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Abstract

This research aimed to study the formation and distribution of oxide-related defects in the gravity die casting process of an
AlSi7Cu0.5Mg alloy by using experimental and numerical investigations. Metallographic and image analysis techniques were
conducted to map the distribution of oxide inclusions inside the casting at the microscopic level. Numerical simulations were
used to analyse the filling and solidification stages, and to foresee the turbulence of the melt and the formation of the oxide
defects. The results show that most of the defects were correlated with the oxide layers or bubbles entrained inside the liquid
metal. The accuracy of the numerical code in simulating the metal fluid-dynamic behaviour and the heat transfer was verified, and
the results were in agreement with the experimental findings. The numerical distribution of defects was consistent with the
experimental results, proving that the model successfully predicted the formation of oxide-related defects.

Keywords Aluminium alloys - Filling - Entrainment - Double oxide defects - Microstructure - Numerical simulation

1 Introduction

The final performances of aluminium (Al) alloy castings are
strongly affected by the manufacturing process [1]. To pro-
duce high-integrity components, the casting temperatures,
pressures, times, filling velocity and molten metal quality
must be carefully controlled [2—4].

The preparation of the molten metal and the pouring and
filling phases are among the most critical stages of the casting
process. When liquid Al is exposed to the atmosphere, it im-
mediately forms an oxide layer on the metal surface [5, 6]. If
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the flow regime is turbulent, the oxide surface can fold back
on itself and be entrapped inside the bulk liquid. This gener-
ates an entrainment defect known as bifilm [5, 7]. Campbell
[5] demonstrated how the great majority of scrap castings
acquire that status during the first few seconds of the pouring
phase. At this stage, bifilms are easily entrapped inside the
casting, promoting the formation of several casting defects,
such as gas and shrinkage porosity and hot tearing [7—10].
Theoretically, a casting free from bifilms would be sound
and free from any casting defects [7, 11].

The decrease in the mechanical properties due to the pres-
ence of double oxide defects is well known [12—-14], and it
affects the components produced by gravity casting [15] and
low-pressure casting [16, 17]. An accurate preparation of the
melt with degassing and filter systems is effective for
preventing the entrainment of thick bifilms (thickness =
10 um + 1 mm) inside the casting [8, 12, 18]. In contrast,
thinner bifilms, generated by the action of turbulence during
the pouring and filling phases, are difficult to eliminate, due to
their small size (thickness = 1 nm = 1 wm) [5]. Therefore,
numerical simulations that can predict the formation and en-
trapment of double oxide films may improve the casting de-
sign and allow a more effective setup of the casting process
parameters. In [19], a detailed review of the numerical
methods used to model the entrainment of air and oxide sur-
face during the casting process has been reported.
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Currently, many aspects of bifilms have been studied in
detail. Yue et al. investigated the evolution of these defects
in the liquid state and during the solidification [20], while
Tiryakioglu et al. [3] analysed the influence of the filling ve-
locity on their formation. A three-dimensional reconstruction
of a bifilm morphology and the variation of its chemical com-
position with the thickness have been reported in [21], while
the effects of holding time and alloying elements, such as Mo
and Sr, on the formation of double oxide films have been
studied in [8, 22]. Moreover, many papers in the literature
have characterised double oxide defects on the fracture sur-
face and have investigated their impact on the mechanical
properties [8, 14, 16] or have correlated the numerical results
with the experimental data related to the formation of macro-
porosities or superficial defects [21, 23-25]. However, to the
best of the authors’ knowledge, few studies have been con-
ducted to map and analyse the experimental distribution of
oxide-related defects at the microscopic level.

This work aims to compensate for this gap of knowledge
by examining the formation of bifilms using experimental and
numerical investigations. The analysis of the filling phase is
intended to describe the fluid motions involved in the gener-
ation of oxide films and to verify the numerical accuracy of
the fluid-dynamic model. Furthermore, an experimental map-
ping of oxide-related defects is carried out to provide the data
necessary to validate the numerical models concerning the
bifilms’ entrainment.

