Effects of dynamic mixers on color homogeneity and the process in
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Abstract. The quality of any injection molded part is related to the defects visible on the surface.
Injection molded parts are usually colored with a masterbatch due to its cost-effectiveness. The most
common surface defect is unevenness of color. This can result from an inadequate coloring process.
The problem is the uneven dispersion of the coloring additives in the polymer. In this paper we
examined the mixing efficiency of non-return screw tips of various flow cross sections using different
technological parameters. The increase in melt temperature was examined as a function of flow cross
section. The relationship between mixing efficiency and the warming of the melt was determined.
We also proved that mixing efficiency depends on both shearing processes and the temperature
increase.

Introduction

Injection molding is one of the most widely used processing technologies for plastic parts. The
technology became popular because of the efficiency of production, and because it allows plastic
parts with complex geometry to be produced with fine detail. The products vary greatly in size,
geometry, application and visual appearance [1]. This appearance can be influenced by the coloring
of the neat polymer. Three types of color preparations (liquid, powder and granulated form) can be
used to color thermoplastics, but many customers prefer the granulated form, known as masterbatch,
because of its easy handling and good metering properties. However, there are some disadvantages,
such as difficult dispersion in the polymer melt during the injection molding process [2].

There are two types of mixers that can be used to improve the homogeneity of the distribution of
the colorants: static and the dynamic mixers [3]. Thakur et. al. [4] and Meijer et al. [5] summarized
the types and application of static mixers in their paper, where the different static mixer types are
described and compared. Rauline et. al. [6] compared six different static mixers, employing finite
element modeling. They also examined the pressure drop on static mixers, the shear rate in the mixers
and mixing efficiency. Galaktionov et. al. [7] analyzed and optimized the commonly used Kenics-
type static mixer. Li et. al. [8] examined the pressure drop when Newtonian and non-Newtonian fluids
flow through the widely used SMX-type static mixer. Static mixers usually consist of a combination
of identical elements (such as parallel beams) stacked in series and each element is turned 90° relative
to the next element. Torok et. al. [9] investigated the effects of these mixing elements on the
homogeneity of injection molded parts and the molding process. As opposed to static mixers, dynamic
mixers do not appear in the literature very often; there are only a few articles on dynamic mixers.
Dynamic mixers used in injection molding can be fixed on the end of the screw or on the tip of the
screw, working as a non-return valve. The screw tip dynamic mixer developed by Hindmarch [10]
has cavities in its static and rotating part, which mix the polymer melt as the screw turns. On the other
hand, Rauwendaal’s [11] dynamic mixer does not contain such cavities; its mixing effect is based on
the stretch flow in the mixer. These screw tips mix the polymer melt during the plastification phase,
and therefore do not influence filling pressure. According to Manas-Zloczower [12], there is more
dispersive mixing in these devices than distributive mixing. To compare the efficiency of the mixers,
it is necessary to evaluate the color homogeneity of the samples, and the effect of dynamic mixers on



the injection molding parameters. Domingues et. al. [12, 13] investigated flow and the dispersion of
agglomerates of additive in the homogenization zone of single-screw extruders. The efficiency of
mixing was rated by the size distribution and Shannon entropy of agglomerates of additive. Wang
and Manas-Zloczower [14] investigated the flow in cavity transfer mixers, which are generally used
in extruders. They validated their flow simulation results with measurement results.

L. Zsiros et al. [15] investigated methods to evaluate homogeneity and defined an algorithm
capable of quantifying the inhomogeneity of injection molded samples. First, the color coordinates
of the pixels of a scanned picture are converted into the Lab color space from RGB. After this, a
moving window (Fig. 1.) with a side width of 35 pixels scans the picture and the mean color
coordinates are calculated in every position. In each position, the Euclidian distances of the pixel
color values and the mean color value were calculated according to Eq. 1.
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where AE is the color difference, AL is the difference of the average lightness of the pixel and the
image, 4a is the average “a” value of the pixel and the image, while 45 is the average “b” value of
the pixel and the image.

The standard deviation of these distances can characterize the evenness of color inside the window.
The image is characterized with the highest mean standard deviation (HMD). In order to correlate
with human perception better, the HMD values are modified as follows (Eg. 2):

IH =5-[log(HMD -GMD)+1] ()

where IH is the level of inhomogeneity, HMD is the highest mean standard deviation and GMD is the
standard deviation of Euclidean distances that belong to the window size of 610 pixels (image size:
610x610 pixel).
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Fig. 1. Digitized image of a test specimen and the measuring method with the moving window

