the individual
technicians.

First version algorithm

Second version algorithm

Figure 26. The correlation of the two evaluation methods with human scores

Two different commercially available high-end Epson and HP flatbed scanners have
been evaluated as well, since it has been experienced that the sharpness of the image influences
the measured inhomogeneity values. First the HMD values have been measured with both
scanner types (Figure 27).

49

László Zsíros

Figure 27. The HMD values as a function of the window size with Epson and HP flatbed
scanners

This suggested that the HP scanner provides sharper images. To analyze further the
differences between the two scanners the signal to noise ratio have been evaluated. This has
been approximated by the ratio of the HMDk value and the GMD value as a function of the k
window size. After measuring the signal to noise ratio of the two scanners it turned out, that
both scanners are basically identical from our measurement point of view (Figure 28). This
means that above 18 pixels window size both scanners could be used for our measurement
purposes and could provide the same precision, but with different calibrations, discussed more
detailed in chapter 4.2.2.

Figure 28. The Signal/Noise ratio as a function of the window size with Epson and
HP flatbed scanners

The HMD values have been measured and evaluated as a function of the scanning
window sizes (described in chapter 4.1.2), which was measured in normalized pixels, since in
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a different DPI resolution the same absolute dimensions of inhomogeneities will result different
number of pixels. As Figure 29 shows with the 100 DPI resolution some of the fine details of
the inhomogeneities have been smoothed out, which resulted generally lower values. The 150
DPI digitization series showed somewhat better results, while the best and most robust results
could be obtained with the 200 DPI and 300 DPI resolutions. It can also be seen that with the
400 DPI and the 500 DPI series the curve flattened out. Based on these results the 200 DPI
resolution has been preferred in the coming measurements, since there was no significant
difference in the precision and robustness compared to the 300 DPI, but the necessary
computation time during the evaluation of the digital images was less than half in case of the
200 DPI images. This measurement was executed on the HP Scanjet G4010, but I would expect
very similar results on the Epson flatbed scanner as well based on the conclusions from
Figure 28.

Figure 29. HMD values as a function of window size in normalized pixels

4.2.1. Reliability and repeatability test of the measurement method
Samples have been injection molded with different parameters, and the samples were
scanned. The default injection molding parameters were the following: 700 kN clamping force,
225°C melt temperature, 55 cm3/s injection rate, 127.5 s residence time and 40°C mold
temperature. Three tests were executed, and in each test only 1 parameter was changed to a low,
a medium and a high value. In the first test, the injection rate was set to 10 cm3/s and 100 cm3/s
next to its base value, and the measured inhomogeneity values were compared to human
evaluations (Figure 30). The samples were evaluated by the software with 3 different window
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sizes, k=11 pixels, k=21 pixels and k=31 pixels, which are κ=1.4 mm, κ=2.6 mm and
κ=4.0 mm in absolute dimensions considering the 200 DPI resolution of the digitization. It can
be seen that an increase in the injection speed resulted not only in decreased inhomogeneity,
but also a decrease in the standard deviation of the measured values. It also shows that
measurements correlated quite well with human scores.

Figure 30. Inhomogeneity as a function of injection molding rate and window size (κ)

Figure 31 shows the effect of residence time on the measured inhomogeneity values. It
can be seen that neither human evaluations nor the automated method showed any significant
change. The software scores and the human scores correlate well, except in the case of the 1.4
mm window, meaning that the software is more sensitive to small scale defects than the humans.

Figure 31. Inhomogeneity as a function of residence time and window size (κ)

Among the tested parameters, the barrel temperature change had the biggest influence
on visually observed and measured inhomogeneity (Figure 32). Although this, the software is
less sensitive to melt temperature change than the human evaluations.
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Figure 32. Inhomogeneity as a function of barrel temperature and window size (κ)

Due to the high standard deviation of the color inhomogeneity, it was necessary to
evaluate the error sources. These errors may originate from human factors in the case of the
human evaluations, and the digitalization process in the case of the software evaluation, in
addition to variations arising from the injection molding process. The measurement
uncertainties of the injection molding process, digitalization process and the evaluation are
independent, thus the uncertainty of the whole process can be calculated according to Eq. (41).
2
2
2
2
𝜎𝑡𝑜𝑡𝑎𝑙
= 𝜎𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛
+ 𝜎𝑑𝑖𝑔𝑖𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛
+ 𝜎𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛

,

(41)

where σ2total means the squared standard deviation of the whole process, σ2injection, σ2digitization and
σ2evaluation are the square of the standard deviations originated from the injection molding,
scanning and evaluation. Since in the automated measurement system the evaluation is done by
a computer algorithm, its standard deviation is zero. σ2total and σ2digitization were measured
directly, while σ2injection has been calculated. For measuring σ2total 100 samples have been
injection molded under identical circumstances, then scanned and evaluated. For measuring
σ2digitization one injection molded sample has been chosen (which inhomogeneity level was close
to the average of the 100 previously evaluated samples), scanned and evaluated by the software
100 times (Figure 33). The number of sampling was chosen to 100 to secure a less than 10%
uncertainty of each calculated standard deviation.
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Figure 33. Normalized standard deviations of the scanning and the total process as a
function of the window size

The standard deviation derived from the injection molding process is about three times
higher than the standard deviation of the scanning (Figure 34). Under a certain window size
(~0.65 mm, 5 pixels) the standard deviation derived from the scanning is increasing drastically,
thus the calculations must exclude the values derived from the window sizes under this limit.
On the measured standard deviations, a power function curve has been fitted excluding the
results from the 5 pixels and smaller window sizes. Its only purpose was to visualize the
increasing or decreasing nature of the results without any physical meaning. It can be seen that
except for some uncertainties the standard deviation of the measurement is increasing with the
window size. The scanning process was further investigated by involving two different types
of commercially available high-end scanners measuring 65 samples on each. It was found that
the difference between the standard deviations of those scanners are as high as 15%, thus an
optimized digitization method – such as a professional scanner or a photo camera based system
– could further improve the measurement repeatability. Comparing the standard deviation
results, it was proved that the human inspection resulted in one order of magnitude higher
standard deviation than the new method.
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Figure 34. Ratios of σtotal/σdigitization as a function of window size

4.2.2. Calibration of the software to the human evaluation values
Since it has been experienced that there is good correlation between the human visual
evaluations and the calculated software scores, and it is different in the case of the 1.4 mm, 2.6
mm, and the 4.0 mm window sizes (Figure 25), I have calculated the correlation for all possible
window sizes with the pink masterbatch (Figure 35).

