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Abstract: The search for more efficient methods for degassing aluminum alloy melts has always
been of great interest for the metal industry because the presence of hydrogen and oxides in the
melts” prior casting was detrimental to the integrity and properties of the final products. In this
work, we present an overview of the progress and key findings from the research and development
of an innovative High Shear Melt Conditioning (HSMC) degassing technology during the Liquid
Metal Engineering (LiME) Research Hub project. Compared to conventional rotary degassing, this
novel technique was capable of working at higher rotor speeds to efficiently break and disperse the
naturally occurring oxide bifilms in the melt and to capture and disperse each supplied inert gas
bubble into many tiny bubbles throughout the whole melt. This resulted in the elimination of the
need to degas fluxes to remove the oxides in the melt, the reduction in the gas flow required to reach
the same level of hydrogen removal rate, and the minimization of the regassing effect after pro-
cessing. The increased process efficiency allowed for reduced melt processing costs and, at the same
time, improved the melt quality, which resulted in fewer defects and improved mechanical proper-
ties.
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1. Introduction

Degassing is the most critical step for the aluminum casting industry, because it aims
to ensure sufficient melt quality prior to solidification, producing high-quality cast prod-
ucts free of defects. The presence of dissolved hydrogen and solid oxide bifilms or inclu-
sions causes porosity and cracks in the solidified components, and this is detrimental to
the mechanical properties of the castings, so there is always a need to remove them from
the melt prior to casting [1].

There are several degassing methods that are used by industry or that are under re-
search and development. These mainly require generating multiple gas bubbles that are
well-dispersed in the melt, which can capture the dissolved hydrogen by diffusion
through the bubble—melt interface. This can be accomplished via the injection of inert or
reactive purge gases through lances, although the process efficiency is low this way. The
addition of fluxes or chemical dropping pellets, where the added solid material decom-
poses, liberating the gas bubbles in the melt (like an effervescent tablet in water), which
increases effectiveness but requires either multiple steps or the use of a rotary impeller to
improve the flux distribution. Other typical methods are vacuum degassing [2], ultrasonic
degassing [3], spray degassing [4], filtration, and rotary degassing [5]. Among them, ro-
tary degassing is the most popular method used in industry to clean aluminum melts
because of its simplicity and excellent performance. However, the current rotary degas-
sing technique, based on the use of rotor impellers to distribute gas bubbles throughout
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the whole melt, lacks efficiency because it requires high gas flow rates and long processing
times to be fully effective [6]. The impeller rotation also causes strong turbulences and a
vortex near the surface, which reduces processing window operability, accelerates regas-
sing, and facilitates the entrapment of oxides from the surface. Due to this, rotary degas-
sing requires the use of covering fluxes or multiple degassing steps to ensure an effective
cleaning process [7,8].

To overcome these problems, the Brunel Centre for Advanced Solidification Technol-
ogy (BCAST), at Brunel University London, developed an innovative technology, based
on intensive melt shearing [9] and denoted as High Shear Melt Conditioning (HSMC),
which efficiently disperses injected bubbles and existing oxide bifilms into the melt. Con-
trary to conventional rotary impellers, it does not disturb the melt surface and prevents
deterioration of the melt quality after degassing, thus facilitating a more efficient cleaning
of the aluminum alloy melt, better integrity of the castings, and improved mechanical
properties.

In recent years, part of the research during the LiIME Hub project was focused on the
development of the HSMC technology, its applicability, and understanding the mecha-
nisms toward a more efficient degassing technique for degassing aluminum melts. De-
spite most of the results having been already published during the project, they have been
presented as individual studies on particular aspects of the technology or the degassing
process. This paper presents a general overview of the HSMC degassing technology, the
key findings, and a more detailed description and discussion of the previously published
results and the progress made during the LiME project. For this, we first present a com-
prehensive explanation of the origin of the hydrogen and oxides in the aluminum melts
and a description of the degassing fundamentals and requirements for effective melt
cleanliness and melt quality assessment. Then, we compare the current rotary degassing
technique with the innovative rotor-stator HSMC technology, highlighting the ad-
vantages of the new method. We continue showing how the evaluation of the parameters’
effect on the process efficiency has been performed and discuss the importance of under-
standing the gas-liquid mixing diagrams to optimize the technique. After that, a summary
of the results of the effect of HSMC degassing on melt quality, casting integrity, and me-
chanical properties is presented, and the processing—structure—properties relationship
and the importance of a good melt quality assessment are discussed. Finally, we present
the current state of the technology’s development and some of the latest scaling-up activ-

ities and discuss the potential technology implementation in industry.

2. Origin of Hydrogen and Oxides and the Assessment of Melt Quality

The major factors influencing the quality of aluminum alloy melts are dissolved hy-
drogen and the presence of oxide films, or more precisely oxide bifilms [10]. Both hydro-
gen and oxide bifilms are consequence of the reaction of the ambient moisture with the
liquid aluminum surface, as described in Equation 1.

2Al + 3H20 = AlLOs + 6H 1)

The reaction produces atomic hydrogen, which is dissolved into the melt, and a thin
oxide layer on the melt surface. When the melt surface is disturbed during handling, this
layer breaks and folds over, entrapping air inside and becoming entrained inside the melt.
The oxide bifilm, therefore, presents two sides, an outer wet side in contact with the liquid
aluminum and an inner dry side in contact with the entrapped air.

