INTERNATIONAL JOURNAL OF INTEGRATED ENGINEERING VOL. 15 No. 7 (2023) 89-101

© Universiti Tun Hussein Onn Malaysia Publisher’s Office The International
% Journal of
e
IOETD Il IE Integrated

http://penerbit.uthm.edu.my/ojs/index.phplijie Engineering

ISSN : 2229-838X  e-ISSN : 2600-7916

Optimization of Rheology Parameters for Feedstock by
Powder Injection Molding (PIM) Via Taguchi Analysis

Levent Urtekin®, Faik Yilan'", ibrahim Baki Sahin®

!Deparment of Mechanical Engineering,
Kirsehir Ahi Evran University, Kirsehir, 40100, TURKEY

*Corresponding Author

DOI: https://doi.org/10.30880/ijie.2023.15.07.009
Received 14 June 2023; Accepted 16 October 2023; Available online 5 December 2023

Abstract: The most critical process in the powder injection molding method is determining the powder/binder rate and
its properties. The most important feature that distinguishes the powder injection molding method from other powder
metallurgy production methods is its advantage in producing high raw density and complex shaped parts. However,
providing these advantages includes a multi-parameter process that directly affects the injection molding parameters
and the final part's mechanical properties. In addition, the difficulty of experimental studies causes energy, time, and
cost losses in determining the powder/binder rate and rheological properties of the feedstock so that the advantages of
the method turn into a manageable disadvantage. This study performed rheology studies for three different feedstocks
(PWICW/SA, PW/PE/SA, and PEG8000/PP/SA). In this context, this paper determined the rheological properties of
different feedstocks to take advantage of the Taguchi analysis. Flow behavior index, viscosity and optimum loading
rates were determined separately for all feedstocks. The results exhibited the injection molding can be done with the
determined best (58% steatite+PEG8000/PP/SA) F3 feedstock by weight. Based on it was found that viscosity and
melt flow index were not a problem for injection molding in three different feedstocks used in the result, advantages
and disadvantages were observed.
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1. Introduction

Powder injection molding (P1M) is a mass production process of machine parts with complex geometries using both
metal and ceramic powders [1]. PIM technique is used to fabricate a wide diversity of parts for high temperature
application areas, especially in the aerospace industry, healthcare devices, and automotive industry [2], [3], [4]. This
manufacturing method involves three stages. Initially, appropriate thermoplastic binder and powder amounts are
determined and mixed. Afterwards, there are injection molding, debinding and sintering. The each stage must be
controlled [5], [6], [7]

PIM process, successful flow and trouble-free molding depends primarily on the viscosity and rheological behavior
of the feedstock [8], [9], [10], [11]. Viscosity is calculated with the help of the Eq. given in Eq. 1. Here  denotes viscosity,
T shear stress (Pa), and y shear rate (s2).

_z @
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This method, it is desirable for the flow type to exhibit pseudoplastic fluid. In pseudoplastic flow behavior, viscosity
decreases as shear rate increases, and it performs better in filling mould [12], [13]. Wei et al. [14] used feedstocks
consisting of a polypropylene (PP)/paraffin wax (PW)/stearic acid (SA) mixture and achieved pseudoplastic behavior at
the optimum temperature of 170°C of the materials. Urtekin et al. [15] stated that the optimum powder loading is 55%
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by volume, with two different polypropylene/polyethylene (PP/PE) binders as the skeleton binder, without changing the
main binder polyethylene glycol (PEG4000). The viscosity value is below 1000 Pa.s in both feedstocks exhibiting
optimum loading.

The majority of defects that can deteriorate the quality of green parts are due to their rheological properties, and are
therefore deformations can occur such as voids, cracks, swelling, and warping. For example, Supati et al. [16] reported
that inhomogeneous feedstock’s cause distortion in the molded part. Similarly, Thomas-Vielma et al. [17] stated that
during the removal of paraffin from the binder system consisting of polyethylene (HDPE)/PW/SA at relatively low
temperature, the main binder HDPE maintains its solid state, providing the necessary strength and minimizing errors.
Subagi et al. [18] carried out a study on the rheological behavior and molding parameters of a Ti-6Al-4V based feedstock.
The main findings from this study revealed that the moldability index was higher than 57-59% powder loading by volume.
However, Thavanayagam and Swan [19] developed a new rheological model that includes the flow properties of raw
materials obtained from rheological tests that have low production costs. Consequently, PIM process is affected by
various factors, so it requires a series of experiments to obtain suitable parameters. Consequently, PIM process is affected
by various factors, so it requires a series of experiments to obtain suitable parameters.