Figure 35. The correlation of the HMDk values with human scores as a function of the
window size (pixel)

As earlier investigation showed the correlation of the HMDk values with human evaluation
changes as a function of the window size. Figure 35 shows that in the very small and very large
window range – less than 5 pixels, and more than 250 pixels – the correlation is decreasing
significantly. The correlation values between 5 and 250 pixels have not been influenced much
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by the window size, however around window size of 28 pixels, it showed a maximum
correlation value of R=0.83 (Figure 35).
Reference test specimens have been injection molded from precolored materials with
various colors. The reference tests showed, that even though human eyes could not find any
color inhomogeneities on the samples, the software showed a small, but consistent color
inhomogeneity which was derived from the scanning process. These small color
inhomogeneities from the precolored materials were varying with the different colors. These
values correlated well to the color inhomogeneity values calculated for the maximum pixel size
window (GMD) of the masterbatch colored samples. Therefore, HMD values have been
corrected with GMD values to enable the comparison of different colors regarding color
inhomogeneity values. By depicting the corrected software scores (CMD=HMD-GMD) against
the human scores (Figure 36) it can be stated, that a good correlation does exist, however it is
not linear. In Figure 36 CMD values have been calculated for 35 pixel window size, because
the correlation showed a maximum at this location (R=0.86).

Figure 36. The corrected software scores (CMD) of each color as a function of human
scores

Since according to the Weber-Fechner law [104] human perceptions are generally
proportional to the logarithm of the stimuli, I have investigated the correlation change, if a
logarithmic transformation is applied to the CMD values. The correlation figures of the HMD
and CMD values and their logarithmic transformations can be seen in Figure 37.
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Figure 37. The correlations of the HMD and CMD values and their logarithmic
transformations as a function of window size

The log(CMD) values showed the highest correlations, and its correlation curve peaked at
around 34-35 pixel window size with a maximum value of R=0.95. In Figure 38 the IHS
(inhomogeneity scores), which are linear transformation of the logarithmic corrected values,
have been drawn as a function of the human scores. This linear transformation is represented in
Eq. 42.
𝐼𝐻𝑆 = 𝐶1 (𝑙𝑜𝑔(𝐶𝑀𝐷) + 𝐶2 ).

(42)

The constants C1 and C2 didn’t have any effects on the correlation values. The aim of these
constants was only to pull the IHS values to a similar scale as the human scores. The constant
values – that are needed to reach similar scale in case of the software scores – are dependent on
several factors such as the noise and sensitivity of the flatbed scanner, and the color and
inhomogeneity preferences of the human inspectors.

Figure 38. The correlation of the human scores and the logarithm of the corrected
software scores at 35 pixel window size
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In Figure 38 C1=5, C2=1 values have been applied to calculate the IHS values (Eq. 42). Figure
38 illustrates well that human inhomogeneity sensation is proportional to the IHS (logarithm of
the standard deviation of the Euclidean color differences in Lab color space).

4.3. Quantitative comparison of different mixers
I have evaluated the color homogenization effect of different types of dynamic and static
mixers applying the novel measurement method. In this test 3 different screw tips and a series
of static mixers have been compared. The applied injection molding parameters were according
to Table 2, and they have been kept constant during the tests. A simple non-return valve can be
seen in Figure 39. From its simple design it can be assumed that this type of screw tip has the
lowest homogenization effect, what is in line with the measured values as well.

Figure 39. A simple non-return valve

Figure 40 shows an Arburg general purpose screw tip, which was among the tested
mixer types as well.

Figure 40. The Arburg general purpose screw tip

As a reference the mixing effect of a StaMixCo SMN 22-5 static mixer has been
measured. Number 22 in the name of the static mixer means the inside diameter of the mixer
elements, and number 5 means the number of the elements built into the mixer case (Figure 41).
This type of static mixer was chosen based on the preliminary tests in which it has been
experienced that this type can produce some homogenization without generating too much shear
heat, so the degradation of the material could be avoided.
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Figure 41. StaMixCo SMN 22-5 static mixer

The last tested mixer type is a special dynamic mixer built into a non-return valve, what
is very similar to the TMR mixing screw tip. These types of dynamic mixers have the advantage
of providing additional mixing efficiency without decreasing the effective screw length. The
tested type can be seen in Figure 42.

Figure 42. A special dynamic mixer built into a non-return valve

The results of the measurement can be seen on Figure 43.

Figure 43. The effect of different mixer types on the color inhomogeneity
(A: Simple non-return valve, B: Arburg screw tip, C: SMN 22-5 static mixer,
D: Special dynamic mixer, E: Compounded material)
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As Figure 43 shows, the worst results were obtained from the samples injection molded
with the simple non-return valve (Figure 39), while the Arburg screw tip produced significantly
better results. The best results could be generated by the application of the special dynamic
mixer (Figure 42), built into the screw tip. Its results were close to the compounded material.
The tested static mixer type (Figure 41) did not show any significant improvement compared
to the results measured by the Arburg screw tip. This is very interesting since the injection
molding machine was equipped with an Arburg screw tip, when the static mixer has been tested,
therefore additional mixing effect was expected. However, there is a slight difference in the
averages, it has been proven to be insignificant on 95% confidence level with two sample t-test.
This might be because of the not ideal number and diameter of the static mixer, so it has been
decided to test a set of static mixers with different diameters and element numbers to figure out
their effects on the mixing performance.

