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Abstract

Ultrasonic treatment is known to be efficient for aluminium melt degassing with the additional benefits of being both economi-
cal and environment friendly. This paper describes the effect of ultrasonic degassing on the preparation of an AlSi9Cu3(Fe) alloy
for High Pressure Die Casting (HPDC). The degassing efficiency was assessed in terms of the indirect evaluation of the melt,
by means of the reduced pressure test and the porosity evaluation of the cast parts. Additionally, the corresponding hydrogen
content was estimated with an experimental equation reported in the literature. Ultrasonic degassing shows greater efficiency
in terms of hydrogen removal from the melt than conventional N, + Ar lance bubbling. Components produced by HPDC without
degassing, with ultrasonic degassing and with lance degassing, were analysed by computed tomography and by metallography.
The results show that the components produced by HPDC after ultrasonic degassing have a similar porosity level to compo-
nents degassed with conventional lance bubbling, both showing an important improvement over components produced with-
out degassing treatment. Hardness values were similar for all different treatment conditions and well over the minimum value

established for the alloy by the corresponding standard.
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1. INTRODUCTION

Hydrogen solubility is relatively high in liquid aluminium
and very low in solid aluminium. As a result, the excess hy-
drogen precipitates during solidification and in most cases
gets trapped between solid aluminium grains, forming gas
porosity or adding to shrinkage porosity. Porosity is one of
the main defects encountered in casting parts and causes
poor ductility, low fatigue resistance and reduced strength
of the casting. Degassing has become a crucial operation in
high quality casting [1].

The dissolved hydrogen present in liquid aluminium
mainly comes from atmospheric moisture as water vapour
reacts with aluminium to produce alumina and hydrogen.
Hydrogen solubility in aluminium is directly correlated to
alloy temperature and humidity ratio, therefore lowering
the temperature can cause the aluminium to be supersat-
urated by hydrogen that will tend to naturally degas to the
so-called quasi-equilibrium hydrogen level [1-3]. Ultrasonic

degassing has the advantage of being able to reach a hydro-
gen level 50% lower than the quasi-equilibrium concen-
tration [2]. This level of degassing is inevitably followed by
natural re-gassing to the quasi-equilibrium level, but this
low level of hydrogen can be retained if casting happens
shortly after degassing is finished [3].

Ultrasonic degassing of liquid metals has a long history. As
early as the 1940s, Esmarch et al. studied the degassing of
Al-Mg alloys by vibrations in a crucible and sonic vibrations
induced by contactless electromagnetic stirring and [4]. In
1950 Bradfield reported the works of Turner on the degas-
sing of molten aluminium and its alloys by means of the
direct introduction of ultrasonic oscillations into the melt
at 15 kHz and 26 kHz [5]. Starting from the 1960s, success-
ful laboratory and pilot-scale trials of ultrasonic degassing
for foundry and later wrought alloys were performed and
summarized in a series of publications by G. Eskin [2, 6].
In these works, the solution to practical issues such as
equipment (water-cooled magnetostrictive transducers)
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and sonotrode materials selection (Nb and Nb-based alloys)
were presented and justified; and several practical recom-
mendations were made regarding the degassing schemes
and the number of sonotrodes per treated volume [6].

The efficiency of ultrasonic degassing is a function of
input ultrasonic power, melt flow, melt temperature, and
alloy composition. The fundamental studies on these issues
have been published elsewhere [2, 3, 6].

Despite successful industrial trials in the 1960s and
1970s, ultrasonic degassing was not adopted as a main-
stream technology due to the arrival of gas-assisted degas-
sing, which steadily replaced little flux degassing treatment,
a toxic degassing treatment. In recent years, the intrinsic
features of ultrasonic degassing - such as no requirement
for gas usage, no toxic or pollutants emissions - led to
areconsideration of this technology since it may answer the
current environmental challenges. In addition, the new lev-
el of ultrasonic technology has made its application easier.

For this reason, in recent years researchers have been
studying the effect that ultrasonic treatment has on metals.
However, all these publications are related to laboratory tri-
als, working with a few kilograms of metal [7-9] and very
little work has been published regarding results obtained in
large melt volumes at industrial scale.

The present paper reports the results of pilot-scale trials
of ultrasonic degassing conducted in large volumes (500 kg
of aluminium alloy) and the technology’s effects on the final
cast components produced by High Pressure Die Casting
(HPDC), carried out in actual industrial facilities.

2. EXPERIMENTAL PROCEDURE
2.1. Ultrasonic degassing equipment

The experiments were conducted using a prototype spe-
cifically designed to treat large volumes of molten alumin-
ium (Fig. 1). The device functioning is described in detail
in a previous work, where the results were obtained for
a much smaller volume (150 kg) of AlSi7Mg alloy and were
compared with rotary degassing [10].