Taguchi method is a statistical approach and it is to obtain data by keeping one parameter constant in a certain process
and changing other parameters each time. With the Taguchi method, the number of experimental studies to be carried out
in a laboratory environment is minimized. Thus, experimental cost is reduced. Ji et al. [20] was reported the effect of
three sintering factors on the final density using the Taguchi method. Wahi et al. [21] optimized the palm stearin and
polyethylene linker system with several injection parameters in the L18 orthogonal array by Taguchi. Chua et al. [22]
obtained the best quality green parts by optimizing the injection and binder parameters. Park et al. [23] performed a
minimal number of experimental studies by analyzing the powder-binder separaten behavior with the Taguchi method.
In this regard, the main aim of this study is Taguchi method. However, the effect of the method on powder metallurgy is
detailed in ref. [24]. The knowledge gained by optimizing the amount of powder and binders helps engineers,
industrialists and scientists save time, materials and energy.

Rheology study is the most critical stage of the PIM method. It is necessary to determine the flow properties of the
feedstocks obtained with the powder/binder mix. Optimum powder/binder mixtures are obtained by increasing the
amount of powder and decreasing the binders. However, this mixture should not adversely affect the mold filling, binder
removal, and sintering processes. The viscosity is expected to be in the range of 100-1000 Pa.s. The powder/binder rate
is preferably 50-50%. The use of critical powder loading below 2-5% as optimum powder loading makes a significant
contribution to the molding and final production processes. The rheological study is of great importance due to the reasons
stated. Determining the powder/binder mixture rate in this rheological study requires serious effort and experience. In
this study, it is expected that preliminary analyzes of rheological experiments will be made by performing Taguchi
analysis and realistic results will be achieved in a shorter time (cost and energy saving). By transferring the data obtained
from this study to moldflow simulation analysis in future studies, it is expected to obtain healthy results in practice by
selecting mold design, mold filling, shrinkage and temperature parameters. In the study, both the optimum mixing value
for three different binders and the determination of the ideal solid loading rate within the binders were provided. The
purpose of this paper is to optimize the different rheological parameters to be used in the PIM process with the Taguchi
method. In particular, effect of different binders, temperatures and solid loading rates on the rheological properties of a
PIM feedstock is presented. Thus, optimum melt flow indices and viscosity values have been determined. This
information will continue to expand a new market in competing industrial applications for manufacturing PIM parts.

2. Experimental Methods

2.1 Experimental Setup

Powder size and form is an important parameter for Powder Injection Molding (metal and ceramics). Especially for
metals, spherical powders with an average powder size below 20 microns provide high packaging density. It is known
that powder size distribution affects the packing density, and it is important literature information that the packing density
obtained before sintering affects the density in the final piece. A spherical powder shape is required for powder metal
parts with high density. 80% of the powders used in powder metallurgy are in spherical shape. As a result of the analyzes
carried out at Dumlupinar University Advanced Technologies and Design Center, the suitability of the Ti-6Al-4V
material for Metal Injection Molding was determined by performing average powder size and powder size distribution,
powder form (SEM images), and EDS analyses (Fig. 1). As a result of the analysis, it was seen that the average powder
size was around 13.4 microns and was spherical. In EDS analyses, it was determined that the powder provided was Ti-
6Al-4V alloy. The used binder component systems and binder elements in this study are illustrated in Table 1 and Table2,
respectively. Stearic acid was preferred as the lubricant in these feedstocks. This is because it aids the wettability of the
flow between the binder [25].