Typically, hydrogen has been considered as the main originator of porosity in cast-
ings due to its different solubility in solid and liquid aluminum. During solidification, the
hydrogen in excess would precipitate and recombine as molecular gas, causing the gas
porosity. However, recent studies [11] have shown that hydrogen gas cannot nucleate in
liquid aluminum either homogeneously or heterogeneously, but rather it precipitates in
the already-existing gaps in the liquid or into the interdendritic regions at the final stages



Metals 2022, 12, 1772

3 of 22

of solidification. In that sense, Dispinar and Campbell described [12,13] that the oxide bi-
films play a more important role in the formation of porosity by unfolding during solidi-
fication and letting the excess hydrogen diffuse into the gap within the bifilm sides, thus
contributing to expand an already existing defect. The presence of this bifilm defect in the
microstructures has a direct influence on the degradation and variability of the tensile and
the fatigue mechanical properties of the castings [14-16].

Therefore, melt degassing techniques must focus on the removal of not only hydro-
gen but also, more importantly, the entrapped oxide bifilms from the melt, to ensure suf-
ficient melt quality and to reduce the potency of porosity formation during solidification.

The quality of the aluminum melts before and after the degassing process can be
evaluated by different techniques [17]. The hydrogen content in the melt can be directly
measured using a FOSECO ALPEK-H probe (EMC Hycal, Limited, Stafford, UK) [18] im-
mersed in the melt, with the measurement given as mL/100 g Al. However, this technique
only gives information about the hydrogen level, not about the content of the oxides in
the melt. Another technique to account for both hydrogen and oxide bifilm content is the
reduced pressure test (RPT) [12,13], which involves solidifying the melt into two conical
steel cups, one in air (atmospheric pressure) and the other under partial vacuum pressure
(80 mbar). The melt quality is then evaluated by calculating the Density Index (DI%) using
Equation 2, where Dair and Dvac are the density of the samples solidified in air and under
vacuum, respectively. The more hydrogen and oxides in the melt, the higher the Density
Index is.

DI (%) =100 x (Dair - Dvac) / Dair (2)

The RPT samples can be also cut and polished to evaluate the aspect of internal po-
rosity developed during the solidification, which is an indirect indicator of the potential
porosity to be generated in the castings. In that sense, another method more recently used
to quantify the melt quality based on the RPT sampling is the so-called Bifilm Index (BI)
assessment. The Bifilm Index is defined, by Equation 3, as the sum of the length of all
pores identified in the surface of the RPT cross section [19]. Despite being more complex
or time-consuming to evaluate, i.e., requiring cutting and assessing the RPT sample sur-
face, the Bifilm Index is considered a better indicator of the melt quality [20], as it accounts
only for the oxide content in the melt, while the Density Index accounts for the combined
effect of both oxides and hydrogen content in the melt, and this might hinder or scatter
the real impact of the oxides in the generation of cracks and porosity in the solidified cast-
ings. However, due to its simplicity and faster calculation, the Density Index assessment
is still the main technique used in industry for evaluating the quality of aluminum melts.

BI = ) pore lenght 3)

3. High Shear Melt Conditioning Development for Degassing
3.1. Requirements for Achieving an Efficient Degassing

A degassing technique is considered efficient if it can provide a fast cleaning at a low
cost, both in terms of energy and material consumption. At the same time, it needs to keep
surface turbulences to a minimum, be able to eliminate most of the hydrogen and oxide
bifilms in the melt below certain limits, and guarantee sufficient melt quality for a long
time after processing to avoid the need for repeated degassing cycles.

The conventional rotary degassing approach injects inert gas bubbles and distributes
them in the whole volume with the help of a rotor impeller. During the degassing process,
the level of hydrogen that remains dissolved in the melt as a function of time can be de-
scribed by Equation 4 [6], where Heq denotes the equilibrium solubility level of the hydro-
gen in the aluminum melt, Ho denotes the initial hydrogen content, Kv denotes the diffu-
sion coefficient of hydrogen at the melt/bubble interface, Av denotes the total interfacial
area of the bubbles, and Vm denotes the total volume of melt being processed.



Metals 2022, 12, 1772

4 of 22

H(t) = Heq + (HO - Heq) exp(—Kb Ab t/Vm) (4)

At the same time, the buoyancy of the bubbles toward the surface is another im-
portant parameter to control, because it determines the residence time of the bubbles in
the liquid capturing the dissolved gases. The flotation speed of the bubbles can be ex-
pressed by Equation 5 (Stokes law), where V is the bubble velocity, ¢ is the diameter, g is
the gravity acceleration, 1 is the fluid viscosity, and p is the densities of the gas and liquid
phases.

V = 2 g (pgas — Pliquia)/(181) ®)

One could consider that increasing the gas flow is beneficial because it offers a larger
bubble surface area to capture the dissolved hydrogen efficiently [21], but this also causes
a faster flotation of the bubbles toward the surface, thus reducing their residence time in
the melt and making the process less efficient above a certain gas flow [22]. Therefore,
increasing the rotor speed to reduce the bubble size is always the best approach [5,6].
However, increasing the rotor speed in conventional designs causes a vortex and surface
turbulences, which facilitate the reabsorption of hydrogen and the entrapment of new ox-
ide films in the melt (regassing), as it is shown in Figure 1a. Therefore, the rotor speed
cannot be too high in conventional rotary degassing. Baffles are used in industry to mini-
mize the vortex, but they are only effective to a certain extent.

On the other hand, bubble mixing does not totally solve the problem of the oxide
bifilm’s presence in the aluminum melts, because it is able to remove the larger oxides but
not the smaller ones [23,24], and, therefore, the use of fluxes is always a must when using
rotary degassers [8], which ends up increasing the process costs and generating more
dross (losses).

(a) (b)

Llnert gas

Inert gas

- > %1\ 1D

vortex O K
o f
L] OO >
.
O O [+] D o
P o C’Q ;
o o o ?
oo 9., ° 3 0 d
A 5 :
0o 0,00 o [omiain, 0y R T A
0% 70.20 ot || B
IS} O “a g ? = H o~ 2o 7
[+] A’ﬂo i H *~ ) L)
S00h ~ »” .
=X5] Da” (-] - @
= o0 .