Fig. 1. Image of ultrasonic degassing prototype

The ultrasonic equipment used in the experiments was
composed of a 5-kW USGC-5-22 MS ultrasonic generator,
a 5-kW MST-5-18 water-cooled magnetostrictive transduc-
er, a titanium booster, all supplied by Reltec (Russia), and
a niobium multi-stage sonicator (Fig. 2). Figure 3 shows
the assembled ultrasonic degassing equipment used in the
experiments.

Fig. 2. Photograph of the stepped sonotrode used in the ultrasonic
degassing tests
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Fig. 3. Image of ultrasonic equipment used in the trials

2.2, Melt treatment procedure

AlSi9Cu3(Fe) (EN AC-46000) alloy was used for the trials.
The treatment was conducted in a holding furnace with a ca-
pability of 500 kg, filled up to almost its maximum capacity
(over 95%), as is shown in Figure 1. The alloy was previous-
ly molten in a tilting tower furnace and was transferred to
the holding furnace with a standard transport ladle with
a capacity of 200 kg, without performing any treatment or
skimming process to the melt. The degassing treatment was
conducted at a metal temperature of 690 £10°C.
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A stepped sonotrode as shown in Figure 2 was used to
treat the molten metal during 15 min. During the ultrason-
ic treatment (US) the sonotrode was moved with the rota-
ry crown of the prototype inducing circular movements at
approximately 2/3 of the crucible diameter at a rotational
speed of about 1 rpm [10]. Research conducted previously
suggests that in order to treat large volumes the ultrasonic
treatment must necessarily be long with a moving ultrasonic
stream within the melt surface [3]. Ultrasounds with pow-
er between 4.0 and 4.5 kW in the range of 17-18 kHz were
applied to the molten metal with an approximated vibra-
tion amplitude of 25 pm. Alternatively, a 15 min degassing
treatment with a porous graphite lance bubbling an N, + Ar
mixture, was introduced to the same amount of metal, with
the same temperature and composition.

Indirect measurements of the hydrogen content with
Reduced Pressure Test (RPT) (MK, Germany) were per-
formed before and after the degassing treatment in the hold-
ing furnace. The values of the resulting Density Index (DI)
were calculated form the extracted samples. The correspond-
ing hydrogen content was calculated by applying an empirical
equation reported in the literature for AlSi9Cu3(Fe) alloy [3].

2.3. Component casting and evaluation

The cast components were produced using a HPDC Unit
(Weingarten 250 Tn) with a 50 mm plunger diameter, 3 m/s
of injection speed and 180-220 bar of compacting pressure.
For the casting production, the melt was transferred from
the holding furnace to the shot sleeve with a rotary transport
ladle. A standard production die of an actual industrial com-
ponent was used to cast the specimens. Die lubrication and
extraction of the part were done manually by an operator.

The HPDC components were produced in two different
batches. From the 1% batch components were produced in
three different ways; without treatment (W), with US treat-
ment (0 holding time) and US1.5 (1.5 hours holding time after
US treatment). From the 2" batch, components were produced
with a 15 min lance degassing treatment. The L (0 holding
time) and L1 (after 1 hour holding time) components belong
to this 2" batch. One piece produced in each of these degas-
sing conditions were analysed (treatment + waiting time).

The porosity of the selected parts (Fig. 4a), was analysed
by computed tomography v|tome|x (with area detector
DXR-250RT, magnification of 6.23, acceleration voltage of
180 kV, current of 200 pa, filter of 2 mm Al, exposure time
of 333 ms and voxel size of 342.885 x 10~® mm?). This setup
allows to detect pores with a minimum size of 140 pm.

The same parts were subsequently sectioned in order to
measure their chemical composition, microstructure and
hardness. Figure 4b shows the regions where the differ-
ent specimens were extracted from. The chemical compo-
sition of these sections were analysed by optical emission
spectrometry with a Spectrolab analyser from Spectro. An
Olympus optical microscope was used for the microstruc-
tural analysis. The porosity of the polished specimens was
quantified with Analysis software, atamagnification of 100x,
what implies the screening of a total area of 1.63 mm? per
image. A Zeiss Gimini Field Emission Scanning Electron

Microscope (FE-SEM) was used to determine the different
intermetallic phases present in the alloys with the aid of the
Energy Dispersive Spectroscopy (EDS) detector.