90



Levent Urtekin et al., Int. Journal of Integrated Engineering Vol. 15 No. 7 (2023) p. 89-101

- Element Weight (%) Tika
Al 5.67

SIN
Ti 86.07

426

126K

064K

i e it —
o oel 134 201 268 335 W oA S% 60

Fig. 1 — SEM and EDS analysis

Table 1 - Binder systems used in the experimental study

Feedstocks Solid loading rate Main binder Skeleton binder Lubricant
(Weight %)

65% 30% 5%
F1 49-54 Paraffin wax, PW Carnauba wax, CW Stearic acid, SA
F2 47-57 Paraffin wax, PW Polyethylene, PE Stearic acid, SA
F3 50-60 Polyethylene glycaol, Polypropylene, PP Stearic acid, SA
PEGB8000

Table 2 - Binder elements
Binders Elements Melting Point

Vendor Density (g/cm?®) (°C) Weight (%)
Polyethylene glycol. Alfa Aser 1,204 60-63 65
Polypropylene, PP Petkim A.S. 0,85 189 30
Polyethylene, PE Petkim A.S. 0,91 137 30
Paraffin wax, PW Merck 0,9 42-72 60
Stearic acid, SA Merck 0,94 68-70 5

Rheology experiments were carried out in accordance with ASTM D1238 standards using a Protherm brand
rheometer device (capillary rheometer). The features of this device are; cylinder length is 115 mm, inner diameter is 10
mm, piston length is 6.35 mm, die length is 8 mm and diameter is 2 mm. Before starting the experiments, the device was
first cleaned. Then, the cylinder and piston temperature was kept constant at 80-260+0,5 °C for 15 minutes, ensuring that
there was no change in the temperature value during the experiment. After a certain period of time, the first parts flowing
from the binders placed in the cylinder and the air bubbles formed in it are removed. Appropriate feedstocks (at least
three) are then weighed to mg precision, respectively, and an average weight determined. If the difference between the
largest and smallest values is more than 10% of the average weight, the test results are neglected and the experiments are
repeated with new binder systems. Volumetric solid loading rates varying between 47-60% were prepared for three
different binder mixtures and the prepared mixtures were granulated by passing through the extruder. Granulated mixtures
were passed through a capillary rheometer and the rheological character of each feedstock was determined. Melt flow
indices and viscosity values were calculated for three different feedstocks.

2.2 Taguchi Experimental Design

The most suitable parameter set for the investigated conditions was evaluated with the Taguchi method. The
experimental parameters and levels of the feedstocks are given in Table (3), (5), and (7) respectively. For F1 feedstock,
each factor is set to 4 levels, while for F2 and F3 feedstocks, each factor is designed to be 5-level. The aim of the
experimental study was to determine the ideal feedstock for binder systems formed in different parameters. In this
method, orthogonal array is used to understand the effect of each factor with the minimum number of experiments (Table
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(4), (6), and (8)). The variation value obtained from the experimental study is converted to the signal-to-noise (S/N) rate.
S/N rate is calculated according to the formulas given in Egs. (2), (3), and (4).

Smaller is better;

s 1 ) @
== ~10l0g](-) ) (%)
Nominal is better;
S _ 7 ©)
N= 1010g(5y2)
Larger is better;
(@)

s Ly 2
& = —10log[(-) Z(y—z)]

In these Egs, n represents the number of experiments, y the observed data, y the mean of the observed data [26]. In
addition, the unit of S/N rate is percent.

Table 3 - The parameters and the values corresponding to their levels studied in F1

Factors Levels
1 2 3 4
Temperature (°C) 80 90 100 -
Solid loading rate (%) 49 51 53 54

Table 4 - Chosen L2 experimental plan

Feedstocks (Binder Experiment no. Experiment value
component system)

Temperature (°C) Solid loading rate (%)

1 80 49

2 80 51

3 80 53

4 80 54

F1 5 90 49
PW/CW/SA 6 90 51
7 90 53

8 90 54

9 100 49

10 100 51

11 100 53

12 100 54

Table 5 - The parameters and the values corresponding to their levels studied in F2

Factors Levels
1 2 3 4 5
Temperature (°C) 180 190 200 210 220
Solid loading rate (%) 47 50 55 57 -
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3. Results and Discussion

3.1 ANOVA Analysis for F1 Feedstock

Analysis of variance (ANOVA) forcing methods is used in interpreting experimental data and determining the effects
of the rates of the parameters. ANOVA test is a statistical tool used to reveal the difference between the average
performances of the created parts groups. ANOVA shows which parts are adequate on which process and in what
performance. The analysis of variance aims to reveal how much the examined elements progress, the output values chosen
to measure quality, and what kinds of various levels cause [20]. The melt flow index ANOVA for F1 are given in Table
9.