4.4. Overall evaluation of static mixers
In this investigation I have compared diameter 18, 22 and 27 static mixers with 5, 7 and
8 elements. Pressure drop has been analyzed besides the mixing efficiency of these mixers.
During the testing of the different mixers fixed injection molding parameters were used
(Table 2). The tested combinations can be seen in Table 5.

Mixing
elements
number

Inner diameter [mm]

5
7
8

18

22

27





 
 
 

Table 5. The tested static mixer diameter and element number combinations

Inhomogeneity figures are plotted against the number of elements in case of each
diameter on Figure 44. The first conclusion from this figure is that the inhomogeneity level is
decreasing proportional to the number of elements in this region, and the slope of the fitted lines
depend on the diameter of the static mixer. Furthermore, it can be concluded, that under a set
of injection molding conditions there is a certain diameter which cannot be exceeded, otherwise
no mixing effect can be noticed on the injection molded elements. In our case this critical
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diameter is 27, so it is necessary to choose diameter 22 or 18 to be able to obtain significant
improvements in the homogeneity level by applying static mixer elements. The explanation for
the diminishing effect is that the shear rates are significantly decreasing in case of larger static
mixer diameters which results in less effective dispersive mixing capabilities.
Furthermore, under these conditions the inhomogeneity change can be described by
Eq. 43, where ΔIHS is the change of the inhomogeneity score, K is the static mixer element
constant and n is the element number in the given static mixer. The K constant shows how much
homogeneity improvement can be expected in case of increasing the static mixer element
number by one. This allows the homogeneity level of the injection molded parts to be calculated
after the calibration of the test setup.
∆𝐼𝐻𝑆 = 𝐾 ∙ 𝑛

(43)

The K constant is influenced by the measurement conditions, however, under fixed
circumstances such as the digitization method and the injection molding parameters the constant
is only dependent on the size and the design of the mixer element which determine the actual
shear rates occurring in the static mixer elements during the flow of the melted plastic.

Figure 44. The effect of static mixer diameter (Ø18; Ø22; Ø27 mm) and element number
(0; 5; 7; 8) on the homogeneity

The pressure loss on static mixer elements was measured and compared to simulation
results. During the measurements and also the simulations constant technological parameters
were used, which are presented in Table 2.
In the filling phase the pressure losses were analyzed by simulation software. The
simulation model consists of the flow path of the polymer melt in the barrel and along the static
mixers, the nozzle, the sprue, the runner and the plate parts (Figure 45). The inner geometry of
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the mixing elements was modeled according the results of computer tomography analysis. The
mixing elements, and the interior of the barrel were set as hot runner system. The models were
meshed with tetrahedral elements with an edge length of 0.5 mm, and a minimum of 6 elements
across the thickness.

Figure 45. Part design with 8 mixing elements for simulation

The pressure curves of the filling stage for the injection molding experiments and for
the simulations are presented on Figure 46. It can be stated that the peak filling pressure is
increasing with the number of the mixing elements.

b)
a)
Figure 46. Pressure during the filling stage, using 5, 7 and 8 number of static mixing
elements at the case of injection molding (a) and simulation (b) (diameter: 22 mm)

The pressure drop was further investigated by using the 8 element based static mixer as
a reference. Figure 47 shows the pressure differences between the 8 element mixer and the
conventional nozzle (without mixer) as a function of the time. It can be stated, that the measured
pressure differences between the different numbers of mixing elements are in a good correlation
with the simulation results, only 5-10 bar difference can be observed.
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Figure 47. Injection pressure differences between the 8 element mixer and the
conventional nozzle at the case of injection molding and simulation (diameter: 22 mm)

Figure 48 shows the comparison of pressure differences between the 8 and 7, and
between the 8 and 5 elements of mixers. Using an additional element, the pressure requirement
increased only by 20 bars, and using 3 additional elements 60 bars pressure increment was
detected. It can be also observed that the pressure differences decrease close to the end of fill.
This characteristic is caused by the polymer melt warm-up during the filling stage, therefore its
viscosity decreases, and the molecules of the polymer melt could degrade. Simulation software
cannot handle this warm up phenomenon yet. The simulations resulted in smaller differences
compared to the injection molding tests (Figure 48/a, Figure 48/b).

80

Measured dp(5,8)

Measured dp(7,8)

60

40
20
0

Pressure difference [bar]

Pressure difference [bar]

80

Simulation dp(5,8)
Simulation dp(7,8)

60

40
20
0

0

0.2

0.4
Time [s]

0.6

0.8

0

0.2

0.4
Time [s]

0.6

0.8

Figure 48. Injection pressure differences between the different number of mixing
elements at the case of injection molding (a) and simulation (b) (diameter: 22 mm)

Even though simulations resulted in some differences compared to real measurements
caused by certain simplifications in the simulation software algorithm, the results were
considered precise enough to be used for further studies. Simulations were carried out for static
mixers with 4, 5, 6, 7 and 8 mixing elements and with a diameter of 18, 22 and 27 mm. The
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pressure differences were analyzed in the filling stage, where the reference was the static mixer
with 8 mixing elements. The average pressure was calculated in the steady-state flow, between
0.1 and 0.6 seconds. The static mixers were characterized with these pressure drops, which are
directly proportional to the number of mixing elements. On a single 22 mm diameter mixing
element the pressure drop was 18 bars, while the simulation shows 14 bar. The calculated
pressure drops for the 18, 22 and the 27 mm static mixers were 19, 14 and 10 bar respectively
(Figure 49). The deviation between the measurements and the simulations is caused by the
simplifications applied by the simulation software.

