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Abstract: The paper presents the results of tests carried out during the refining of the AlSi9Cu3(Fe)
alloy in industrial conditions at the FDU stand. In the tests, three different rotors made of clas-
sical graphite, fine-grained graphite and classical graphite with SiC spraying were tested for the
degree of wear. A series of tests was conducted for five cases—0% to 100% of consumption every
25%—corresponding to the cycles of the refining process. The number of cycles corresponding to
100% wear of each rotor was determined as 1112. The results of the rotor wear profile for all types
of graphite after the assumed cycles are presented. Comparison of CAD models of new rotors and
3D scans of rotors in the final stage of operation revealed material losses during operational tests.
The study assessed the efficiency of the rotor in terms of its service life as well as work efficiency. It
was estimated on the basis of the calculated values of the Dichte Index (DI) and the density of the
samples solidified in the vacuum. The structure of samples before and after refining at various stages
of rotor wear is also presented, and the results are discussed.

Keywords: aluminum refining; graphite wear; wear testing; rotary impeller

1. Introduction

Currently, one of the stages of aluminum production is refining, which allows the
removal of metallic and non-metallic impurities from the liquid metal, including hydrogen,
which causes porosity and thus deteriorates the mechanical properties of the material [1-3].
In recent years, there has been a continuous development of techniques for introducing
refining gas in the production process of high-grade aluminum. Starting with a single lance,
a pile of lances with additional equipment, porous plugs, usually ended with rotors with
graphite blades [4-6]. Therefore, nowadays, the refining process is very often carried out
in reactors with rotors through which refining gas is introduced, most often argon or a
mixture of argon and chlorine. The essence of the process is the introduction of fine gas
bubbles into the liquid metal, which simultaneously mix the metal and remove unnecessary
gaseous and non-metallic impurities as a result of flotation [7-9].

In recent years, the topic of aluminum refining has attracted many researchers. Most
of the works focus on understanding the phenomena occurring during the process, which
is possible thanks to the use of physical modeling [10-15]. More and more often, this
modeling is supplemented and at the same time verified by numerical modeling [16-20].
However, many studies are still based on experiments conducted directly under industrial
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conditions [21-25]. An important topic is the durability of the rotor material. Various
types of graphite are used as the material for the impeller and rotor shafts due to the ease
of machining and non-wettability with metals. It is not without reason that graphite is
used for elements of machines and rotors, because it is resistant to the refining gases used,
i.e., chlorine, nitrogen and argon, as well as their mixtures and other aggregates. After
immersion in a liquid metal bath, an element made of graphite is subjected to a rapid
(fractional) temperature change from room temperature to several hundred degrees Celsius.
At the same time, the rotor is exposed to cold refinery gases. Moreover, the very use of a
rotor requires a high degree of strength, since the rotating gas distribution rotor heads are
immersed in the melt during rotation. Therefore, one of the disadvantages of graphite as a
material for rotors is its oxidation and erosion. Therefore, the paper presents test results
for the same type of rotor with an impeller made of three different types of graphite. This
type of research is unique, but many researchers are increasingly focusing on topics related
to the durability and consumption of materials used in industry, although this type of
research is not easy [26-28].

2. Research Study and the Object

The refining process was carried out on the AlSi9Cu3(Fe) alloy using an FDU unit with
a rotor. The AlISi9Cu3(Fe) alloy was obtained from secondary materials (scrap); therefore,
after each series of experiments, the chemical composition was determined with using
optical emission spectrometry—the average chemical composition within the standards is
presented in Table 1.

Table 1. Average chemical composition of AlSi9Cu3(Fe) alloy samples taken during operational tests.

Si

Fe

Cu

Chemical Composition, wt %
Mn Mg Cr Ni Zn Pb Sn Ti Al

8.551

0.943

2.301

0.312 0.202 0.063 0.066 0.930 0.057 0.021 0.041 86.48

The research focused on the assessment of the refining efficiency at the FDU stand,
as shown in Figure 1a, with different degrees of wear of various types of graphite rotor,
the scheme of which is shown in Figure 1b with the characteristic dimensions marked.
Table 2 presents the processing parameters; additionally, three types of tested rotors, which
differed in the material from which the rotor was made, are marked in it.