Figure 1. Schematic diagrams of (a) conventional rotary degassing and (b) HSMC degassing meth-
ods. The arrows indicate the flow pattern of the bubbles in the melt. Adapted from [24].

3.2. From the Conventional Rotary Methodology to the Innovative HSMC Degassing Process

Regarding the problems mentioned above for the rotary degassing methodology,
BCAST found, a few years ago [25], that oxide bifilms can be efficiently dispersed into fine
particles using an advanced twin-screw high shear technology. When combined with in-
ert gas [26], it could also significantly reduce the hydrogen content in the melts. From
there, a new configuration was developed at BCAST [9].
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A schematic diagram of the technology, denoted as High Shear Melt Conditioning
(HSMC), is shown in Figure 1b. It is comprised of a rotor—stator arrangement made from
an inert ceramic material, which extends its lifetime compared to current graphite impel-
lers. The gas is not injected through the rotor shaft, but by an external pipe located under-
neath the high shear unit, a configuration that facilitates the capture of the bubbles [27]. A
more detailed description of the technology, its operation, and the experimental condi-
tions for the results shown later in this paper can be found in a recent publication [24].

During its operation, the rotation speed can vary, in the range of 1000-10,000 rpm,
providing an extremely high shear rate (up to 105s™). This high shear rate is the result of
the melt being pumped upwards from the bottom and then squeezed in between the small
rotor—stator gap and through the openings of the stator. The liquid is projected radially,
as high-velocity jets, toward the wall of the crucible, where it splits into upper and lower
flow patterns (dashed arrows in Figure 1), while more liquid is being pumped into the
unit. The stator acts as a built-in baffle and prevents the high rotor speeds from generating
a centrifugal flow and the origination of a surface vortex. The technology provides not
only a macroflow in a large volume of melt for distributive mixing, as typically rotary
degassers only do, but also provides a microflow with an intensive shearing effect near
the tip of the device, for dispersive mixing. A more detailed description of the technology
and its operation can be found in a recent publication [24]. During the LiME Hub program,
two units (42 and 90 mm in diameter) were manufactured and tested. In the first part of
this paper, we focus mainly on the results from the 42 mm unit, as the key findings and
conclusions are independent of the unit size, though we show some of the latest results
for the 90 mm unit at the end.

3.3. HSMC Process Visualization and Optimization by Water Modeling

Physical modeling of the technology process in water was conducted to visualize the
effect of high shear degassing parameters (rotor speed and gas flow) on the dispersion
and distribution of the inert gas bubbles in the liquid [24,28]. Water shares a similar fluid
dynamic behavior (viscosity to density ratio) with molten aluminum, and, therefore, it is
an excellent liquid to replicate bubble dispersion and degassing performance in molten
aluminum [29,30]. Examples of these visualizations are shown in Figure 2, for the HSMC
90 mm unit compared to the FOSECO 90 mm rotary degasser available in our laboratory
(Foseco, Tamworth, UK), and in Figure 3, for the HSMC 42 mm unit evaluation and pro-
cess optimization. The water tank dimensions and unit positioning were selected as close
as possible to the experimental plan with molten aluminum. This allowed for the direct
implementation of the observations in water into the aluminum melt processing, with
minimal adjustments.

3.3.1. Improved Bubble Dispersion and Surface Stability Compared to Rotary Degassing

Figure 2 shows a visual comparison of the HSMC degassing unit (Figure 2a) with the
current rotary degasser available in our laboratory (Figure 2b); both are 90 mm in diame-
ter, when applied in a water tank. What can be noticed first is that the rotor—stator unit
can be operated at a higher rotor speed without the generation of a vortex or strong sur-
face turbulences, which normally occur during rotary degassing and require the use of
baffles to minimize their effect and slow down the entrapment of new oxides and air into
the melt. This allows for increasing the process efficiency, by significantly reducing the
amount of inert gas flow required to reach an effective bubble-dispersion regime in whole
volume. This happens because, with HSMC, all the bubbles are captured and finely dis-
persed and distributed, while in rotary degassing some bubbles can escape directly to the
surface without been dispersed. Furthermore, the strong macroflow provided by the
HSMC technology allows for reducing the unit-immersion depth in the liquid required
for an effective bubble dispersion; rotary degassing mostly distributes the bubbles above
the mixing head, so it normally needs to be immersed close to the bottom of the furnace
to be more effective.


https://www.sciencedirect.com/topics/engineering/jet-velocity
https://www.sciencedirect.com/science/article/pii/S0924013621001060#fig0005

Metals 2022, 12,1772

6 of 22

On the other hand, the bubbles dispersed with the HSMC technology are much
smaller, and their size can be controlled by the rotor speed [31,32]. The overall interfacial
area between the bubbles and the liquid increases significantly [24], which, combined with
their uniform dispersion, contributes to a larger diffusion of the dissolved gasses from the
liquid into the bubbles. The buoyancy of the bubbles toward the surface is drastically re-
duced, and, therefore, tiny bubbles can remain for a longer time in the liquid, capturing
the dissolved gases, as already mentioned when introducing Equation 2.

In addition to this, HSMC can also break and homogeneously disperse the inclusions
present in the liquid, while a rotary degassing system can only distribute them, as shown
by the dark particles marked with arrows in Figure 2b, which are not visible in Figure 2a.

(b)

Figure 2. Visualization in water of (a) HSMC degassing (1000 rpm, 0.5 L/min), offering distributive
and dispersive mixing and stable fluid surface. (b) Rotary degassing (350 rpm, 5 L/min) offers only
distributive mixing, poor dispersion, and vortex surface turbulence. The black arrows indicate the
presence of non-dispersed particles in the liquid.