Table 6 - Chosen Lzo experimental plan

Feedstocks (Binder Experiment no. Experiment value
component system)

Temperature (°C) Solid loading rate (%)

1 180 47
2 180 50
3 180 55
4 180 57
5 190 47
6 190 50
F2 7 190 55
PW/PE/SA 8 190 57
9 200 47
10 200 50
11 200 55
12 200 57
13 210 47
14 210 50
15 210 55
16 210 57
17 220 47
18 220 50
19 220 55
20 220 57

Table 7 - The parameters and the values corresponding to their levels studied in F3

Factors Levels
1 2 3 4 5
Temperature (°C) 180 190 200 210 220
Solid loading rate (%) 50 55 58 60 -

Table 9 shows that the temperature for the F1 mixture has a statistical effect of 59.17% on the melt flow index, and
the solid loading rate has an effect of 37.89%. Therefore, it is understood that the temperature is much more effective
when we look at the P value (P<0). The relationship between control and experimental factors in regression analysis
experimental studies is seen in Eq. (5).

g
10min.

mFi ( ) = 1865 + 17,70 Temp.C — 60,16 Mixing rate(%) ®)

The relationship between the values calculated with the help of this Eq. 5 and the actual measurement results has
been examined. Viscosity analysis results for F1 feedstock are indicated in Table 10. The F rate establishes at a certain
confidence level whether the process parameter is critical. A higher value of the F-rate indicates that any small change
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in the process parameter can significantly impact the performance characteristics. It is understood that the solid loading
rate has the most significant effect on the viscosity. Table 10 shows that for the F1 mixture, the temperature has a
statistical effect of 24.59% and the solid loading rate of 70.17% on the viscosity. Regression analysis shows the
relationship between control and experimental factors in experimental studies in Eg. (6).

Viscosity(Pa.s) = —8413 — 31,2 Temp.°C + 230,5 Mixing rate(%) (6)

Table 8 - Chosen Lzo experimental plan

Feedstocks (Binder Experiment no. Experiment value
component system)

Temperature (°C) Solid loading rate (%0)
1 180 50
2 180 55
3 180 58
4 180 60
5 190 50
6 190 55
7 190 58
8 190 60
9 200 50
F3 10 200 55
PEG8000/PP/SA 11 200 58
12 200 60
13 210 50
14 210 55
15 210 58
16 210 60
17 220 50
18 220 55
19 220 58
20 220 60
Table 9 - ANOVA Analysis Results for Melt flow index (g/10min.), F1
Source DF AdjSS AdjMS F-Value P-Value % Contribution
Temperature (°C) 2 251273 125636 60,7 0 59,17639
Solid loading rate (%) 3 160925 53642 25,92 0,001 37,89886
Error 6 12419 2070 - - 2,924753
Total 11 424617 - - 100
R-Sq.=96,75% R-Sq. (adj) =96,02% R-sq(pred)=94.90%
Table 10 - ANOVA Analysis Results for Viscosity (Pa.s), F1
Source DF AdjSS Adj MS F-Value P-Value % Contribution
Temperature (°C) 2 865774 432887 14,08 0,005 24,59008
Solid loading rate (%) 3 2470574 823525 26,78 0,001 70,17028
Error 6 184480 30747 - - 5,239678
Total 11 3520827 - - 100

R-Sq. =88,98 % R-Sq. (adj) =86,53 % R-sq(pred)=78,60%
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There are some techniques in the evaluation of the experimental results with Taguchi. The planning of the
experiments with the determined parameters, the determination of the effect levels of the experimental parameters on the
obtained test results, and the determination of the optimum test parameters can be done with the Taguchi method. Taguchi
converts the objective function values to the signal-to-noise (S/N) rate to measure the performance characteristic of the
levels of control factors versus factors. The S/N rate is defined as the desired signal rate for the unwanted random noise
value and shows the quality characteristics of the experimental data [19]. With this analysis, it was preferred to evaluate
the viscosity as "small is better" and for melt flow index and "largest is better," Fig. 2a, shows the main effect plot for
the S/N rate for the melt flow index. When Fig. 2a, is examined, it can be estimated that the best melt flow index can be
obtained in parameter conditions where the temperature is 100 (°C), and the solid loading rate is 49%. Figure 2 shows
the main effect plot for the S/N rate for viscosity. When Fig. 2b is examined, it can be estimated that the best viscosity
can be obtained in parameter conditions where the temperature is 80 (°C), and the solid loading rate is 54%.