ﬁ Rotor

Shaft

883
ﬁ-

. 105,

Impeller

i

(b) (c)

Figure 1. View of: (a) Dimensions of tested rotor (mm); (b) Description of tested rotor; (c) Use of rotor
in operational conditions.
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Table 2. Refining process parameters.

Parameter of Refining Process Unit
Refining time 180 s

Rotary impeller speed 350 rpm

Flow rate of gas 17 dm?-min~!
Working height 200 mm

In the first case, it was classic graphite, in the second, it was fine-grained graphite,
and in the third, it was classic graphite with SiC spraying. Table 3 presents the basic
parameters of these rotors, such as density, flexural strength and porosity. Rotors Al and
A2 are additionally impregnated with refractory material. This impregnation is to prevent
the oxidation of the graphite, which should extend the service life of the FDU rotor. In the
case of the A3 rotor, SiC refractory spraying was used instead of impregnation. The spray
was applied to the entire surface of the shaft and impeller. Spraying is to prevent abrasive
wear and oxidation of the graphite, which can extend the life of the FDU impeller.

Table 3. Impeller designation and characterization of material used for rotor preparation.

Desienation Characteristics of Materials Parameters of Graphite Materials
8 Graphite Type Impregnation SiC Spraying Density, g-cm—3 Flexural Strength, MPa Porosity, %
Al Classic graphite Yes No 1.67-1.74 12.0-16.6 20.0-24.0
A2 Fine-grained graphite Yes No 1.72-1.75 15.5-19.5 15.0
A3 Classic graphite No Yes 1.67-1.74 12.0-16.6 20.0-24.0

The course of refining and the life of the rotors were assessed on the basis of the
number of cycles at which a certain percentage of rotor wear is achieved. The achievement
of individual stages or a specific degree of rotor wear was determined after consultation
with the suppliers of individual rotors together with one of the local die-casting foundry
company (for automotive), based on experience and internal regulations. Therefore, as
part of the experiments, a series of tests was carried out for five cases (0% to 100% of
consumption every 25%) corresponding to the cycles of the refining process. One cycle is
3 min of rotor operation. The wear values assigned to the respective cycles are summarized
in Table 4. The number of cycles corresponding to 100% wear of each rotor was determined
by the manufacturer as 1,200. The number of cycles corresponding to the individual stages
of rotor wear was derived from this value. However, due to the production possibilities,
it was not feasible to adhere exactly to the specified number of cycles. Due to the loss of
Al rotor material and the operational safety, the tests were completed before 1200 cycles.
Therefore, 100% wear of the A1 rotor corresponds to 1112 cycles.

Table 4. Course of operational tests and rotor wear values for all rotors.

Experiment Series Impeller Wear The Beginnings of the Cycle

Al A2 A3
1/VT 0% 0x 0x 0x
2/VT 25% 287 x 366 x 343 %
3/VT 50% 500 607 x
4/VT 75% 798 x 875x%
5/VT 100% 1112x

All samples of experiments series 1/VT to 5/VT (0% to 100% wear) were selected to
give an idea of the course and nature of refining efficiency. Selected series of experiments
represent 144 melts, where we focused on the efficiency of melt refining during production
within the following technological flow: AlSi9Cu3(Fe) alloy — STRIKO shaft furnace —
FDU — UP maintenance furnace — die casting — ROCKER COVER.
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In order to assess the efficiency of refining, alloy samples for the density index test
were taken before (FDUs) and after refining (FDUe)—it gives possibility to evaluate visual
stages of degassing—Dichte Index test (80 mbar).