3.3.2. Effect of Rotor Speed and Gas Flow Rate on the Dispersion of Bubbles by HSMC

Figure 3 shows the effect of varying the rotor speed and gas flow rate on the disper-
sion of bubbles in water, using the 42 mm HSMC degassing unit [24]. The bubble flow
and volume of liquid covered by the dispersed bubbles have been highlighted with
dashed arrows. They increase with rotor speed and decrease with the gas flow rate. Three
main regimes associated with the gas-liquid mixing can be defined in mechanically agi-
tated systems [33]: Flooded, Loaded, and Dispersion. A fourth regime, denoted as Recir-
culation, can be also considered as an evolution or extension of the dispersion regime [34—
37].

For low rotor speeds, the system is in the Flooded regime (Figure 3a,e), in which the
gas bubbles are hardly dispersed or distributed, covering just the volume near the degas-
ser and quickly escaping directly to the surface. As the rotor speed increases, the mixing
moves to the Loaded regime (Figure 3b,f), where bubbles are dispersed, so they are only
observed in the volume above the mixer. Above certain rotor speeds, the bubbles start
also being observed below the mixer (Figure 3c,g), transitioning the system to the Disper-
sion regime. Finally, the system reaches the Recirculation regime, when the dispersed
bubbles reach a size small enough to be dragged again into the mixer and re-dispersed
(Figure 3d,h). Under this regime, a significant fraction of the injected gas never has a
chance to escape the macroscopic flow, only doing so when the mixer is stopped and the
liquid is left to rest.

Therefore, increasing the gas flow rate requires a higher rotor speed to achieve bub-
ble recirculation. Both high gas flow and high rotor speed can cause surface instabilities
(Figure 3e-h). On the other hand, for a low gas flow rate, the minimum rotor speed re-
quired for recirculation decreases, and the surface remains more stable (Figure 3a—d).
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The power consumption for the rotor—stator unit can be described by Equation 6 [38],
where D is the rotor diameter, N is the rotor speed, p is the fluid density, and Np is the
power number, which depends on mixer geometry but is constant with respect to the rotor
speed and diameter under turbulent conditions, i.e., Re >10% as in the case of HSMC flow
[39]. From this, we can see that reducing the gas flow also allows for a significant reduc-
tion in the process’ power consumption.

P = NppN3Ds (6)

-

3000 rpm | 3000 rpm 4000 rpm 5000 rpm

Figure 3. Visualization in water of the effect of gas flow rate and rotor speed on the bubble disper-
sion during HSMC degassing processing: (a—d) 0.1 L/min; (e-h) 1.0 L/min. The arrows indicate the
flow pattern of the bubbles in the melt. Adapted from [24].

Therefore, the optimum operational window requires a low gas flow rate (< 1 L/min)
and a rotor speed between 3000 rpm and 6000 rpm. This can be better observed in Figure
4, which represents the gas-liquid mixing regimes map, associated with the configuration
shown in Figure 3. The map has been created using the data and analysis presented in
previous studies [24,31,40]. The prediction of the regime transitions is key from an indus-
trial point of view, especially from flooded to loaded [41], as it defines the minimum op-
erating conditions, but the loaded to dispersed or full recirculation transition is more im-
portant, as it allows for the maximization of the process efficiency [37].
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Figure 4. Effect of gas flow rate and rotor speed on the bubble dispersion during HSMC in water.
Diagram predicted using the data published in previous studies [24,31,40].

The gas-liquid mixing regimes map can be made scale independent [36], if gas flow
(q) and rotor speed (N) are substituted by the dimensionless parameters H (geometry
number; D/T), Q (Flow number; gN-'D-3), and Fr (Froude number; N2Dg-1), where D and
T are the impeller and tank diameter. The boundaries between the flow regimes can be
obtained using Equation 7 for the loaded regime, Equation 8 for the dispersion regime,
and Equation 9 for the full recirculation regime [34,37]. For the case of the HSMC 90 mm
diameter unit, when considering a gas flow of 0.5 L/min, the regime transitions are satis-
fied at around 350 rpm for flooded to loaded, at 650 rpm for loaded to dispersed, and at
1100 rpm for dispersion to recirculation (see Figure 2a), which are the conditions already
used and validated in previous studies [42,43].

Q < 30FrH35 7)
Q < (0.2Fr05H05 (8)
Q < 13Fr2H5 )

4. Applicability of HSMC on Aluminum Melts
4.1. Materials, Degassing, and Casting Procedure

The main studies during the technology’s development and testing have been
conducted on the secondary aluminum alloy, with an approximate composition of Al-
(6.8-7.5)Si-(0.3-0.5)Mg-(0.12-0.25)Fe, i.e., an A356/LM25-type alloy [24,32]. However, the
technology has also been successfully tested on other aluminum alloys such as the
A380/LM24 [42] and Silafont-36 (AlSi10MnMg) [43] HPDC alloys, the Zorba cast fraction
scrap (~LM27) [44], the 7032 [31,45], 7075 [9,40], and 2024 [46] wrought alloys, and also for
recycling the A20X alloy (Aeromet [47]) prepared from recovered scrap material. In all
these cases, a significant reduction in hydrogen and in oxide bifilm content were found,
when compared to conventional rotary degassing.

For the degassing studies, the material was melted, in charges ranging from 6-10 kg
for the laboratory scale trials and up to 50-500 kg for the large-scale trials, in clay graphite
crucibles using electrical resistance furnaces at temperatures from 700 °C to 750 °C and
held for at least one hour for homogenization. Each time the unit was then immersed
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halfway from the melt surface to the bottom of the crucible and operated at the minimum
rotor speed, obtained from water modeling, for each inert gas flow rate, to ensure full
bubble dispersion in the melt.