Pressure drop [bar]
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Figure 49. Pressure drop caused by static mixers with different inner diameter
as a function of mixing element number

By summarizing the effects of the inner diameter and element number of the static
mixers on the color inhomogeneity and on the pressure drop, an alignment chart can be plotted
(Figure 50). This diagram was designed according to the measurements and simulation results.
From this diagram the pressure losses and mixing efficiency can be easily determined for a
given mixer. On the other hand, the mixer units can be also compared. It can be stated that from
the investigated static mixers the mixer with 18 mm diameter and with six elements give the
best results regarding mixing efficiency. It causes the same effect of homogeneity as the mixer
with 22 mm inner diameter and with 8 elements, but the 18 mm mixer cause lower pressure
drop. However, the best homogenization characteristics could be obtained by the 18 mm static
mixers containing 7 and 8 elements, their pressure loss were over 125 bars, and caused
significant increase in the measured melt temperature as well.
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Figure 50. Alignment charts for the static mixers as a function of the pressure drop
and mixing efficiency

Generally, it can be concluded from these results that static mixers should not be used
if there are any constrains in the injection molding process regarding injection pressure or melt
temperature. Furthermore, significant homogenization improvement is available only by those
types which generates 100 bars pressure loss or more. In these cases, reoptimization of the
original injection molding process might be necessary. Considering the results and conclusions
from chapter 4.3 as well, a well-designed dynamic mixer can be a better option to improve the
color homogeneity of the injection molded parts in case of heat sensitive materials or limitations
in the injection pressure.

4.5. The effect of injection molding parameters on the color inhomogeneity
The injection molded samples have been produced based on the parameter sets showed
in Table 6. Residence time was controlled by altering the pause time according to Table 6.
Switch-over position was altered to reach the same volumetric filling levels, and the injection
pressure varied accordingly based on the current pressure needs of a certain parameter set. To
determine the most influencing parameters on the color inhomogeneity, a DOE has been
performed using the Pink masterbatch on the following parameters: screw rotation speed, back
pressure, mold temperature, barrel temperature, injection rate and residence time. The effect of
these six variants were investigated on three levels according to a Box-Behnken design. From
the investigated parameters, only the barrel temperature and the injection rate had significant
effects on the color inhomogeneity, while the residence time showed a significant cross effect
with the barrel temperature according to the ANOVA. This cross effect (Figure 51) can be
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explained by the injection molding failures which occurred due to the not ideal injection
molding conditions such as the injection of degraded or unmelted material into the mold.

Table 6. Injection molding parameters and their ranges used for the experiments

Based on these findings various masterbatches were further investigated regarding the
effect of the barrel temperature, injection rate and residence time on all three levels mentioned
in Table 6. In the further test series, the effects of injection molding failures due to the extremes
of the process window have been tried to be eliminated, so the tests have been performed on a
barrel temperature of 225°C, except for the investigation of the effect of the barrel temperature
itself.

Figure 51. The cross effect of the barrel temperature (D: 190°C, 260°C) and the
residence time (F: 170 s, 85 s)

Based on the preliminary results from ANOVA, only the parameters with significant
effects, such as barrel temperature (Figure 52), injection rate (Figure 53) and residence time
due to its cross-effect (Figure 54) have been further investigated. The test series have been
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performed on 4 different masterbatches, such as Red, Orange, Pink, and Dark Gray produced
according to different receipts. In this series the effect of the receipts has not been in scope
(investigated in chapter 4.6), only the effect of the selected injection molding parameters on the
different masterbatches.
It can be seen from Figure 52 that the barrel temperature had an effect only in the cases
of Pink and Orange masterbatches. Their inhomogeneity increased with the temperature, while
in the case of the other two there were no significant changes. Figure 53 showed similar results,
since again only Pink and Orange colored samples showed decreased inhomogeneity levels at
higher injection rates, while the Red and the Dark Gray samples did not show any differences.
Based on Figure 54 it can be stated that under normal processing temperatures the residence
time does not have any significant effect on the color inhomogeneity.

Figure 52. The effect of barrel temperature on the color inhomogeneity in case of
different masterbatches (R, O, P, DG)

Figure 53. The effect of injection rate on the color inhomogeneity in case of different
masterbatches (R, O, P, DG)
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Figure 54. The effect of residence time on the color inhomogeneity in case of different
masterbatches (R, O, P, DG)

Results show that the injection molding parameters had different effects on the different
masterbatches, however these masterbatches could be separated into two different groups based
on their behaviors. The Orange and the Pink masterbatch could be put into one group, since
their inhomogeneity level changed with the melt temperature and the injection rate in the same
directions. However, the exact recipes cannot be disclosed, we know that the Orange and the
Pink masterbatches were formulated on a dye + TiO2 basis. The Red and Dark Gray could be
the second group, since they did not show any significant differences caused by the investigated
masterbatches. The exact recipes are under non-disclosure agreements as well, but it is also
known in these cases that Red is formulated with an organic pigment + TiO2, while the Gray
with carbon black + TiO2. It can be noted also, that the masterbatches in the second group had
generally lower scores (better homogeneities, discussed and investigated in more details in the
following chapters). This can be a consequence of a better dispersion of pigments, or a more
favorable interaction between the masterbatch components as well, what is further investigated
in the next chapter.

4.6. The effect of masterbatch properties on the color inhomogeneity
Based on the different behavior of the different masterbatch receipts experienced in
chapter 4.5, it has been decided to further investigate the differences caused by the components
of the masterbatches, since it was not clear what could be the root cause of these differences.
The concrete test setups, components and concentration ranges were worked out and aligned
with the three leading masterbatch manufacturing companies such as Clariant, PolyOne and A.
Schulman. In the first test series eight so called monobatches have been evaluated. Each of
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these monobatches contained only one pigment or dye (also referred as solvent) in a
concentration which is typical to that specific colorant type. The different colorant types and its
applied concentrations can be seen in Table 7.