Gasification is usually referred to as double weighing. The principle of the method is
to compare the density of an alloy sample solidifying under atmospheric pressure with a
sample solidifying under reduced pressure. The Sieverts law is applied here, according to
which the solubility of hydrogen in the metal is lower under reduced pressure, and thus,
more hydrogen bubbles are removed during solidification than at atmospheric pressure.
The bubbles remain enclosed in the metal and thus reduce its density. A sample of the alloy
to be assessed is taken from the melting furnace and poured into two test crucibles (metal,
ceramic or sand mix—according to the manufacturer) with a volume of about 40-80 mL.
One sample is allowed to solidify at atmospheric pressure, while the other is allowed to
solidify under a defined vacuum in a vacuum chamber. The density of the sample solidified
under atmospheric pressure ps 41, and the sample solidified in vacuum p; 4 is determined
by weighing in air and after immersion in a beaker with water, using the principle of
Archimedes’ law. The sample densities are calculated according to the general formula:

Mg Mg

s OHO) 1
Os Ve M 120 PH,0 ( )

From the densities ps 4 and ps oqx, the density index known as Dichte Index (DI) is
determined according to the formula:

DI — (pS ﬂtm*ps Uﬂk) ‘1000/0, (2)
Os atm

The double weighing method is probably the most common and relatively accurate
method in foundries today. The value of the DI in conventional castings is usually around
a few percent. Modern instruments designed for this method only require weighing of
the sample in air and immersed in water. The density is calculated automatically. The DI
expresses the overall effect of the content of gases and oxide inclusions—that is, the actual
tendency of an alloy to form bubbles.

3. Research Results and Discussion

Table 5 shows the results of rotor wear profile for all graphite types after the cycles
listed in Table 4. The wear of the Al rotor after 25% of refining cycles is not high. Droplets
of material appear on the rotor shaft but also on the impeller, but no reduction in the rotor
material has been observed. After 50% of refining cycles, the dripping of the material is
significantly greater, and the lower edge of the impeller has also decreased. After 75% of
refining cycles, the material drips are significant, and the lower edge of the impeller has
decreased significantly from the baseline. Throughout 100% of the refining cycles, the rotor
is still operational, but the bottom edge is very negligible. Significant material infiltration
was also observed on the shaft and baffle as well as on the impeller.

The wear of the A2 rotor after 25% of refining cycles is high compared to the Alrotor.
Significant infiltration on the shaft and the impeller have been found; moreover, the lower
edge of the impeller is significantly damaged and worn. After 50% of refining cycles, the
rotor wear is close to 25% of refining cycles; only a reduction in the lower edge of the
impeller was observed. After 75% of refining cycles, the material wear is significant, a
significant material drip on the shaft and the rotor itself has been observed, and the lower
edge of the impeller is already significantly worn. Unfortunately, the rotor did not survive
the 100% refining cycles.

In the case of the A3 rotor, after 25% of refining cycles, a very high wear of the rotor
material was observed, and the lower edge of the rotor is very worn (very thin), which
proves its fast wear. The rotor made of this material did not withstand up to 50% of the
refining cycles. This material was worn much faster than the Al and even the A2 rotors.
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Table 5. Comparison of rotors wear profile at different stages of service life.

Percentage Level of Rotor Wear, %
0% 25% 50% 75% 100%

Rotor Al

A comparison of the CAD models of new rotors and 3D scans of the rotors in the
final stage of operation revealed material losses during operational tests. The dimensional
deviations from the original shape of the rotors are shown in Figure 2. The rotor Al shows
a material loss of 36.9%. The maximum dimensional deviations of the rotor A1l reached the
values of about 10 mm and are located on the underside of the impeller. Rotor A2 shows a
material loss of 45.7%. The maximum deviations were around 25 mm and mainly occurred
in the area of the blade recesses on the underside of the impeller. In the case of the A3 rotor,
the material loss reached 28.8%. The maximum deviations from the original shape were
about 25 mm and occurred in the area of the blade recess on one side of the impeller.