After degassing, the melts were skimmed and isothermally held in the furnace to rest.
No granular flux was used during degassing or to cover and protect the surface of the
melt afterwards, to allow for natural regassing to occur during the holding period. The
melt quality was assessed at different times, during both the degassing and holding
stages, by RPT sampling and by assessing the structural integrity and the mechanical
properties of the tensile bars cast into the ASTM B108 standard permanent steel mold [48]
and tested in accordance with ASTM E8-03 [49]. Details of the degassing, casting, and
testing conditions for the tensile speciments can be found in a previous paper [24].

4.2. Faster and More Efficient Removal of Hydrogen and Oxide Bifilms from the Aluminum
Melts

Figure 5 and Table 1 show the comparison of a standard rotary degassing procedure
with HSMC degassing and the effect of the processing parameters on the Density Index
and the hydrogen content in the melt. The three melts started with similar conditions (DI
~10%-15%; H ~ 0.36 mL/100 gAl), and the degassing process was monitored with an Al-
spek-H probe and stopped when the hydrogen content was decreased below 0.1 mL/100
gAl.

15
-8-Rotary 5 L/min 350 rpm (10min)
—

124 HSMC 0.1 L/min 3000 rpm (10min)
‘s? -4-HSMC 1 L/min 6000 rpm (1min)
% 9
[

o
£
>
=
7] i
2 6
[}
o

3 -

0 10 20 30 40 50 60
Time (min)

Figure 5. Comparison by Density Index evaluation of the HSMC degassing performance with con-
ventional rotary degassing. Data points replotted from results in previous studies [24,32].

After degassing, both rotary and HSMC are very effective at degassing, reaching
Density Index values below the accepted industrial limit, i.e., DI < 3% [50]. However, the
values after HSMC degassing are considerably lower, with DI <1%. Despite using a much
lower gas flow rate, degassing is achieved in a shorter time due to the already mentioned
larger bubble surface area and effective bubble dispersion. The results also highlight the
effective elimination of the hydrogen present in the melt. While the HSMC at the 0.1 L/min
and 3000 rpm operating condition requires between 5 and 10 min, similar to rotary degas-
sing, the HSMC at the 1 L/min and 6000 rpm operating condition only requires 1 min to
reach similar results. This is because the higher rotor speed used is expected to disperse
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the bifilms and the bubbles much faster within the melt, and the higher gas flow is ex-
pected to increase the overall surface area for hydrogen diffusion.

Table 1. Hydrogen content (X + 0.02 mL/100gAl) in the melt before and after degassing for 10 min.

Trial Before  After Degassing  After Holding 60 Min
Rotary 5 L/min-350 rpm ! 0.38 0.08 0.10
HSMC 0.1 L/min-3000 rpm ! 0.37 0.06 0.09
HSMC 1 L/min-6000 rpm 2 0.35 0.06 0.11

! Degassing for 10 min [24]; 2 degassing for only 1 min [32].

However, after degassing, all melts naturally tend to reabsorb hydrogen due to the
reaction of the melt surface with the ambient humidity, and it is only then when the real
effect on oxide bifilm elimination can be really appreciated. In that sense, both the rotary
and HSMC at 1 L/min-6000 rpm degassed melt should be used within the first 30 min,
otherwise the Density Index becomes higher than 3%. On the other hand, the HSMC at
the 0.1 L/min-3000 rpm degassed melt does not exhibit an increase in Density Index; even
after one hour, the hydrogen in the melt reaches almost a similar level as the other melts.

The significant regassing observed for the HSMC at the 1 L/min—6000 rpm process
can be explained in terms of: (i) the short processing time (~1 min), which might have been
effective for bubble dispersion but not enough for bifilm refinement; (ii) the fact that a
larger gas flow in the rotor-stator gap reduces the efficiency for oxide dispersion; (iii) a
higher gas flow and rotor speed cause more surface turbulences (Figure 3e-h) that can
entrap oxides and air back into the melt, which quickly turn into porosity, and the Density
Index increases as soon as hydrogen diffuses back in the melt.

On the other hand, for the HSMC at the 0.1 L/min-3000 rpm process, the regassing is
minimized because: (i) it has had more time to act on the bifilms; (ii) the gas fraction in
the rotor—stator is much lower, making the dispersion of oxides more effective; (iii) the
melt surface remains more stable (Figure 3a—d); (iv) the dispersed bubbles remain longer
in the melt until they reach the surface, acting as a protective layer against hydrogen re-
absorption [24,32]. Therefore, the HSMC at the 1 L/min—-6000 rpm melt would probably
need to be degassed for longer to ensure bubbles and oxide-bifilm dispersion. This makes
the HSMC at the 0.1 L/min-3000 rpm melt more efficient in terms of volume of gas [51]
and unit power consumption [38] and ensures the melt quality for longer after processing,
which is crucial in industry to avoid the need for repeated degassing cycles before casting

3.

5. Effect of HSMC Degassing on Casting Integrity and Mechanical Properties
5.1. Significant Reduction in Porosity Size and Defects in the Castings

Figure 6 shows the vertical cross sections of the RPT samples solidified under a par-
tial vacuum, before and right after degassing with the rotary and HSMC methods. Before
degassing, the RPT sample exhibits a significant pore density of 37 cm™ of large round
pores (~650 um in diameter), with a convex top surface due to the porosity generation,
and subsequent expansion during the solidification under vacuum. After degassing, the
top surface of the RPT samples acquires a concave shape in all cases, due to the lower
porosity formed during the solidification, and the internal porosity is reduced in terms of
size and number density. However, despite the similar hydrogen content, the degassed
RPT samples show a different level of porosity, which clearly highlights the dissimilar
presence of oxide bifilms in the melt [10]. The rotary sample shows an average pore size
of 340 um and pore density of 22 cm=2, which is reduced to 105 um in diameter and 11
cm? pore density for the HSMC at 0.1 L/min-3000 rpm and to ~150 um pore size and 15
cm2 pore density for the HSMC at 1 L/min—6000 rpm. This again suggests that the HSMC
at 1 L/min—-6000 rpm for 1 min is not as effective for degassing as the HSMC at 0.1 L/min-
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3000 rpm for 10 min, so either the first would need more time, in detriment to the process
efficiency, or the gas flow reduced, to reduce costs and increase consumption efficiency.