Table 7. Monobatches with different colorant types and concentrations

Basically, two different colorant group has been tested, blue and red. Each colorant
group consisted of a masterbatch created from a dye, an organic and an inorganic pigment. On
top of these, each group contained one or two special monobatches (referred as Mono in Table
7). They are called mono, since before the formulation of the premixes these pigments were
already dispersed in a monobatch, however, in a higher concentration, while others were
dispersed during the formulation itself.

Figure 55. Homogenization properties of different monobatches (1: Red dye, 2: Red
organic, 3: Red Mono 1, 4: Red Mono 2, 5: Red inorganic, 6: Blue dye, 7: Blue organic,
8: Blue Mono, 9: Blue inorganic)
As a result of these tests it needed to be concluded, that the different colorant types itself
are not fully responsible for the inhomogeneity of the masterbatches created from them. The
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homogeneity levels of the different samples created with these special masterbatches are not
showing as much variance as it was experienced earlier (Figure 55). This has suggested that the
huge differences cannot be explained only by the differences between the specific colorant
homogenization properties itself, but the interactions between the masterbatch components
which might have huge influence on the phenomena. This was tested in special pink colored
masterbatch containing 5-6 different components, in which only one component or its content
has been changed at a time. The composition changes are shown in Table 8.

Table 8. The modified versions of a special pink colored masterbatch

Samples colored by the different versions of this pink masterbatch have been measured
and compared with two sample t-test on 95% confidence level. It showed that the granule size
of the masterbatch has no significant effect at all on the homogenization properties (Figure 56).
The average weight and standard deviation of the normal granules were 20.41 ± 0.21 mg, while
the mini granules average weight and standard deviation were 7.21 ± 0.13 mg.

Figure 56. Homogenization properties of masterbatches with different granule sizes
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Figure 57. The effect of the amount of additive in the masterbatch on the
homogenization properties

It could be seen that the amount of additive is not influencing the homogeneity either,
even though it was overdosed by more than ten times to the original rate (Figure 57).
Furthermore, two different types of TiO2 grades have been tested with both organic pigments
and dyes (Figure 58). It was concluded that neither with solvents nor with dyes did not cause
any significant differences the change of TiO2 grades in the homogeneity level of the test
specimens. However, there was a consequent difference between the masterbatch receipts
created from organic pigments and from solvents, which can also be seen in Figure 58.

Figure 58. The effect of different TiO2 grades on the color inhomogeneity
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Furthermore three different additive types have been tested (marked as A1, A2, A3 in
Table 8) with dyes, and contrary to original expectations they also did not cause any significant
differences in the homogeneity level (Figure 59).

Figure 59. The effect of different additive types in solvent based masterbatches
containing TiO2 pigments

It was concluded based on the data illustrated on Figure 58 that organic pigment based
masterbatches performed better regarding homogenization properties compared to the solvent
based masterbatches in the presence of TiO2 generally. With increasing the amount of wetting
agent in the organic pigment based masterbatch receipts it was possible to further improve the
homogeneity of the injection molded specimens (Figure 60). The decrease in the investigated
wetting agent proportion range was close to linear. It can also be stated that from the evaluated
14 samples Nr. 9. gave the lowest inhomogeneity values, which was an organic pigment based
masterbatch with the highest amount (10%) of wetting agent.

Figure 60. The effect of the amount of wetting agent on homogenization in an organic
pigment based masterbatch containing 40-43% TiO2 (Sample 4, 6, 9)
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These results showed that the high inhomogeneity level of the original masterbatch
composition came from the not ideal interactions between the TiO2 and the other pigments or
dyes. This assumption was confirmed by the results shown in Figure 61 as well, since the
amount of TiO2 did not influence the homogeneity in organic pigment based masterbatches,
while it caused an increasing inhomogeneity in solvent based receipts, and it is also known that
the original composition was a dye based masterbatch.

Figure 61. The effect of the amount of TiO2 on homogenization in an organic pigment
based masterbatch and in a dye based masterbatch

As a general conclusion it can be stated from the measurement results, that a careful
study and investigation is necessary in case of creating masterbatch recipes regarding the
interactions of the different components. As I have shown, not ideal conditions and interaction
between the components in the masterbatch can significantly worsen the inhomogeneity level
of the injection molded parts if the mixing efficiency of the processing machinery is unchanged.
Furthermore, I have also experienced that the multiple compounding of the original pink
masterbatch did not affect significantly the homogeneity level of the injection molded parts,
furthermore there cannot be seen significant changes in the average values (Figure 62), which
has been proved by ANOVA. However, after 4 and 5 times recycling of the masterbatch
degradation could be detected on the pellets and the injection molded parts.
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Figure 62. The effect of multiple compounding and regrinding of the pink masterbatch
on the inhomogeneity level of the injection molded parts

Besides this the dilution of the original pink masterbatch recipe also had no significant
effect, however the concentration of it could deteriorate the homogenization properties. These
results were in line with the already existing literature discussed in 2.2.2, and can be explained
by the critically low amount of polymer molecules between the pigment particles (max,
CPVC).

4.7. The effect of mold design on the color inhomogeneity
The effect of the surface roughness was analyzed to determine the surface finishing of
the mold thus the part. Three different mold cavity inserts were tested with different surface
finish. For the tests, a special mold with different gates such as standard, film, and also multiple
gates (Figure 21) with different mold surface finishes (polished, fine eroded, rough eroded) and
different thicknesses (0.5 - 4 mm) was used. The color inhomogeneity results with different
surface roughness are presented in Figure 63. It can be seen that using finer surface finish, the
defects are more pronounced. Rough surfaces can hide the color problems for human eyes and
digital methods as well. Hence the surface of the stationary side of the new mold was changed
to a flat and polished one to eliminate the rough surface caused inaccuracies and to reduce
software preparation (masking of the ejector pins) prior to the measurements. However, these
results were in line with our presumptions, it was a significant conclusion as well, that in the
investigated surface roughness range the perceived inhomogeneity level linearly decreased with
the logarithm of the surface roughness.
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Figure 63. Inhomogeneity scores as a function of surface roughness

As a next step to investigate further the effects from the injection molds I have analyzed
the effect of the molded part thickness on mixing efficiency. Samples were injection molded
with the previously mentioned special mold. 1.2; 1.6 and 2 mm thick samples were injection
molded with standard film gate. The IHS values at 35 pixel window size can be seen on Figure
64 as a function of the sample thickness. It can be seen that by increasing the wall thickness,
the part quality decreases. Between the 1.2 and 1.6 mm plates the difference is significant, but
above 1.6 mm significant differences cannot be detected. This can be explained by the fact that
in case of smaller wall thicknesses higher shear needs to be applied to properly fill the injection
molding cavities. This higher shear ultimately leads to improved dispersion in the material,
therefore the inhomogeneity level decreases.