The Dichte Index (DI) values, as well as the density of samples solidified in vacuum,
were determined from the results of the vacuum test of individual melts. Within the results,
a comparison of the values of the Dichte Index (DI) at the beginning of the refining process
(FDUstart) and at the end of the process (FDUend) is presented in Figure 3 for rotors Al,
A2 and A3.

The achieved results of the Dichte Index (DI) show that before the refining process,
the melt shows an increased gas content for A1l rotor DI = 10.68% and DI = 10.16% for
both series 1/VT and 5/VT (0% and 100% wear; Figure 3a). As part of the refining process
carried out in the FDU device, we observed a significant reduction in DI, which is evident
from the achieved values: DI = 4.25% and DI = 0.67%, for both series 1/VT and 5/VT (0%
and 100% wear; Figure 3b). A similar behavior of the Dichte Index is observed for the A2
and A3 rotors. For the A2 rotor Dichte Index at the beginning of the refining, the following
level is observed: DI = 10.41% and DI = 9.26% for series 1/VT and 4/VT (0% and 75%
wear). At the end of refining, the Dichte Index values were the following: DI = 1.94% and
DI = 0.37% for series 1/VT and 4/VT (0% and 75% wear). Whereas for the A3 rotor, the
Dichte Index at the beginning of the refining was: DI = 9.60% and DI = 9.51% for series
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1/VT and 2/VT (0% and 25% wear), and at the end of refining: DI = 0.39% and DI = 0.38%
for series 1/VT and 2/VT (0% and 25% wear).

25.
= o e
X 200/
vs an ¢ i
150 15.0 -
125 125!
100 100
75 75
5.0, 5.0]
25| 25
0.0} 0.0]
2.5 -2.5|
50 5.0)
75| 75|
-10.0) 100
-125| 125
-15.0) -15.0}
17.5) 175
-20.0) -20.0}
225} 25
-25.0! -25.0!
(a) (b)
250
25
200
175
150
125
10.0
75
5.0
25|
00
25|
-5.0)
75|
-100)
-125|
-15.0)
-17.5)
-200)
-225)

(©

Figure 2. Rotor wear, 3D scanner: (a) Material loss 36.9%, Impeller Al; (b) Material loss 45.7%,
Impeller A2; (c) Material loss 28.8%, Impeller A3.
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Figure 3. Comparison of Dichte Index values within rotors wear: (a) rotor Al (series 1/VT to 5/VT);
(b) rotor A2 (series 1/VT to 4/VT); (c) rotor A3 (series 1/VT to 2/VT).
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The results of the DI after the FDU treatment show a significant difference between
the rotor showing 0% and 100% wear. With 0% wear of the rotor (series 1/VT), it can be
concluded that the rotor contains moisture which is gradually released. With a 100% rotor
wear (series 5/VT), it can be stated that even with such a high wear, the rotor achieves the
lowest DI not only within the average values but also within the individual melts. These
trends for DI are also seen in the density results of vacuum-solidified samples. Figure 4
presents a summary of changes in the alloy density for the beginning and end of refining
for the three tested rotors A1, A2 and A3.
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Figure 4. Comparison of densities values of samples solidified in vacuum within the rotors wear:
(a) rotor A1l (series 1/VT to 5/VT); (b) rotor A2 (series 1/VT to 4/VT); (c) rotor A3 (series 1/VT
to2/VT).

In addition to determining the Dichte Index (DI) and the density of the vacuum
solidified samples, the evaluation of the vacuum solidification tests was performed by
visual cross-section evaluation. The most interesting series of heats were selected for
testing, which always contained samples from the two heats that had the largest initial
DI difference. For series 1/VT (rotor wear 0%) and 5/VT (rotor wear 100%), images of
individual samples for the Dichte Index for rotor Al are shown in Figure 5; whereas for
rotors A2 and A3, respectively, these images are shown in Figures 6 and 7. The sampling
point and the achieved Dichte Index are indicated in each image.
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Figure 5. Sections of samples taken for gasification assessment for rotor Al: (a) wear 0% (series
1/VT); (b) wear 100% (series 5/VT).
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Figure 6. Sections of samples taken for gasification assessment for rotor A: (a) wear 0% (series 1/VT);
(b) wear 75% (series 4 /VT).
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Figure 7. Sections of samples taken for gasification assessment for rotor A3: (a) wear 0% (series
1/VT); (b) wear 25% (series 2/VT).