2 Theoretical background

The complex morphology and the reduced size of double ox-
ide defects make their quantification and analysis a non-trivial
task. Although many techniques, e.g. the reduced pressure
test, the liquid metal cleanness analyser, PODFA and
PREFIL tests, are practical tools for evaluating the initial mol-
ten metal quality before casting, the presence and distribution
of bifilms throughout solid castings are more difficult to detect
and quantify [5]. Double oxide defects are often too small to
be detected by conventional X-ray investigations, and they are
mainly investigated by destructive metallographic techniques,
e.g. optical or scanning electron microscopy [10, 12, 14, 22,
26]. Recently, the spread of computer tomography and ultra-
fast synchrotron-based X-ray tomographic microscopy has
allowed reconstructing the morphology of entrainment defects
and investigating their evolution during solidification [20, 21].

These experimental techniques are mainly used to locally
characterise bifilms, while a global view of the distribution of
entrainment defects inside cast components is generally
achieved by using numerical simulations.

Either indiscrete or discrete methods could be implemented
in computational fluid dynamics (CFD) codes to predict the
entrainment of air and oxide surfaces during casting
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processes. In indiscrete models, the magnitude of the
entrained oxides can be assessed quantitatively and qualita-
tively, but the location of each defect is unknown. In contrast,
the discrete models identify the entrainment mechanisms and
the final defect location, but they are often computationally
less efficient [19]. In these methods, the free surface, i.e. the
interface between gas and liquid phases, must be accurately
tracked to determine the position and the growth time of the
oxide film.

One of the most diffused approach to model the formation
of oxide defects is the cumulative scalar technique [19, 27].
According to this indiscrete approach, the oxide defects are
accumulated at a constant rate on the free surface and a scalar
parameter describes this accumulation. Casting regions with
higher scalar values may present a higher number of oxide
defects [27]. The drawbacks of this technique are related to
its inability to model the strength effect and the buoyancy of
the bifilm, as well as its adhesion to the mould’s walls.
Moreover, the scalar value can diffuse throughout the fluid
metal under the action of weak fluctuations of the fluid, while
the oxide layer can be only entrained inside the bulk liquid
under the action of turbulent motion. As stated by
Barkhudarov and Hirt [27], it is impossible to assign any sig-
nificance to the absolute values of the scalar parameter with-
out detailed experimental comparisons to correlate the model
predictions with the real casting defects.

3 Experimental procedure
3.1 Alloy and casting parameters

A primary AlSi7Cu0.5Mg cast alloy (EN AC-45500 [28]) in
the form of ingots and a permanent steel mould, designed
according to CEN/TR 16748:2014 standards [29], were se-
lected for the casting trials. The chemical composition of the
alloy is shown in Table 1.

The die, illustrated in Fig. 1, was made of AISI H11 tool
steel, and it enabled to cast a cylindrical-shaped bar with a total
length and mean diameter of 190 mm and 15 mm, respectively
(Fig. 2). Before the casting trials, a semi-permanent layer of
Foseco Dycote® F34 coating [30] was sprayed over the die
walls at a temperature of about 200°C, according to standard
foundry practise. To ensure the good reproducibility of the tests

Table 1 Chemical composition (wt.%) of the experimental
AlSi7Cu0.5Mg alloy

Si  Fe Cu Mn Mg Ni Zn Cr Ti Al

6.50 0.089 0.652 0.012 0431 0.005 0.004 0.014 0.121 bal
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Fig. 1 Design of the permanent mould with overall dimensions (in mm)

and monitoring the variation of the mould temperature during
the trials, a K-type thermocouple (@1 mm) was embedded into
the die, and it was located in the middle of the cylindrical-
shaped bar, 2 mm from the surface of the cavity.

The AlSi7Cu0.5Mg cast alloy was melted at 780 + 5°C into
a silicon carbide (SiC) crucible in an electric resistance fur-
nace. After melting, the temperature of the bath was decreased
to 750 + 5°C for the degassing phase. To increase the quality
of the molten metal and to remove impurities and old oxides,
the bath was degassed with argon for 30 min and accurately
skimmed with a coated paddle. This procedure ensured that
the defects detected in the final castings were primarily corre-
lated to the presence of young bifilms that were generated
during the pouring and filling phases.