Figure 6. Porosity of the vacuum RPT samples obtained (a) before degassing; (b) after rotary degas-
sing; (c) after HSMC 0.1 L/min-3000 rpm degassing; (d) after HSMC 1 L/min-6000 rpm degassing.
Adapted from [24,32]. Reprinted with permission from [32]. Copyright 2022 Elsevier.

The effect of holding time after degassing on the internal aspect of the RPT samples
solidified under partial vacuum is shown in Figure 7. By increasing the holding time and
hydrogen reabsorption through the melt surface (Table 2), the remaining oxide bifilms in
the melt after degassing have more chances to unfold and be filled with the excess hydro-
gen, thus resulting in a significant porosity and Density Index increment. When the melt
quality becomes deteriorated with time (Figure 7a,c), the pore formation in the castings
increases linearly [23,52], and, consequently, the mechanical properties decrease signifi-
cantly. When this happens, the only solution is to repeat the degassing process. Therefore,
to ensure that the melt maintains a low Density Index and low RPT porosity size for a
long time after degassing (Figure 7b), regardless of the hydrogen content in the melt, it is
necessary to guarantee the elimination of the oxide bifilms.

Table 2. Analysis of the porosity in RPT samples collected and solidified under partial vacuum
during the in-line HSMC degassing process at a melt flow rate of 2 kg/min. Analysis of samples

from [28].
Rotor Speed Average Pore Pore Density Bifilm
(rpm) Diameter (pum) (pores/cm-2) Index (mm)
0 750 + 150 20+4 210+20
500 500 + 80 17+5 114 £22

1000 400 + 60 15+5 74+13
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1500 300 + 40 12+5 68 £ 11
2000 250 + 30 8§+3 24+7

Figure 7. Porosity of the vacuum RPT samples obtained after holding the melt for 1 h after degas-
sing. (a) Rotary; (b) HSMC 0.1 L/min-3000 rpm; (c¢) HSMC 1 L/min—6000 rpm. [24,32]. Reprinted
with permission from [32]. Copyright 2022 Elsevier.

It is recognized that the resulting microstructural arrays are affected by the applied
operational parameters. The cooling rate is an important mechanism to refine the micro-
structure. Besides, the mechanism including degassing melting has also refined the result-
ing microstructural array [26,44]; consequently, it has an important role upon the distinc-
tive material’s properties [53-55].

Figure 8 shows an example of the typical fracture surfaces of postmortem tensile bars
and how they change depending on the effectiveness of the degassing method used. The
experimental conditions for obtaining such samples re provided in a previous study [24].
Two types of defects can be identified on the fracture surface: gas porosity and oxide films.
The fracture surface of the sample cast after rotary degassing (Figure 8a) exhibits rough-
ness, gas porosity, and large and small oxide films. On the contrary, the fracture surface
of the tensile bar cast after HSMC degassing (Figure 8b) presents a smoother surface with
fewer and smaller oxide-type defects, and no gas porosity is observed.

The presence of these defects affects the mechanical properties because it reduces the
effective cross section, and, when the stress is applied, it is concentrated in a smaller re-
gion, thus causing the sample fail earlier [56]. This also affects the mechanical properties’
variability. Samples solidified under similar conditions can exhibit different properties
just because of a small variation in the content of the inclusions in the cross section of the
bar. Therefore, it is important to properly quantify the area fraction of the defects in the
fracture surface. This is typically accomplished postmortem by optical image analysis [57]
but can even be completed before mechanical testing by means of X-ray tomography and
advanced 3D image analysis [58]. The idea, in this case, is to anticipate, by measuring the
cracks in the sample and the effective areal fraction of the defects perpendicular to the
tensile direction, and use the results to predict the detrimental effect on the mechanical
properties.
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Figure 8. Fracture surfaces of postmortem tensile bars that were cast after (a) conventional rotary
degassing and (b) HSMC degassing. Representative samples are from a previous study [24].

The measured area fraction of the defects found in the fracture surface of the post-
mortem tensile bars can be also correlated by the evaluation of the melt quality before
casting. Figure 9 plots the comparison of the area fraction of the defects versus the hydro-
gen level in the melt (Figure 9a) and the corresponding comparison versus the calculated
Density Index (Figure 9b), for tensile bars cast before and after degassing with the rotary
or HSMC techniques. Both graphs have been created by combining the data presented in
a previous study [24]. A linear correlation is observed in both cases, but the variation of
the defect content with hydrogen content in the melt is more scattered and exhibits a lower
coefficient of determination (R? = 0.8056). On the other hand, the linear correlation be-
tween the fraction of defects and the Density Index is less scattered and presents a higher
coefficient of determination (R?=0.9695). This implies, as expected, that the Density Index
is a better indicator of the melt quality and that it can be used to estimate, with good
accuracy, the potency of the melt to produce castings with different levels of defects, be-
cause it accounts for both the oxide bifilms and the hydrogen in the melt, i.e., the two
originators of porosity.

(a) (b)

N
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-
o
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Figure 9. Area fraction of defects at the fracture surface of postmortem tensile bars versus the melt
quality before and after degassing, evaluated by (a) hydrogen content and (b) Density Index.
Adapted by combining data from results in a previous study [24].