In the case of rotor Al, at the beginning of the refining process, significant porosity
is observed in the entire sample volume. At the end of the refining cycle, the porosity
is much less, but some gas bubble residues are still visible in some places in the sample
(see Figure 5a). Much better results are observed for 100% rotor wear, especially after
completion of the refining cycle. There is practically no porosity in the sample volume;
perhaps only a few tiny residual gas bubbles can be seen in the selected samples (see
Figure 5b). Similar conclusions can be applied to rotors A2 and A3.

As part of individual series of experiments, the melting point was also measured at
the following technological sites: AM (After Melting), FDUstart, FDUgnq and AR (After
Refining). An evolution of temperature drop during die casting for each rotor is summa-
rized in Figure 8. The achieved temperature drops show the same trend, including places
with the greatest heat loss, during processing at the FDU unit, when the melt temperature
decreases by an average of 15.5 °C to 23.4 °C. The total temperature drop of AlSi9Cu3(Fe)
during processing before casting into the holding furnace was 25.3 to 33.6 °C.
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Figure 8. AlSi9Cu3(Fe) melt temperature drop during production (from melting to refining): (a) rotor
Al (series 1/VT and 5/VT), (b) rotor A2 (series 1/VT and 4/VT), (c) rotor A3 (series 1/VT and 2/VT).

4. Conclusions
Based on the research, the following conclusions were drawn:

— There is a certain amount of moisture in the new rotor, which contributes to re-
gasification; as the rotor wear increases, the degree of degassing of the metal bath
increases, and thus, the porosity of the obtained cast samples decreases;

— For the Al impeller made of classic graphite impregnated with refractory material,
the longest service life was observed: about 1100 refining cycles;

— The A2 impeller, made of fine-grained graphite, also impregnated with refractory
material, has a slightly shorter service life than the Al impeller; the impeller survived
about 900 refining cycles;

— The worst impeller in terms of service life turned out to be the A3 impeller (SiC
sprayed graphite); its wear is observed after less than 350 refining cycles, which means
that there is no recommendation for further use.

The obtained results allowed mapping the efficiency of refining/degassing of molten
AlSi9Cu3(Fe) during technological treatment with 0% to 100% wear of various types of
graphite rotors. Based on the above results, it will be possible to compare the efficiency of
refining using a different type of rotor to the die casting process.



Materials 2022, 15, 4425 11 of 12

Author Contributions: Conceptualization, L.S. and K.G.; methodology, L.S. and K.G.; formal analysis,
J.S.; investigation, M.G. and J.S.; writing—original draft preparation, M.S., TM. and ]J.P.; writing—
review and editing, ].S.; visualization, M.S., TM. and ].P.; supervision, L.S. and T.P,; project adminis-
tration, L.S.; funding acquisition, T.P,, L.S. and K.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was created under the support of the Technology Agency of the Czech Re-
public within the frame of the program EPSILON in the solution of the projects reg. No. TH04010449
“Research and development of refining technologies for increasing of quality of aluminum alloys for
high-performance quality castings”. The work was also supported by Grant 11/020/RGJ22/0089
(Silesian University of Technology). The work was also supported by Grant 11/020/BK_22/0088
(BK-208/RM2/2022)—Silesian University of Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sigworth, G.K. A scientific basis for degassing aluminum. AFS Trans. 1987, 95, 73-78.