Afterwards, the temperature of the molten metal was
further decreased to 725 + 5°C and the die was homoge-
neously pre-heated at 400 + 3°C in an electric resistance
muffle furnace.

Fig. 2 Geometry of the casting
used to produce separately-
poured cylindrical-shaped bars

Sprue

The melt was manually poured in 3 s at 725 + 5°C, causing
the die temperature to increase from 400 = 3°C to 450 + 2°C.
The flow path of the molten metal was captured through the
aperture of the riser using a high-speed camera with a sampling
rate of 240 frames per second and a shutter speed of 1/8000 s.

A batch of 10 castings was produced, taking care to gently
stir and manually skim the molten metal before any casting.
Filtering operations, as well as chemical eutectic modification
or grain refinement, were not performed in the present work.
The selected casting parameters and the absence of the filter
promoted high surface turbulence during the filling stage and
induced the formation of entrainment defects inside the castings.

3.2 Metallographic characterisation
For the metallographic investigations, samples were drawn

from the cross-section of the castings as shown in Fig. 2.
The samples were mechanically prepared to a 3-um finish
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with diamond paste and, finally, polished with a commercial
0.04-um silica colloidal suspension. The polished specimens
were then etched in a solution of 5 vol% HF and 95 vol% H,O
to better evidence the entrained oxide inclusions [31].

Microstructural observations were carried out using an
optical microscope (Leica® DMLA) and a field emission
gun scanning electron microscope (FEG-SEM, FEI®
QUANTA 250) equipped with an energy-dispersive spec-
trometer (EDS, EDAX®). To quantify the microstructural
features, the optical micrographs were processed using
image analysis software, which was focused on the sec-
ondary dendrite arm spacing (SDAS) measured by apply-
ing the line intercept method [32].

The oxide-related defects were mapped throughout the en-
tire cross-sections indicated in Fig. 2 by exploiting the auto-
matic handling of the microscope stage. Contiguous micro-
graphs, each with an area of 1.2 x 0.9 mm?, were automati-
cally collected throughout the whole section. The severity of
the entrained oxide inclusions was evaluated for each field
based on the reference micrographs, as shown in Fig. 3. Five
severity grades (SGs) were defined according to the area of
defects, which was quantitatively analysed using the image
analyser. The total measured defect area in the micrograph
was then divided by the initial area of the micrograph to de-
termine the area fraction covered by the oxide-related defects
(Ap). As shown in Fig. 3, each SG was associated with a
different colour and a range of Ap values. The Ap ranges were
selected to emphasise the low damage conditions. In general, a
region containing few closed bifilms or porosity, referring to

Severity grade 0

Severity grade 1

| Severity Qrade 3

() 0.8%<Ap <1.6%
Fig.3 Reference micrographs used to evaluate the severity grade (SG) of

the oxide-related defects: a SG0,b SG 1, ¢ SG 2, d SG 3 and e SG 4.
Different coloured contours mark the reference micrographs (colour
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gas precipitation within a bifilm, with a maximum size of
about 20 um was categorised as grade 1. Regions showing
coarser unfurled bifilms and porosity with a maximum size of
300 um were categorised as grade 4.

The result of mapping the oxide-related defects throughout
a cross-section is shown in Fig. 4a. Furthermore, the distribu-
tion of the oxide-related defects, representative of the experi-
mental conditions, was obtained as a statistical average of the
sections drawn from five different castings, as shown in the
coloured map in Fig. 4b.

To analyse the distribution of the entrained oxide in-
clusions, a convolutional neural network (CNN) technique
was applied. CNN is a deep learning algorithm designed
for image analysis; it is based on the convolution and
pooling operations at the pixel level. The convolution op-
eration was used to extract a feature map from the image
by using multiple filters (kernels), while the pooling op-
eration, also called subsampling, permitted the reduction
of the dimensionality of the feature map and, therefore,
the local sensibility of the image [33].