Figure 64. Inhomogeneity scores as a function of the wall thickness of the injection
molded parts
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Different gate designs were also tested regarding their influence on the homogeneity
level as well. The original assumption was, due to the different shear levels in case of different
gate designs might have an effect, as it had in case of different wall thicknesses. Figure 65
shows the effects of various gate designs in case of different wall thicknesses. The gate designs
can be seen in Figure 21. It can be concluded that the standard gate design produced the best
color homogeneity levels from the measured ones, however in case of the 2.0 mm wall thickness
the differences were not significant. This result was in line with the expectations since the
highest shear occures in case of this standard gate (S) design. Excluding the results from the
2.0 mm wall thickness samples (due to the insignificance of the differences), it can be stated
furthermore that the F2 gates produced the highest color inhomogeneities which can also be
explained by the lowest shear rates occuring at this gate type during the injection. This gate
type is followed by the F1 gate type (with higher shear reates, and lower inhomogeneity), while
the MS and S gate types were producing even lower inhomogeneity scores with S gate type
having the lowest scores. These can also be explained by the higher shear occuring at these gate
types during injection molding. However some of these differences did not proved to be
significant due to the relatively high standard deviation of the measured values.

Figure 65. The effect of various gate designs (F1: standard film gate; F2: special film
gate; MS: multiple standard gate; S: standard gate) on color inhomogeneity in case of
different wall thicknesses

In case of the F2 film gate and the MS gate designs further tests have been executed
with a polished insert surface and a 1.2 mm wall thickness (Figure 66). It can be seen that due
to the polished surface the homogeneity levels were generally higher compared to Figure 65,
but they did not show significant differences. This means that weld lines do not affect the
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homogenity levels in the injection molded parts eventhough there were some noticable special
inhomogeneity formations on these types of molded parts.

Figure 66. The effect of gate design on the homogeneity level of the injection molded
specimens
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5. Summary
In this chapter I will summarize the results from my newly developed inhomogeneity
test method. It was used for testing various static and dynamic mixers, injection molding
parameters, different masterbatch receipts and mold designs. Furthermore, the utilization of the
results and the further tasks are going to be discussed.

5.1. Summary of the dissertation
I have developed a novel measurement method to objectively evaluate the color
inhomogeneities. The measurement method was performed as follows: 80 x 80 mm injection
molded test specimens were produced from ABS GP 35 mixed with various solid phase
masterbatches. The test specimens were digitalized by a flatbed scanner, and the images have
been evaluated by a software. The software is using a special, own developed algorithm to
evaluate the images. It scans the image pixel by pixel with a defined window size and calculates
the average Euclidean color difference of the pixels within the window. When the whole image
is scanned the inhomogeneity level of the sample is calculated from the highest average
Euclidean color difference calculated during the scanning. Furthermore, the average Euclidean
color difference is calculated for the whole image as well. While the result from the defined
window size is relevant from inhomogeneity point of view, the result of the whole image is
typical to the evaluated color and is needed for the correction of the inhomogeneity level to be
able to compare the inhomogeneity levels derived from different color shaded masterbatches. I
have measured test specimen series with different window sizes, and inhomogeneity scores
have been calculated with and without correction and with logarithmic transformation as well.
The results have been correlated to human visual inspections, and it has been found that the
correlation was the highest when the results were corrected with the whole image values with
logarithmic transformation. The correlation maximum was more than 95% at 35 pixels window
size (200 DPI, κ = 4.5 mm).
This measurement method has been applied to evaluate differences in homogeneity level
caused by various injection molding parameters such as the injection speed, the barrel
temperature and the residence time of the plastic material in the barrel. It has been shown that
increasing of injection speed decreases, while increasing of barrel temperature increases the
measured color inhomogeneity. It was also proved as well that the residence time of the material
in the barrel had no significant effect on the color inhomogeneity.
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I have measured the mixing efficiency of different static and dynamic mixers, and I have
shown that there are significant differences in their homogenization capabilities. I have proved
that in case of polymer melts colored by solid phase masterbatches numerical approximations
of the mixing efficiency leads to wrong conclusions since they are not able to take into
consideration the effects from dispersive mixing capabilities of a certain mixer. I have measured
several different diameter and element number StaMixCo static mixers and concluded that the
mixing efficiency of the static mixer is dependent on its diameter, which is in opposition with
the numerical studies from the literature. I have objectively measured and compared the mixing
efficiency of dynamic mixers to static mixers which was not possible by numerical studies due
to their extreme complexity. I have shown that knowing the boundary conditions, the element
number and the diameter of the applied static mixer can be optimized for the maximum
homogenization capability. The same measurement method could be applied to differently
designed dynamic mixers, to determine which of the design principles are more and less
important from homogenization point of view.
I have shown that the different masterbatch compositions had a significant effect on the
inhomogeneity of the injection molded products. I have measured the homogenization
properties of nine different masterbatches and showed that the qualification of these
masterbatches is possible with this measurement system, which significantly improves the
possibilities of the development of masterbatch receipts for better homogenization. From the
measurements of the different masterbatch receipts it had to be concluded that the primary
driver of the inhomogeneity is the interactions between the different components and not the
individual properties of the components. I have experienced consequently better results in
masterbatch formulations based on organic pigments. Furthermore, the higher amounts of the
applied wetting agent in these organic based recipes caused significant improvement in the
homogeneity level as well.
I have measured that mold design and surface structure of the product had significant
effect on the perceived color inhomogeneity. I have measured these effects in a special injection
mold in which the gate inserts and the surface inserts were exchangeable. Generally, it can be
stated that gate designs which produced higher shear during the filling improved the color
homogeneity, however the effect of this phenomenon was distorted by some other factors. The
measurements with inserts of different surface roughness showed that the perceived color
inhomogeneity is inversely proportional to the logarithm of the surface roughness.
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5.2. Utilization of the results
Based on the measurement results, two of the world leading masterbatch compounding
companies has decided to develop their recipes with the help of the described measurement
method. Furthermore, an industrialized version of a measuring equipment is under construction
which is supposed to enlight, digitalize and calculate the inhomogeneity values for flat
specimens (Figure 67).