2. Siemensen, C.J.; Berg, G. A survey of inclussions in aluminium. Aluminum 1980, 56, 335-340.

3.  Zhang, L.; Lv, X,; Torgeson, A.T.; Long, M. Removal of impurity elements from molten aluminum: A review. Miner. Process. Extr.
Metall. Rev. 2011, 32, 150-228. [CrossRef]

4. Taylor, M.B. Molten metal fluxing/treatment: How best achieve the desired quality requirements. Aluminum 2003, 79, 44-50.

5. Chateau, ].M. Latest trends in molten metal in-line treatment. Alum. Times 2003, 4, 34-35.

6. Diaz, M.C; Komarov, S.V.; Sano, M. Bubble behaviour and absorption rate in gas injection through rotary lances. ISI] Int. 1997,
37,1-8. [CrossRef]

7. Johansen, S.; Graadahl, S.; Tetlie, P; Rasch, B.; Myrbostad, E. Can rotor-based refining units be developed and optimized based on
water model experiments? In Light Metals; TMS: Warrendale, PA, USA, 1998; pp. 805-810.

8.  Tovio, D.O.; Mugica, G.W.; Gonzalez, A.C.; Cuyas, ].C. Formation and size of bubbles in degassing system of aluminum. AFS
Trans. 2000, 108, 457-462.

9. Herndndez-Hernandez, M.; Camacho-Martinez, J.L.; Gonzalez-Rivera, C.; Ramirez-Argaez, M.A. Impeller design assisted by
physical modeling and pilot plant trials. J. Mater. Process. Technol. 2016, 236, 1-8. [CrossRef]

10. Michalek, K; Socha, L.; Gryc, K.; Tkadleckova, M.; Saternus, M.; Pieprzyca, J.; Merder, T. Modelling of technological parameters of
aluminium melt refining in the ladle by blowing of inert gas through the rotating impeller. Arch. Metall. Mater. 2018, 63, 987-992.

11. Ramos Gomez, E.; Zenit, R.; Gonzalez Rivera, C.; Trapaga, G.; Ramirez-Argdez, M.A. Mathematical modeling of fluid flow in
a water physical model of an aluminum degassing ladle equipped with an impeller-injector. Metall. Mater. Trans. B 2013, 44B,
423-435. [CrossRef]

12. Yamamoto, T.; Kato, K.; Komarov, S.V.; Ueno, Y.; Hayashi, M. Investigation of melt stirring in aluminum melting furnace through
water model. J. Mater. Process. Technol. 2018, 259, 409—415. [CrossRef]

13. Mi, G.F; Liu, X.Y,; Wang, K.E;; Qi, S.P.; Wang, HW.; Niu, J.T. Analyses of the influencing factors of rotating impeller degassing
process and water simulation experiment. J. Mater. Sci. Forum 2008, 575-578, 1258-1265. [CrossRef]

14. Camacho-Martinez, J.L.; Ramirez-Argaez, M.A.; Zenit-Camacho, R.; Juarez-Hernandez, A.; Berceinas-Sanchez, J.O,;
Trapaga-Martanez, G. Physical modelling of an aluminium degassing operation with rotating impellers—A comparative
hydrodynamic analysis. Mater. Manuf. Process. 2010, 25, 581-591. [CrossRef]

15. Chen, J.; Zhao, J. Bubble distribution in a melt treatment water model. In Light Metals; TMS: Warrendale, PA, USA, 1995;
pp. 1227-1231.

16. Saternus, M.; Merder, T. Numerical and physical modelling of aluminium refining process conducted in URO-200 reactor. Solid
State Phenom. 2012, 191, 3-12. [CrossRef]

17.  Laux, H.; Bech, K. CFD modeling of bubble-driven flow. Int. ]. Appl. Mech. Eng. 2002, 7, 329-359.

18.  Ruizhi, W,; Jun Wang, D.S.; Baode, S.; Milin, Z. Flow field and gas-bubble size analysis in water model for the process of aluminum
melt degassing by particle image velocimetry. Mater. Sci. Forum. 2007, 546-549, 1087-1092.