A typical 2x2 kernel was defined with a stride length
equal to 2, that is, the filter moved two pixels on the input
image at one time. Groups of four (2 X 2) contiguous
micrographs were generated, representing a surface area
of about 4.3 mm? (2.4 mm x 1.8 mm). Therefore, an
average pooling operation was carried out where the SG
assigned to each kernel was equal to the average value of
the micrographs’ group, as shown in Fig. 4c. This proce-
dure resulted in a lower resolution version of the

Severity grade 2

0%-= Ap <0.2% 0.2%=< Aj, <0.8%

Severity grade 4

1.6%< Ap <5%

figures online). The typical area fractions covered by the oxide-related
defects (Ap) are also indicated as an inset
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Fig. 4 a Typical coloured mapping of the oxide-related defects through-
out a cross-section of the casting and b an example of a representative
condition of the experimental case, obtained as the statistical average in
different castings. In both images, each pixel corresponds to an

mapping, which still contained the important structural
elements without the unnecessary fine details.

4 Simulation methodology
4.1 Model formulation

In the present work, the numerical analysis was performed
using FLOW-3D, which is a CFD code based on the finite
volume discretization method [34]. This code uses the
Fractional Area-Volume Obstacle Representation (FAVOR)
methodology to model geometries, and the volume of fluid
(VOF) method to track the free surfaces. Detailed descriptions
of these algorithms can be found in [35, 36].

A cumulative scalar technique existing in the commercial
software was used to predict the formation of entrainment
defects [27]. At each time step, the concentration of the oxides
(O,) accumulated in a cell of the mesh is provided according
to the following equation:

O, = DFTSRF - F - t (1)

where F| is the metal surface area in contact with the atmo-
sphere, ¢ is the exposure time and DFTSRF is the calibration

e .‘

investigated area of 1.2 x 0.9 mm® ¢ Experimental distribution of the
oxide-related defects after the application of the CNN method where 2x2
kernels are contoured in red. The severity grade, as defined in Fig. 2, is
reported in the legend (colour figures online)

coefficient that considers the chemical composition of the al-
loy and the specific weight of the oxide.

Fluid fluctuations or convective motions can change the
value of the oxide concentration accumulated in a cell of the
mesh. When these conditions are present, a transport equation
is numerically solved using a second order scheme that pre-
serves monotonicity; in this way, a scalar value can diffuse
from a cell to adjacent ones. The diffusion rate is controlled by
a molecular diffusion coefficient, which is a function of the
dynamic viscosity and density of the fluid [34]. This surface
defects model allows for predicting the distribution of casting
defects due to surface turbulence.

4.2 Simulation of the gravity die casting process

FLOW-3D CAST v5.1 (2020) commercial software [34], with
its workspace for gravity die casting, was used to simulate the
filling and solidification phases of the casting process. The
three-dimensional (3D) computer-aided design model of the
die was drawn and imported into the simulation software. The
physical properties of the die were defined as a linear function
of the temperature in the working temperature range of 400—
450°C. The thermal conductivity varied from 34.2 to 33.4

@ Springer
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W/(m'K), while the specific heat was included in the range
620-650 J/(kg'K).

The properties of the alloy were set as a function of the
temperature ranging from 25 to 750°C. The solidus and
liquidus temperatures were imposed at 540°C and 616°C, re-
spectively. The density ranged from 2690 to 2410 kg/m’, the
thermal conductivity was included between 176 and 85 W/(m-
K), while the specific heat varied from 886 to 1160 J/(kg'K).

The interfacial heat transfer coefficient IHTC) was ap-
proximated by two constant values for completely liquid and
solid states, while it followed a linear variation between these
two values during the phase transition interval. In particular,
the IHTC value was set equal to 2700 W/(m*K) and 1000
W/(m*K) above the liquidus and below the solidus tempera-
tures, respectively. The IHTC controls the heat exchange at
the metal-mould interface, and especially due to the progres-
sive formation of an air gap between the die wall and the
casting part, its value decreases during the solidification stage.
Different models of IHTC are used during the casting simula-
tion, e.g. the approximation with a constant value, the linear or
exponential correlation with the casting temperature at the
interface, the empirical Lewis—Ransing correlation [37, 38].
The model used in the present work is well known and dif-
fused in numerical casting simulation because it provides a
good compromise between reliable results and reduced calcu-
lation time.