Metals 2022, 12, 1772

14 of 22

5.2. Improved Mechanical Properties with Reduced Variability

Figure 10 presents a comparison of the mechanical properties of tensile bars before
and after degassing an A356 alloy melt. A description of the evolution of these properties
with time can be found in a recent study [24], while Figure 10 represents the average val-
ues and error ranges for the yield strength (YS), the ultimate tensile strength (UTS), and
the elongation at break (El) from sets of samples collected before degassing and at differ-
ent times up to 1 h after degassing. From Figure 10, it can be observed how HSMC pro-
duces higher values of UTS and elongation, while the yield strength remains unaffected
by the degassing method. Furthermore, HSMC promotes a reduced variability in the
properties, a result that has been confirmed in various studies for different alloys and
casting conditions [42,43].

200 10

oOYield
= UTS
# Elongation

150

Tensile stress (MPa)
g
(%) uonebuolz

(2]
o
L

Before Rotary HSMC

Figure 10. Mechanical properties of tensile bars cast before degassing and after processing by rotary
degassing (5 L/min-350 rpm) and by HSMC degassing (0.1 L/min-3000 rpm). Average values from
results in [24].

Given the fact that the fraction of defects in the castings correlates linearly with the
melt quality (Figure 9) and the known correlation of this parameter with the mechanical
properties [56-58], Figure 11 directly presents the correlation of the melt quality, by means
of the Density Index, with the ultimate tensile strength and the elongation of the tensile
bars before and after degassing an A356 alloy melt with the rotary and HSMC methods.
In this case, the correlation fits very well to a logarithmic function type [58] for both the
UTS and elongation dependences on the Density Index. Therefore, the Density Index is
also a good indirect indicator of the variation of mechanical properties. Under appropriate
calibrations, it could be even used as an estimator of the expected UTS and elongation
before testing, without the need to use premortem CT [58] or postmortem optical [57]
analysis on the fracture, which is especially practical as the shape of the castings becomes
more complex.
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Figure 11. Correlation between the mechanical properties of the tensile bars and the Density Index
values obtained by evaluating the melt quality before and after rotary and HSMC degassing.
Adapted by combining data from results in a previous study [24].

6. Toward Implementation of the HSMC Degassing Process in Industry

In the previous sections, we have demonstrated how the HSMC technology performs
at a laboratory scale and in relatively small batches. However, industry requires pro-
cessing much larger amounts of melt and in relatively short times, thus requiring a larger
melt flow processing rate. The net melt flow (Q) passing through the stator holes can be
expressed by Equation 10 [38], where Nq is the flow number and depends on the unit
geometry and rotor—stator configuration [39]. Therefore, the melt processing flow can be
increased by increasing either the rotor speed or the unit size. However, this needs to be
accomplished with precaution, as the power consumption also increases, more quickly,
with the increment of these parameters (Equation 6).

Q=NqND? (10)

In this section, we cover a summary of the key activities carried out, with the aim of
scaling up the technology and increasing the technology readiness level (TRL). Firstly, we
have explored the use of the larger 90 mm diameter unit on large-capacity crucibles. Sec-
ondly, we have explored the use of the small 42 mm diameter unit, while implemented in
continuous mode.

6.1. Large Scale Batch Processing by HSMC Degassing

Figure 12 shows the different steps of the scale-up activities for implementing the
HSMC 90 mm diameter unit on a large crucible with a capacity for 500 kg of aluminum
melt, which is used for large-scale low-pressure die casting (LPDC) activities in the Ad-
vanced Metal Casting Centre (AMCC) building at Brunel University London.
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Figure 12. Large-scale activities carried out with the 90 mm HSMC unit for degassing 500 kg A356
aluminum alloy melt. (a) Process visualization in water; (b) unit implementation in the melt; (c)
hydrogen level during degassing; (d) Density Index before and after degassing.

Firstly, we carried out physical modeling by visualization in water (Figure 12a) in a
large plastic tank with similar dimensions to the big crucible (~500 mm diameter). It was
found that the optimum processing parameters to achieve an efficient bubble recirculation
regime were a rotor speed between 1500 rpm and 2000 rpm and an inert gas flow rate
between 0.5 and 1 L/min. These results agree with the expected values from the gas-liquid
regime analysis mentioned before in this paper.

After water modeling, a prototype degassing unit was assembled (Figure 12b) to be
used as a replacement for the current rotary degasser. The unit is mounted on a light four-
legged stand, which provides stability when placed on top of the furnace. The legs can be
adjusted horizontally, to accommodate the furnace diameter, and vertically, to vary the
immersion depth in the melt. The gas is supplied through an external pipe, fixed under-
neath the stator. This assembly guarantees an effective bubble capture by the pumping
action of the rotor while in operation.

While testing the prototype in the molten aluminum, the hydrogen level was moni-
tored, and the results are compared with the reference results obtained in the same
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crucible with the rotary degasser (Figure 12c). Both rotary and HSMC degassing exhibit a
similar hydrogen removal rate, but while rotary degassing was performed at 500 rpm with
under 15 L/min of Ar gas flow, the HSMC degassing process used a rotor speed of 1500
rpm and an Ar gas flow of only 1 L/min.

Finally, Figure 12d shows the results of melt quality assessment before and after de-
gassing. The melt exhibits a lower Density Index after HSMC degassing, which, consider-
ing the similar hydrogen content in the melt, highlights the effective elimination of the
undesired oxide bifilms in the melt by means of HSMC. Moreover, rotary degassing was
assisted by the flux added into the vortex to help with removing the oxides, while HSMC
did not use any flux for the same purpose yet still provided better results.