19. Warke, VS.; Shankar, S.; Makhlouf, M.M. Mathematical modeling and computer simulation of molten aluminum cleansing by the
rotating impeller degasser, Part II. Removal of hydrogen gas and solid particles. ]. Mater. Process. Technol. 2005, 168, 119-126.
[CrossRef]

20. Wana, B,; Chena, W.; Mao, M,; Fu, Z.; Zhu, D. Numerical simulation of a stirring purifying technology for aluminum melt. J.

Mater. Process. Technol. 2018, 251, 330-342. [CrossRef]


http://doi.org/10.1080/08827508.2010.483396
http://doi.org/10.2355/isijinternational.37.1
http://doi.org/10.1016/j.jmatprotec.2016.04.031
http://doi.org/10.1007/s11663-012-9774-8
http://doi.org/10.1016/j.jmatprotec.2018.04.025
http://doi.org/10.4028/www.scientific.net/MSF.575-578.1258
http://doi.org/10.1080/10426910903367386
http://doi.org/10.4028/www.scientific.net/SSP.191.3
http://doi.org/10.1016/j.jmatprotec.2004.10.016
http://doi.org/10.1016/j.jmatprotec.2017.09.001

Materials 2022, 15, 4425 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

Camacho-Martinez, ].; Ramirez-Argaez, M.; Juarez-Hernandez, A.; Gonzélez-Rivera, C.; Trapaga-Martinez, G. Novel degasifi-
cation design for aluminum using an impeller degasification water physical model. Mater. Manuf. Process. 2012, 27, 556-560.
[CrossRef]

Yamamoto, T.; Suzuki, A.; Komarova, S.V.; Ishiwata, Y. Investigation of impeller design and flow structures in mechanical stirring
of molten aluminum. J. Mater. Process. Technol. 2018, 261, 164-172. [CrossRef]

Mancilla, E.; Cruz-Mendez, W.; Garduno, LE.; Gonzalez-Rivera, C.; Ramirez-Argaez, M.A.; Ascanio, G. Comparison of the
hydrodynamic performance of rotor-injector devices in a water physical model of an aluminum degassing ladle. Chem. Eng. Res.
Des. 2017, 118, 158-169. [CrossRef]

Saternus, M.; Merder, T. Physical modelling of aluminum refining process conducted in batch reactor with rotary impeller. Metals
2018, 8, 726. [CrossRef]

Saternus, M. Physical Modelling of Phenomena Occurring during Refining Process of Fe and Al Solutions by Means of Inert Gases; Silesian
University of Technology: Gliwice, Poland, 2020.

Gonzalez-Ciordia, B.; Fernandez, B.; Artola, G.; Muro, M.; Sanz, A.; Lopez de Lacalle, L.N. Failure-Analysis Based Redesign of
Furnace Conveyor System Components: A Case Study. Metals 2019, 9, 816. [CrossRef]

Fernandez, B.; Gonzalez, B.; Artola, G.; Lopez de Lacalle, N.; Angulo, C. A Quick Cycle Time Sensitivity Analysis of Boron Steel
Hot Stamping. Metals 2019, 9, 235. [CrossRef]

Gaitonde, V.N.; Karnik, S.R.; Davim, J.P. Taguchi multiple-performance characteristics optimization in drilling of medium density
fibreboard (MDF) to minimize delamination using utility concept. J. Mater. Process. Technol. 2008, 196, 73-78. [CrossRef]


http://doi.org/10.1080/10426914.2011.593234
http://doi.org/10.1016/j.jmatprotec.2018.06.012
http://doi.org/10.1016/j.cherd.2016.11.031
http://doi.org/10.3390/met8090726
http://doi.org/10.3390/met9080816
http://doi.org/10.3390/met9020235
http://doi.org/10.1016/j.jmatprotec.2007.05.003

	Introduction 
	Research Study and the Object 
	Research Results and Discussion 
	Conclusions 
	References