There are some other methods in the field of digital image processing to quantify homogeneity.
There is not much literature on color homogeneity in the mixing of polymers, but there are some
papers on the color homogeneity of injection molded products and on the mixing of powders. Akira
et. al. [16] investigated the distribution of reinforcing fibers and fiber length distribution in injection
molded parts. They compared various injection molding screws in their research. Cheng et. al. [17]
worked on the contrast enhancement of images, which is based on the measurement of the
homogeneity of the image. The authors take into account four parameters when determining the
homogeneity of the images: the edge value of the images, which is related to the gradient of the color
values of the pixels, the Shannon entropy and standard deviation of the pixels, and the impulsiveness
of the distribution of the color values. As opposed to Zsiros et. al. [15], they use one-dimension
grayscale instead of the 3-dimensional color space. Gosselin et. al. [18] investigated the mixing of



polymer powders. In their paper, they used digital image analysis software to determine the time
required for the mixing of multi-component powders. Gu and Chen [19] examined the entropy of the
mixing of powders during mixing. Daumann and Nirschl [20] also investigated the mixing of
powders, and determined the ideal mixing time of a single-shaft mixer with digital image analysis.

Machine, materials and methods

Five different dynamic mixers were investigated. Each of them was mounted onto the screw as a non-
return valve (Fig. 2.). Dynamic mixers consist of two parts: the rotor, which is attached to the rotating
screw, and the mixing ring, which does not turn with the screw and the rotor. For each mixer the
smallest flow cross section was used to characterize its geometry. These gaps — the smallest flow
cross section (Fig. 2.) — were 14, 38, 56, 91 and 211 mm?2. The dynamic mixers used were
manufactured with conventional and with Direct Metal Laser Sintering technology.

Smallest
flow cross
section

Fig. 2. Gap sizes of different dynamic mixer geometries

The test specimens were injection molded on an Arburg Allrounder Advance 270S 400-170
machine. The injection unit of the injection molding machine has a universal single flight, three-zone
nitrided screw of a diameter of 30 mm and an L/D ratio of 20. Its axial displacement is a maximum
of 120 mm, therefore the maximum shot volume is 85 cm?®. The highest value of the injection pressure
and holding pressure is 2000 bar. The screw is position-regulated, therefore the shot volume set in
the injection molding parameters can be maintained more accurately during manufacturing.

The specimens were made in a two-cavity mold, which produces 80x80 mm flat specimens with a
thickness of 1.2 mm. The cavity of the mold is polished in order to minimize the surface roughness
of the specimens as the smooth surface increases the accuracy of color inhomogeneity measurement.
The injection molding parameters are summarized in Table 1. The specimens were produced from
unfilled acrylonitrile-butadiene-styrene (ABS, Terluran GP-35 from Styrolution Group GmbH) with
4 wt% of masterbatch (MB, Renol-pink ABS143479Q from Clariant.).

Table 1. The injection molding parameters

Injection molding parameter Value
Volume [cm®] 26
Injection rate [cmd/s] 55
Switchover volume [cm?®] 5
Holding pressure [bar] 600
Holding time [s] 6
Residual cooling time [s] 11
Screw rotational speed [m/min] 10, 25 and 50
Backpressure [bar] 60
Decompression volume [cmq] 6
Decompression rate [cm?/s] 20
Barrel temperature at nozzle [°C] 225
Mold temperature [°C] 40




The injection molded parts were digitized with a flatbed scanner (Epson Perfection V600 Photo).
The plastication rate was measured according to the EUROMAP 5 standards on the Arburg
Allrounder Advance 270S 700-290 machine. The melt temperature was measured with a Fluke 51 |1
type single input digital thermometer. The accuracy of the equipment is 0.05% + 0.4°C.

500 specimens were injection molded with each dynamic mixer. All relevant process parameters
(machine cycle number, cycle time, maximum injection pressure, switchover pressure, switchover
volume, cushion and screw rotation time) were recorded on the injection molding machine for each
cycle.

The plastification rate was determined for three different screw rotation speeds (10, 25 and 50
m/min) using 5 independent measurements for each. The melt temperature was measured five times
during purging. The melt temperature was measured for 20-30 seconds in the purged material for
each measurement, then the highest temperature values were averaged and used as the melt
temperature for the given process parameter set.

We used an algorithm based on the standard deviation method to evaluate the images because the
flow lines and color inhomogeneity can be detected quite precisely. Finally, the test specimens were
digitized with a flatbed scanner for the homogeneity measurements and the digital images were
evaluated with our own algorithm described earlier in the introduction [15]. The image analyzer
software characterizes the unevenness of color in the picture (Fig. 2.).