Main Effects Plot for SN ratios
Data Means

Temperature (°C) Solid loading rate (%)

50

48

Mean of SN ratios

46

44

80 90 100 49 51 53 54

Signai-to-noise: Larger is better

Main Effects Plot for SN ratios
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Temperature (°C) Solid loading rate (%)
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£
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w
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Fig. 2 - Taguchi analysis (a) melt flow index (g/10min.); (b) viscosity (Pa.s), F1

Contour charts, using different colors for different response ranges, estimate the effect of two factors on a single
response simultaneously. Fig. 3a and 3b, show the effect of temperature and solid loading rate on the melt flow index.
The response range by color coding is also shown in Fig. 3a. When the temperature is 95-100 °C, the Melt flow index-
solid loading rate is > 600 (g/10min.) at 49%, 500-600 (g/10min.) at 51%, and 400-500 (g/10min.) at 53%.), in 54%, it
is between 300-400 (g/10min.). It shows the maximum melt flow index at a low solid loading rate value and high-
temperature value. Fig. 3b, shows the effect of temperature and solid loading rate on viscosity. When the temperature is
80-85 °C, the viscosity is > 300 (Pa.s) when the solid loading rate is 49%, 300-600 (Pa.s) at 51%, 1200-1500 (Pa.s) at
53%, 54 in %, it is between 1500-1800 (Pa.s). The response range by color coding is also shown in Figure 3.
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3.2 ANOVA Analysis for F2 Feedstock

ANOVA results for the melt flow index are given in Table 11. Table 11 shows that for the F2 mixture, the temperature
has a statistical effect of 75.60% on the melt flow index, and the solid loading rate has an effect of 20.92%. Therefore, it
is understood that the temperature is much more effective when we look at the F value in the table.

Contour Plot of Melt flow index (g/10min.) vs Temperature (°C):Solid loading rate (%)
100

Melt flow
index

(g/10min.)

< 100

W 100 - 200

M 200 - 300

300 — 400

B 400 - 500

W 500 - 600

[ | > 600

95

90

Temperature (°C)

85

80 pr—
49 50 51 52 53 54

Solid loading rate (%)

Contour Plot of Viscosity (Pa.s) vs Temperature (°C): Solid loading rate (%)
100

Viscosity
(Pas)
m < 300
B 300 - 600
W 600 - 900
900 — 1200
B 1200 - 1500
W 1500 - 1800
m > 1800

95

90

Temperature (°C)

85

Solid loading rate (%)
Fig. 3 - Contour plot for (a) melt flow index; (b) viscosity, F1

Table 11 - ANOVA analysis results for melt flow index (g/10min.), F2

Source DF AdjSS Adj MS F-Value P-Value % Contribution
Temperature (°C) 4 1156611 289153 65,32 0 75,60266
Solid loading rate (%) 3 320123 106708 24,1 0 20,92505
Error 12 53122 4427 - - 3,472355
Total 19 1529855 - - 100

R-Sq. =96,28 % R-Sq. (adj) =95,84 % R-sq(pred)=95,52%

Regression analysis shows the relationship between control and experimental factors in experimental studies in Eq.
(7). The relationship between the values calculated with the help of this Eq. 7 and the actual measurement results has
been examined.

9 _ o _ . 0 (0]
MFI (10min.) = —1183 + 17 Temp.°C — 31,82 Mixing rate(%)

In Table 12, the viscosity analysis results for F2 are given. Table 12 shows that for the F2 mixture, the temperature
has an effect of 67.99%, and the solid loading rate has an effect of 25.08% on viscosity.
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Table 12 - ANOVA analysis results for viscosity (Pa.s), F2

Source DF AdjSS Adj MS F-Value P-Value % Contribution
Temperature (°C) 4 1017225 254306 29,47 0 67,99278
Solid loading rate (%) 3 375314 125105 14,5 0 25,08653
Error 12 103539 8628 - - 6,920695
Total 19 1496078 - - 100

R-Sq. =88,08 % R-Sq. (adj) =86,68 % R-sq(pred)=82,17%

The higher value of the F-rate in the table indicates that any small change in the process parameter can significantly
influence the performance characteristics. It is understood that temperature has the most significant effect on viscosity.
Regression analysis shows the relationship between control and experimental factors in experimental studies in Eq (8).