Figure 67. The laboratory version of the color homogeneity measurement equipment
under construction
Moreover, strategic decisions have been made internally in a multinational
manufacturing company based on the described measurement method regarding which
masterbatch recipes needs to be improved regarding homogenization.
It is also possible to apply the described measurement method for the development of
static and dynamic mixers for injection molding. Using the latest simulation softwares it can be
evaluated by the help of this measurement method how well a certain mixer performs regarding
distributive and dispersive mixing efficiency, since the distributive part can be calculated by
the softwares while the overall mixing performance can be measured, hence the dispersive
mixing performance can be obtained by knowing the other two. Figure 68 illustrates two
injection molding screws with different dynamic mixers.
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Figure 68. Screw designs with different dynamic mixing elements

During the development of the mixers, the ratio of the two mixing processes can be
adjusted based on the simulation and the measurement results. For example, on Figure 68 the
screw with the dispersive mixing element can be adjusted for dispersive mixing capabilities by
changing the depth of the shear gap.

5.3. Tasks to be solved
The measurement method and the conditions – under the measurement has to be
executed – should be incorporated into a standard measurement. Based on this standard
measurement masterbatch compounding companies could supply information regarding their
masterbatches homogenization properties, like other properties such as thermal stability,
processing temperature, color coordinates etc. This could be easier for masterbatch
compounding companies if a commercial version of the evaluation equipment would be
available. In case of certain masterbatches such as the metallic types, the segregation of the
metallic pigments could be measured as well. This equipment would allow investigation of
interactions between the masterbatch components or changes taking place during the injection
molding if they lead to any changes in the color homogeneity of the molded parts. For example,
some masterbatches change their colors or get UV active if they are exposed to high temperature
or shear during the processing. These processes could be investigated by the help of this
equipment (light source needs to be exchanged to UV light in case of UV activity
investigations). Furthermore, technologies like Bright Surface Molding (BSM) and Shear
controlled Orientation in Injection Molding (SCORIM) could be evaluated regarding their
effect on weld lines, and segregation change of the pigments in the weld line.
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6. Theses
I have summarized the results of my research work in the following theses:

6.1. Theses in English
Thesis 1
I have developed a novel measurement method for the quantitative analysis of color
inhomogeneity. I have proved that the correlation between the results of the measurement
method and human evaluation is higher than 95 %, and the standard deviation of the
measurement is one order of magnitude lower than the standard deviation of human evaluation.
I have also proved that the standard deviation of the results produced by my method is
significantly smaller than the standard deviation of the injection molding process. Therefore,
my measurement method is suitable for investigating processes influencing color
inhomogeneity during injection molding. For my investigations, I used the results of a group of
6 randomly chosen trained technicians, consisting of 3 males and 3 females. I conducted my
experiments on injection molded test specimens made from ABS, Styrolution Terluran® GP35, mixed with solid phase masterbatches. [105, 106, 112]
Thesis 2
I have proved that my measurement method can be used to quantitatively measure and
compare the homogenization capabilities of static and dynamic mixers used in injection
molding, and to optimize mixer designs. I carried out the experiments on an Arburg 370S 700290 injection molding machine equipped with a 30 mm screw. The test specimens were
injection molded from ABS, Styrolution Terluran® GP-35, mixed with solid phase
masterbatches. [107, 108, 109, 112]
Thesis 3
I have proved that out of injection molding parameters, injection speed and barrel
temperature have a significant effect on color inhomogeneity in the case of masterbatches with
TiO2 and dye content. I have proved that increasing injection speed decreases, while increasing
barrel temperature increases color inhomogeneity, which is in connection with the increasing
shear when injection speed increases and barrel temperature decreases. The tests were
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performed on test specimens injection molded from ABS, Styrolution Terluran® GP-35, mixed
with solid phase masterbatches. [106, 112]
Thesis 4
I have proved with my measurement method that the mixing efficiency of static mixers
depends both on the diameter of the mixer and the number of applied mixing elements. This
can be explained with the differences in the generated shear in the different static mixers. I have
proved that the effect of the static mixers on color inhomogeneity can be described with the
following equation: ∆𝐼𝐻 = 𝐾 ∙ 𝑛, where ΔIH is the change in inhomogeneity, K is the effect of
one element, which depends on the diameter and the geometry of the element, and n is the
number of elements. With the help of this and the boundary conditions, the mixing efficiency
of a static mixer can be calculated and planned. I have shown that my measurement method
enables the optimization of the diameter and the element number of static mixers. I performed
my measurements with StaMixCo SMN type mixers with 5, 7 and 8 elements, and diameters
of Ø18, Ø22, Ø27 mm. The test specimens were injection molded from ABS, Styrolution
Terluran® GP-35, mixed with solid phase masterbatches. [108, 112]
Thesis 5
a.) I have proved that the homogenization properties of different masterbatch receipts
are significantly different, and I have shown that these differences can be
quantitatively measured with my measurement method. This enables the comparison
and rating of different masterbatches based on their homogenization properties.
[112, 113]
b.) I have proved that the homogenization properties of solid phase masterbatches
primarily depend on the interactions of the components of the masterbatch. I have
also shown that the color homogeneity of the individual components cannot explain
the differences measured in various injection molded parts colored with a solid
phase masterbatch. [111, 112, 113]
Thesis 6
I have shown that perceived color inhomogeneity is inversely proportional to the
logarithm of surface roughness. I performed my measurements on test specimens injection
molded in a mold with exchangeable inserts of different surface roughness. The test specimens
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were injection molded from ABS, Styrolution Terluran® GP-35, mixed with solid phase
masterbatches. [110, 112]