Results and discussion

In injection molding one of the most important process parameters is melt temperature. The lower
the viscosity is, the better the flow properties are, and therefore the better the mold cavity is filled.
On the other hand, too high a melt temperature can cause the degradation of the polymer molecules.
Dynamic mixers can raise the melt temperature during plasticization because of their small flow cross
section. The laminar flow of the polymer melt through the screw tip increases inner friction in the
melt and this produces extra heat. As a result, the temperature of the melt increases to a greater extent
than in the case of screw tips with a large cross section. The melt temperature rise was examined as
a function of the flow cross section of dynamic mixers (Fig. 3). Temperature rise follows a power
function of the smallest flow cross section, at the screw rotation speed of 25 m/min, used in the
experiments. As is known, the ABS melt cannot flow through a smaller gap than 0.05 mm, therefore
this is the smallest theoretical gap size. The smallest flow cross section calculated from this gap size
is about 4.7 mm?, which gives a maximum temperature rise of about 82°C. Melt temperature cannot
exceed the maximum processing temperature allowed for the material, and processing must fulfil
several other criteria, too.
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Fig. 3. Temperature rise in the melt as a function of the gap size in the mixers, with a screw rotation
speed of 25 m/min.




For the measurements of plastification rate, screw rotation speed was fixed at 10, 25 and 50 m/min
(Fig. 4). It can be stated that dynamic mixers act as flow resistance, which highly depends on screw
rotation speed. For each screw rotation speed the plastification rate has a limit, which is the maximum
throughput of the injection screw without the screw tip. Plastification rate increases as the smallest
flow cross section decreases.
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Fig. 4. Plastification rate as a function of the geometry and screw rotation speed of the dynamic
mixer.

The maximum injection pressures decreased as the smallest flow cross section decreased (Fig. 5).
This phenomenon is related to the shear that develops in dynamic mixers, thus the temperature change
of the polymer melt. As melt temperature increases, the viscosity of the melt drops, thus filling
pressure decreases as well. This allows longer flow paths, and the shrinkage and warpage of the
products can be controlled better. Thanks to the better fluidity of the melt, the compensation of the
decrease of specific volume can also be more effective. The effect of the screw tip on the polymer
has to be taken into account because small cross-section screw tips strain the plastic more and can
lead to degradation.

= W0y )

2 | e

D aaen | = e

£ 1250 - ) _— "

o .

S 1200 {

S

—

(&)

.U.)

= 1150 - %

%

1+

= 1100 : : : : .
0 50 100 150 200 250

Smallest flow cross section [mm?]
Fig. 5. Injection pressure as a function of the smallest flow cross section.

Homogeneity is directly proportional to the shear rate and melt temperature. The effect of melt
temperature on homogeneity was measured and the results show that inhomogeneity increases as melt
temperature increases (Fig. 6.). As the viscosity of the polymer melt decreases, homogeneity is
reduced because less shear is produced and this results in worse mixing.
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Fig. 6. The homogeneity of the samples molded with different melt temperatures

An increase in the shear rate has the opposite effect. The higher the shear rate, the better
homogeneity is. The effect of shear rate on mixing was investigated by Kasaliwal et. al. [21]. They
used polycarbonate filled with multi-walled carbon nanotubes (MWCNT). They also showed that as
mixing performance (shear rate) increases, the MWCNT agglomerates get smaller, therefore mixing
gets better. The resultant of the effects of shear rate and melt temperature probably determines
inhomogeneity, as shown by Fig. 7.
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Fig. 7. The effects of the shearing action and melt temperature on color homogeneity.

The homogenization ability of dynamic mixers was evaluated. Fig. 8 shows the homogeneity of
the samples as a function of gap size. Gap size has a direct relationship with shear rate and the increase
in temperature. Similarly to Fig. 7, as gap size decreases, homogeneity first improves up to a certain
limit, then it gets worse. Therefore homogeneity has an optimum, where the quality of the samples is
the best.

Decreasing gap size in the higher ranges results in better quality. The reason for this is increasing
shear rate, which leads to better mixing. In this range shearing does not increase melt temperature
considerably. In the range of significantly smaller gap sizes increasing shear rate results in a
considerable increase in temperature, which causes worse homogeneity as a result of a change in
Viscosity.
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Fig. 8. The homogeneity of the samples as a function of the smallest flow cross section.

Conclusions

The objective of this work was to characterize different dynamic mixers based on their smallest
flow cross section. We investigated the effects of the gap size of dynamic mixers on the process
parameters of injection molding, the temperature of the polymer melt, and the homogeneity of the
samples. We measured the actual temperature of the melt and proved that melt temperature increases
more at small cross-section screw tips due to higher shear rates. In the case of the smallest cross
section this increase reached 27°C. This increase in temperature affects injection pressure. Hotter,
more fluid melt fills the cavity better, therefore injection pressure can decrease by up to 150 bar.
Measurements showed that the efficiency of mixing depends on the shear rate during plastification
and on the actual temperature of the melt. It was also proved that higher melt temperatures decrease
color homogeneity, whereas a higher shear rate increases color homogeneity. Small cross-section
screw tips cause a greater increase in temperature and higher shear rates, whereas in the case of higher
cross-section screw tips both the increase in temperature and the shear rate are lower. The efficiency
of mixing is determined by the resultant of the two opposite effects. We showed that the efficiency
of mixing as a function of flow cross section has an optimum in the investigated parameter range.
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