The hardness of the components was determined with
aBrinell HB10 (62.5 Kpf/2.5). A total of 6 indentations were
performed in each component.
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Fig. 4. Images of: a) the components selected for characterization;
b) the location where the different characterization techniques
were applied

3. RESULTS AND DISCUSSION

3.1. Melt quality

The results of the RPT measures conducted in the molten
aluminium before and after the degassing treatments are
presented in Figure 5. The graph shows the decrement of
the DI after the corresponding degassing treatment. The
DI values are much smaller after the US treatment, which
shows that this treatment is much more effective than the
lance degassing using an N,+ Ar mixture.
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Fig. 5. Density index values obtained after ultrasonic treatment
(US) and after lance degassing treatment (Lance)
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The hydrogen content present in the melt can be estimat-
ed from Equation (1) [3]:

[H] = (DI +0.0204)/0.5066 (1)

The measured DI values and the corresponding hydro-
gen contents calculated with Equation (1) are presented in
Table 1.

Table 1
Density Index values obtained in the melt analysis and their cor-
responding estimated hydrogen concentration

Treatment

Ultrasounds Lance bubbling
type
Stage DI H DI H
8 (%)  (cm*/100g) (%) (cm’/100g)

Before treat 10.10 0.240 10.78 0.253
15 min after 5.77 0.154 10.07 0.239
Before cast 6.92 0.177 10.45 0.247
1.5 h later 7.65 0.191 9.74 0.232

These measurements show that, while ultrasonic degas-
sing reduces the original DI values from about 11 to 6, the
lance decreases the DI only to about 10, in the AlSi9Cu3(Fe)
alloy. On one hand, these high DI values obtained for the
lance degassing suggest that the degassing efficiency of this
treatment is not as high as modern rotary degassing [11].
On the other hand, these values confirm that ultrasound is
a more effective degassing method to remove H2 than the
standard lance degassing treatment currently used by the
foundry for the AISi9Cu3(Fe) alloy. 36% lower hydrogen
level was observed 15 minutes after the US degassing treat-
ment than for lance degassing and this reduction remained
still at 28% just before casting started

The values of DI and their corresponding equivalent
hydrogen level slightly increases with the subsequent hold-
ing time in the case of the ultrasonic treatment. This effect
can be attributed to the natural re-gassing taking place in
the alloy, as it was already reported for AlSi9Cu3(Fe) alloy
for smaller melt volumes. This phenomenon takes place
after effective degassing treatment, i.e. those which reduce
the hydrogen concentration below the corresponding qua-
si-equilibrium level of the melt [3].

On the other hand, the efficiency of lance degassing in
such a large volume is quite small. The initial degassing
effect is very small, decreasing the DI value from 11 to 10,
and with the holding time, the DI values remain at the same
level or even slightly decrease, suggesting that a natural
degassing may still been taking place. The results suggest
that lance bubbling in such large volumes is not an efficient
means for aluminium degassing.

3.2. X-ray tomography analysis

The 3D reconstruction of the pore distribution obtained by
the X-ray tomography is presented in Figure 6 for two of the

die-casted components analysed, without treatment (W)
(Fig. 6a) and treated with US (US) (Fig. 6b). The defects are
concentrated in both cases in the lower part of the compo-
nent, mainly in the junction between the main body and the
two lower arms, as it can be observed in the images.
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Fig. 6. 3D reconstruction of the porosity from the tomography im-
ages of: a) a part without degassing treatment; b) a part with ultra-
sonic degassing treatment

A comparison of the pores observed in the inspected com-
ponents by X-ray tomography is presented in the form of
a histogram in Figure 7. It can be observed that both degas-
sing treatments considerably reduce the number of pores,
especially of small pores, even though no difference can be
observed in the porosity distribution of the parts produced
by HPDC regarding the degassing treatment conducted, pre-
sumably due to the high porosity intrinsically related to this
casting process [12].
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Fig. 7. Pore distribution for the different components measured by
computed tomography
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Therefore, the difference in degassing efficiency per-
ceived from the DI values measured in the melt after the
degassing treatment is diluted once the HPDC process is
applied, obtaining components with a similar degree of
porosity level.

3.3. Chemical composition and microstructure

The chemical composition of the two batches used to pro-
duce the components is presented in Table 2. The composi-
tion values of the batches are very similar and is in the com-
position range defined in the UNE-EN 1706-2011 standard
for alloy EN AC-AISi9Cu3(Fe).