6.2. Theses in Hungarian – Tézisek magyarul
1. Tézis
Kifejlesztettem egy új mérési módszert a színegyenetlenség kvantitatív elemzésére.
Igazoltam, hogy a mérési módszer, és az emberi kiértékelések eredményei több, mint 95%-os
korrelációt mutatnak, és hogy az új mérési eljárás szórása egy nagyságrenddel kisebb, mint az
emberi kiértékelések szórása. Igazoltam továbbá, hogy a módszer szórása lényegesen kisebb a
fröccsöntési folyamat szórásánál, ennélfogva alkalmas a fröccsöntés során lejátszódó,
színegyenetlenségre hatással bíró folyamatok vizsgálatára. Vizsgálataimhoz véletlenszerűen
kiválasztott, 6 képzett technikusból álló, 3 férfit és 3 nőt tartalmazó csoport eredményeit
használtam. Méréseimet ABS, Styrolution Terluran® GP-35 alapanyagba kevert szilárd fázisú
mesterkeverékekkel

végeztem,

amelyből

a

vizsgálatokhoz

használt

próbatesteket

fröccsöntéssel állítottam elő. [105, 106, 112]
2. Tézis
Igazoltam, hogy az általam kifejlesztett mérési módszer alkalmas a fröccsöntésben
alkalmazható statikus és dinamikus keverőelemek homogenizáló képességének kvantitatív
mérésére és összehasonlítására, valamint a keverőelemek kialakításának optimalizálására.
Méréseimet egy Arburg 370S 700-290 advance típusú, 30 mm-es csigaátmérőjű
fröccsöntőgéppel, ABS, Styrolution Terluran® GP-35 alapanyagból és szilárd fázisú
mesterkeverékekből gyártott próbatesteken végeztem el. [107, 108, 109, 112]
3. Tézis
Igazoltam, hogy a fröccsöntési paraméterek közül a fröccsöntési sebességnek és a
hengerhőmérsékletnek van a színegyenetlenségre jelentős hatása TiO2-t és festéket tartalmazó
mesterkeverékek esetén. Amíg a fröccsöntési sebesség növelése csökkenti, addig a
hengerhőmérséklet növelése növeli a színegyenetlenséget, amely jelenség a fröccssebesség
növelésnek és az hengerhőmérséklet csökkentésnek nyírásnövelő hatására vezethető vissza.
Vizsgálataimat

ABS,

Styrolution

Terluran®

mesterkeverékekkel végeztem. [106, 112]
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4. Tézis
Az általam kifejlesztett mérési módszerrel bizonyítottam, hogy a fröccsöntésben
használatos statikus keverők homogenizáló képességét az alkalmazott elemszámon túl a
statikus keverő átmérője is szignifikánsan befolyásolja, amely a különböző statikus keverőkben
kialakuló eltérő nyírásviszonyokkal magyarázható. A fröccsöntés során alkalmazott statikus
keverőknek a színegyenetlenségre gyakorolt hatása az alábbi összefüggéssel írható le: ∆𝐼𝐻 =
𝐾 ∙ 𝑛, ahol ΔIH az inhomogenitás változás, K az egy elem hatása, amely függ az elem
átmérőjétől és geometriai kialakításától, n pedig az elemek száma. Ennek segítségével a
kiindulási peremfeltételek ismeretében az adott keverőelemek alkalmazásával elérhető
színegyenetlenség számítható és tervezhető. Rámutattam továbbá, hogy mérési módszeremmel
a peremfeltételek ismeretében a statikus keverők átmérője és elemszáma optimalizálható.
Méréseimet StaMixCo SMN típusú 5, 7, 8 elemes, 18, 22 és 27 mm átmérőjű statikus
keverőkkel ABS, Styrolution Terluran® GP-35 alapanyagba kevert szilárd fázisú
mesterkeverékekkel végeztem. [108, 112]
5. Tézis
a.) Mérési módszeremmel igazoltam, hogy az egyes mesterkeverék receptúrák
homogenizálódó képessége jelentősen különbözik, és ez mérési módszerem
segítségével kvantitatív módon mérhető. Ez lehetővé teszi az egyes receptúrák
összehasonlítását és minősítését azok homogenizálódó képessége alapján. [112, 113]
b.) Igazoltam, hogy a szilárd fázisú mesterkeverékek homogenizálódó képessége
elsősorban

a

mesterkeveréket

alkotó

komponensek

kölcsönhatásától

függ.

Megmutattam továbbá, hogy a mesterkeverékeket alkotó különálló komponensek
homogenizálódó képességében tapasztalható különbségek nem magyarázzák meg a
mesterkeverékek között tapasztalható különbségeket. [111, 112, 113]
6. Tézis
Kimutattam, hogy az érzékelt színegyenetlenség a felületi érdesség logaritmusával
fordítottan arányos. Méréseimet egy cserélhető betétes szerszámon, különböző felületi
érdességű betétek segítségével, ABS, Styrolution Terluran® GP-35 alapanyagból, szilárd
fázisú mesterkeverékkel fröccsöntött próbatesteken végeztem. [110, 112]
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