Viscosity(Pa.s) = 1866 — 15,7 Temp.°C + 32,21 Mixing rate(%) (8)

Fig. 4a, shows the main effect plot for the S/N rate for the melt flow index. When Fig. 4a, is examined, it can be
estimated that the best melt flow index can be obtained in parameter conditions where the temperature is 220 (°C), and
the solid loading rate is 47%. Fig. 4b, shows the main effect plot for the S/N rate for viscosity. When Fig. 4b, is examined,
the best viscosity can be obtained under parameter conditions where the temperature is 220 (°C), and the solid loading

rate is 47%.
Main Effects Plot for SN ratios
Data Means

Temperature (°C) Solid loading rate (%)
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Fig. 4 - Taguchi analysis (a) melt flow index (g/10min.); (b) viscosity (Pa.s), F2

Fig. 5a and 5b, show the effect of temperature and solid loading rate on the melt flow index. The response range by
color coding is also shown in Fig. 5a. When the temperature is 210-220 °C, melt flow index solid loading rate is > 1000
(9/210min.) at 47%, 800-1000 (g/10min.) at 50%, 800-1000 (g/10min.) at 55%.), in 57%, it is between 600-800 (g/10min.).
It shows maximum melt flow index at low solid loading rate value and high temperature value. Fig. 5b, shows the effect
of temperature and solid loading rate on viscosity. In the case of temperature 180-190 °C, the viscosity is 400-600 (Pa.s)
when the solid loading rate is 47%, 400-600 (Pa.s) at 50%, 600-800 (Pa.s) at 55%, 57% at, it is between >1000 (Pa.s).
The response range according to color-coding is also shown in Fig 5b.

97



Levent Urtekin et al., Int. Journal of Integrated Engineering Vol. 15 No. 7 (2023) p. 89-101

Contour Plot of Melt flow index (g/10min.) vs Temperature (°C):Solid loading rate (%)
220
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Contour Plot of Viscosity (Pa.s) vs Temperature (°C); Solid loading rate (%)
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Fig. 5 - Contour plot for (a) melt flow index; (b) viscosity, F2

3.3 ANOVA Analysis for F3 Feedstock

ANOVA analysis results for the melt flow index are given in Table 13. When Table 13. was examined, F values can
be seen that the solid loading rate is much more effective. For the F3 mixture, it is seen that the temperature has a
statistical effect of 29.04%, and the solid loading rate has an effect of 66.67% on the melt flow index.

Table 13 - ANOVA Analysis Results for Melt flow index (g/10min.), F3

Source DF AdjSS Adj MS F-Value P-Value % Contribution
Temperature (°C) 4 798499 199625 20,38 0 29,04541
Solid loading rate (%) 3 1833096 611032 62,38 0 66,67889
Error 12 117544 9795 - - 4,275664
Total 19 2749140 - - 100

R-Sq.=91,97 % R-Sq. (adj) =91,03 % R-sq(pred)=88,04%
Regression analysis shows the relationship between control and experimental factors in experimental studies in Eq.

(9).

9 i ©
MFI (-———) =252 14,03 T .°C—78,33 M 9
(10 in.) 523 + 14,03 Temp.°C — 78,33 Mixing rate(%)

The relationship between the values calculated with the help of this Eg. 9 and the actual measurement results has
been examined. Viscosity ANOVA analysis results for F3 feedstock are given in Table 14. Table 14 shows that for the
F3 mixture, the temperature has an effect of 38.11% and the solid loading rate of 50.65% on viscosity. A higher value of
the F-rate indicates that any small change in the process parameter can significantly affect the performance characteristics.
It is understood that the solid loading rate has the most significant effect on the viscosity. Regression analysis shows the
relationship between control and experimental factors in experimental studies in Eq. (10).