Table 2
Chemical composition of the material used to produce the HPDC
components

Batch %Si  %Fe %Cu %Mn %Mg %Zn %Pb
W-US 875 0.75 246 021 032 1.02 0.08
L 889 0.76 2.53 0.21 032 1.03 0.08

EN AC-AlSi9Cu3(Fe) 0.05
UNE-EN 1706-2011 8-11 <13 2-4 <055 055 < 1.2 <0.35

The microstructure of the cross sections of the castings
produced after any of the degassing treatments is typical for
this type of alloy and consists of a primary Al-solid solution
and (Al + Si)-eutectic. Figure 8 shows the microstructure
of samples produced without treatment (W), with lance
bubbling (L and L1) and with ultrasonic degassing (US and
US1.5). Table 3 shows the results obtained from the poros-
ity quantification performed on the polished specimens. It
can be observed that the porosity level of the 5 specimens
fell in the same range (between 0.1 and 0.6%), corroborat-
ing the results obtained by X-ray tomography, that porosi-
ties in both set of components are in the same level.

In addition to the main structural phases, isolated
Fe-containing particles in the form of polygonal particles
and of a needle shape were observed in the FE-SEM analysis
(Fig. 9). These intermetallic phases are formed due to the
presence of Fe in the alloy and, by contrast, these can be
distinguished from Si particles. From the EDS analysis per-
formed in the FE-SEM and from the phases reported in the
literature for Al-Si-Cu alloys with similar composition [13],
it is deduced that the Fe-containing intermetallic com-
pounds present in the alloy are (Fe,Mn)3Si2Al15, polyg-
onal phases (Spectrum 1), and FeSiAl5, elongated phases
(Spectrum 4). It can be observed that Spectrum 4 has a high
amount of Cu as well. As the elongated FeSiAl5 phases are
quite narrow and are commonly surrounded by rich Cu
phases, such as CuAl2, the area covered by the X-ray anal-
ysis contains also part of this surrounding material. In the
microstructure there is no indication of over-modifications
such as polygonal Al2Si2Sr intermetallic phases or coars-
ened Si-eutectic. Non-metallic inclusions, i.e. oxides and
oxide films, were detected.
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Fig. 8. Microstructure of the components: a) produced without
heat treatment (W), b) produced immediately after applying the
lance degassing treatment (L), c¢) produced after approximately
1 hour of production time (L1), d) produced after ultrasonic de-
gassing treatment (US) and e) produced about 1.5 hours after the
treatment (US1.5)

Table 3
Porosity values in the different HPDC components measured by
quantitative metallography

Component ref. w L L1 us US1.5

Porosity (%) 013 01 058 023 028
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Fig. 9. FE-SEM image with EDS analysis of the different phases observed in the AISi9Cu3 alloy

3.4. Mechanical properties

The obtained values from the hardness measurements are
shown in Table 4. The average hardness values of all the
castings are in the range of 93-95 HB, which is well above
the minimum hardness of 80 HB 5/250 required by UNE-
-EN 1706:2011 for AlISi9Cu3(Fe) alloy. No significant differ-
ence in hardness can be observed between the components
produced with different degassing treatments.

Grain refining effect is commonly associated with ultra-
sonic treatment [14, 15], however, no evidence of it was
observed with this experimental set-up. Even, if it is quite
controversial to directly apply the Hall-Petch equation in
Al-Si casting alloys, various authors have reported a clear
relation between grain size, yield and tensile strength and
hardness. Values of hardness and material strength increase
with grain refinement [16-18].

Table 4
Brinell HB10 hardness obtained for the HPDC parts
Indentation w L L1 us US1.5
1 93 97 98 89 89
2 91 89 90 86 87
3 97 101 97 97 97
4 90 94 91 94 93
5 94 90 101 97 92
6 96 99 95 95 97
Average 94+3  95#6  95+5  93+5 9345

EN AC-AISi9Cu3(Fe)

UNE-EN 1706-2011  ™n80 - B - -

As explained before, hardness values are at the same lev-
el for both degassing treatments, which indicates that grain
size is in a similar level for both materials. Grain refining
may take place when the ultrasonic treatment is conducted
in a melt with a reduced superheat and shortly before the
solidification takes place [14, 15]. In the present work, the
metal was treated at a temperature of more than 100°C over
the liquidus of the alloy and between the ultrasonic treat-
ment and the alloy solidification at least several minutes
passed and a transfer movement occurred and these pro-
cessing conditions may prevent grain refining [19].

4. CONCLUSIONS

From the results obtained, the following conclusions can be
inferred from the present study:

¢ The ultrasonic technology at a prototype level studied in
this article shows a better degassing efficiency, lowering
the hydrogen content in a large industrial melt volume of
500 kg of AlSi9Cu3(Fe) by 28% to 36% when compared
to the work of a porous lance, a commercially available
degassing technology.

¢ The better degassing efficiency of the US treatment is
mitigated by the HPDC process, obtaining castings with
a similar porosity level to lance degassing.

¢ The obtained hardness values are well above the min-
imum values established in the standard for the alloy
and are similar for the different treatment conditions
analysed, suggesting that the present experimental set-
up does not promote a grain refining effect on the final
component.
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