6.2. HSMC Degassing in Continuous In-Line Processing Mode

Figure 13 shows the schematic diagram of the in-line prototype system designed for
continuous melt processing with the HSMC unit [28]. It was prepared by modifying a
graphite crucible, such as the one used in the batch processing trials. The melt is poured
from one side of the chamber, which incorporates a baffle to direct it toward the bottom
of the crucible, where it can be easily captured by the pumping effect of the HSMC unit.
On the opposite side, a spout was accommodated on the wall of the chamber to redirect
the processed melt out of the system. The capacity of the chamber after these arrange-
ments was about 6 kg. Similar configurations have been developed in recent years, aiming
to provide in-line treatment for ultrasound degassing [59].
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Figure 13. Schematic diagram of the HSMC degassing technology configuration when implemented
for continuous in-line processing of aluminum melts. The arrows indicate the flow pattern of the
melt and the bubbles in the chamber. Reprinted with permission from [28]. Copyright 2022 Elsevier.

Figure 14 shows the Density Index values as a function of rotor speed, up to 2000
rpm, when the in-line system was tested for degassing the A380 alloy at a melt flow rate
of 2 kg/min and at an Argon gas flow rate of 0.1 L/min. The melt quality can be controlled
by adjusting the rotor speed. It is, obviously, not fully effective at low speeds, in agree-
ment with what is shown in Figure 3, because the system is not yet in a dispersion or
recirculation regime, but the decrease in the Density Index is progressive as the speed
increases, falling below 5% for 2000 rpm and expected to be below 3% for 3000 rpm or
above, as shown by the included trend line. The results are slightly higher than the ones
obtained during batch processing (Figure 5), most likely due to the expected degraded
performance, in terms of the mass flow rate through the stator holes, when processing in-
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line [38,39], and the limited melt processing time, which is determined by the passage
chamber volume and the melt flow rate. In the case shown here, the residence time of the
melt in the chamber was approximately 3 min, which, according to Figure 5, is not enough
to fully degas the melt by using only 0.1 L/min argon flow and a rotor speed below 3000
rpm.
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Figure 14. Density Index versus rotor speed during continuous in-line HSMC degassing of an alu-
minum A380 alloy melt at 700 °C, poured at a melt flow rate of 120 kg/h. Reprinted with permission
from [28]. Copyright 2022 Elsevier.

However, a more in-depth analysis of these preliminary results highlights the poten-
tial of implementing the technology in continuous mode for melt-quality improvement.
Figure 15 shows the internal porosity of the RPT samples solidified under vacuum after
in-line HSMC degassing, and Table 2 presents the quantitative analysis on such porosities,
in terms of pore size, pore number density, and Bifilm Index (BI). As the rotor speed in-
creases, the size and number density of the pores in the RPT samples decreases, and with
those decreases, obviously, the Bifilm Index becomes smaller. According to the interpre-
tations of this parameter [60,61], when the Bifilm Index is lower than 50 mm, the melt can
be considered of enough 'good” quality such that the oxide films present have a reduced
or minimal effect on the integrity and mechanical failure of the castings. For the samples
shown in Figure 15, this threshold value, which ensures good melt quality, is achieved for
the rotor speeds between 1500 and 2000 rpm.

Figure 15. Internal porosity in the RPT samples solidified under partial vacuum during the in-line
HSMC degassing process. (a) No HSMC; (b) 500 rpm; (c) 1000 rpm; (d) 1500 rpm; (e) 2000 rpm.
Reprinted with permission from [28]. Copyright 2022 Elsevier.
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The continuous mode when implementing HSMC degassing, will obviously, require

further modeling and experiments to fully optimize the process’ operating conditions and
better understand the effect of each parameter, such as chamber size, melt flow, gas flow,
alloy type, etc., on the melt quality, but these preliminary results look promising for the
easy scalability of this technology toward its final implementation in industrial environ-
ments.

7. Summary

The principle of High Shear Melt Conditioning for the purpose of degassing alumi-
num melts prior to casting has been technologically developed during the LIME Hub
project, providing an efficient solution to solve the aluminum melt cleanliness prob-
lem.

This novel technology guarantees the removal of hydrogen and oxide bifilms at the
same time, with a minimal vortex or surface turbulence, something that eliminates
the need for protective covering fluxes and minimizes regassing when processing
long afterward.

The optimal parameters for effective bubble recirculation in liquid have been ob-
tained by physical modeling in water. The effective bubble dispersion provided by
the HSMC technology allows for drastically reducing the gas flow rate required, in
comparison to conventional rotary degassing units and the needs of extremely high
rotor speeds, which also reduces the power consumption and makes the process
more efficient.

When HSMC is applied to aluminum melts, a faster and more effective degassing is
achieved compared to rotary degassing, because of the dispersive and distributive
flow provided by the HSMC technology. The improved melt quality can be guaran-
teed for a long time after degassing, eliminating the need for repeated degassing cy-
cles and ensuring that the castings have a consistent reduced porosity and enhanced
mechanical properties with reduced variability, which allows the aluminum alloys
to be upgraded for high-performance applications.

The melt quality can easily be assessed by a RPT and Density Index calculation, as
this an excellent parameter to model and estimate the number of defects present in
the castings after degassing and their effect on the decrease in the mechanical prop-
erties.

The HSMC degassing process can be easily implemented in industry, replacing the
current conventional rotary impeller technique, with minimal impact on the casting
process but with all the benefits of improved melt quality at a reduced cost.

The current research is focused on scaling up the technology to be used in larger
industrial castings, either in batch or in-line configurations and for larger melt quan-
tities or melt flow rates. The implementation in batch with larger units, such as for a
90 mm diameter, requires further optimization, but the preliminary results obtained
in large-scale trials have quite promising results and open the possibility for future
collaborations with industrial partners to develop an even more efficient degassing
process.

The implementation of the technology for continuous in-line processing has also
shown promising possibilities. In-line configuration does not strictly require an in-
crease in the unit size, because the melt flow processing rate can be controlled directly
by the chamber size and the rotor speed. In addition, the refinement of the oxide
bifilms in the melt can be also controlled by the rotor speed, with high efficiency.
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