Viscosity(Pa.s) = 153 — 11 Temp. °C + 42,40 Mixing rate(%) (10)
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Table 14 - ANOVA analysis results for viscosity (Pa.s), F3

Source DF AdjSS Adj MS F-Value P-Value % Contribution
Temperature (°C) 4 501311 125328 10,18 0,001 38,11289
Solid loading rate (%) 3 666306 222102 18,04 0 50,65687
Error 12 147715 12310 - - 11,23024
Total 19 1315332 - - 100

R-Sq.=75,31 % R-Sq. (adj) =72,40 % R-sq(pred)=64,37%

Fig. 6a, shows the main effect plot for the S/N rate for the melt flow index. When Fig. 6a, is examined, it can be
estimated that the best melt flow index can be obtained under the parameter conditions where the temperature is 220 (°C),
and the solid loading rate is 50%. Fig. 6b, shows the main effect plot for the S/N rate for viscosity. When Fig. 6b, is
examined, the best viscosity can be obtained in parameter conditions where the temperature is 180 (°C), and the solid
loading rate is 60%. Fig. 7a and b, show the effect of temperature and solid loading rate on the melt flow index. The
response range by color coding is also shown in Fig. 7a. When the temperature is 210-220 °C, the melt flow index solid
loading rate is 50% > 1750 (g/10min.), 1250-1500 (g/10min.) at 55%, and 750-1000 (g/10min.) at 58%.), at 60%, it is
between 750-1000 (g/10min.). It shows the maximum melt flow index at a low solid loading rate value and high-
temperature value. Fig. 7b, shows the effect of temperature and solid loading rate on viscosity. When the temperature is
180-190 °C, the viscosity is 200-400 (Pa.s) when the solid loading rate is 50%, 200-400 (Pa.s) at 55%, 400-800 (Pa.s) at
58%, at 60%, it is between 800-1000 (g/10min.). The response range by color-coding is also shown in Fig. 7b.

Main Effects Plot for SN ratios
Data Means

Temperature (°C) Solid loading rate (%)

63
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61
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Main Effects Plot for SN ratios
Data Means

Temperature (°C) Solid loading rate (%)

Mean of SN ratios
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o
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Signal-to-noise: Smaller is better

Fig. 6 - Taguchi analysis (a) melt flow index (g/10min.); (b) viscosity (Pa.s), F3

4. Conclusions

In this study, the highest powder content and viscosity values of less than 1000 Pa.s were taken into account in the

feedstock analysis. Because of the analysis made, the following conclusions were reached:

1.  When the findings obtained as a result of the analyzes are interpreted, the viscosity value range of F1 feedstock
at maximum powder loading (54%) is 1500-1800 Pa.s, the viscosity value of F2 feedstock is >1000 (Pa.s) at
maximum powder loading (57%), F3 feedstock Viscosity value range at maximum powder loading (60%) was
determined as 800-1000 Pa.s.

2. F2 and F3 feedstocks are evaluated in terms of melt flow index at the highest powder loading; the MFI value
range of F2 feedstock is 600-800 g/10min., The MFI value range of F3 feedstock is 750-1000 g/10min. has been
determined. In terms of MFI value, it has been seen that the F3 feedstock is ideal, preferable in terms of injection
molding, binder removal, and sintering.
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When the viscosity and melt flow index are evaluated together, it is seen that the F3 feedstock is preferable in
terms of injection molding, binder removal and sintering.

Feedstocks with low viscosity will not be preferred in molding, especially since the low viscosity value in the
mold will cause gaps during molding. The use of feedstock mixtures with similar properties in molding will be
a disadvantage, as feedstock mixtures with low powder and high binder content will create severe problems
during both binder removal and sintering.

Since the R-sq (pred) values found in the regression analysis results are pretty high, using these Egs. for F1, F2, and

F3, feedstocks, predictions can be made for any level of temperature and solid loading rate by using these Egs. in
determining the both melt flow index, and viscosity values without experimenting in future studies.

Contour Plot of Melt flow index (g/10min.) vs Temperature (°C): Solid loading rate (%)
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Fig. 7 - Contour plot for (a) melt flow index, and; (b) viscosity, F3
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