To increase the reliability of the numerical simulation, the
process parameters used during the experimental procedure
were imported. Therefore, the pouring and die temperatures
were 730°C and 400°C, respectively. The flow rate was set
constant at 9.1:10~> m?/s in the first 2.6 s, and then it progres-
sively decreased in the remaining filling time (0.4 s).

The following models were used during the casting
simulation:

—  The gravity model was applied to evaluate in detail the
gravity effect on the flow motion.

— The adiabatic gas regions model was enabled to con-
trol the behaviour of the gas bubbles inside the liquid
metal; this model allowed neither energy exchange
nor mass transfer between a bubble and the surround-
ing environment. Inside each region of gas, the pres-
sure and the temperature were uniform and varied
with the volume [39].

—  The k-w turbulence model, a two-equation model, was
used as an approximation of the Reynolds-averaged
Navier—Stokes equations to represent the turbulent prop-
erties of the flow [40].

—  The surface tension model was enabled to predict the
surface tension forces, in particular, the adhesion forces
gripping the solid surfaces [41].

Virtual vents were located along the parting line of the die
to model the leakage of air.

A mesh of 870,000 cubic cells with a uniform grid size of
1.25 mm was automatically generated by the software for the
whole system (die and casting); a mesh of 330,400 cubic cells
was made for the die cavity.

The free surface defects concentration was the software
output used to analyse the numerical distribution of oxide
inclusions. The model was previously described in Section 2.

5 Results
5.1 Repeatability of the filling phase

To ensure the reliability of the experimental results, the repeat-
ability of the casting process was first evaluated. The frames,

Ingate

Fig. 5 Metal flow at a 0.24 s and b 0.50 s from the beginning of the pouring phase during four different experimental trials
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captured during the casting trials, were analysed to evaluate
the filling phase in the different tests.

Figure 5 shows the images at 0.24 s and 0.50 s from the
beginning of the pouring phase. While Fig. 5a illustrates the
initial metal flow inside the cavity of the test bar, the frames in
Fig. 5b refer to the initial filling of the riser, which seems to
begin in the zone that is furthest from the ingate.

In general, a good correspondence in the metal position and
the die filling level appears evident, highlighting a similar
fluid-dynamic behaviour in the different experimental tests.
This consistency in the empirical results assures the validity
of the collected data.

5.2 Fluid-dynamic analysis of the die filling

The accuracy of the numerical code to simulate the fluid-
dynamic behaviour of the liquid metal was verified by com-
paring the flow path between the actual experiment and the
numerical solution. Figure 6 shows the comparison between
the numerical simulation result (right) and the flow

Fig. 6 Comparison of the
numerical simulation result (right)
and the flow visualisation experi-
ment (left) through the open-type
riser; the time shown in a—f is the
actual experimental time from the
beginning of the pouring phase

visualisation experiment (left) through the open-type riser;
the flow pattern inside the die cavity refers to different times
from the beginning of the pouring phase.

Figure 6a shows the flowing metal inside the cavity of the
test bar at 0.20 s from the beginning of the casting. The nu-
merical prediction was in agreement with the experimental
findings; the position of the fluid front, as well as the fluid
path inside the die cavity, was comparable.

The liquid metal flowed along the cavity of the test bar and
struck the far side of the die cavity, generating a returning
wave (Fig. 6b). The flow front folded over itself and flowed
back towards the ingate. This folding mechanism results in the
formation of a bifilm, where the two sides of the solid oxide
film can entrap a small volume of air/gas between them while
surrounded by the liquid melt.

At 0.42 s from the beginning of the pouring, the liquid
metal started to fill the region of the riser where two different
fluid fronts flowing in opposite directions were generated
(Fig. 7). The first front was given by the metal that rose from
the middle zone of the passage linking the riser to the cavity of

30 mm
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Fig. 7 Beginning of the riser
filling; two different flow fronts
contoured by dashed lines rose
from the riser’s ingate and flowed
in opposite directions, as
indicated by the arrows

the test bar, then flowing towards the distant side of the die
cavity (indicated as #1 in Fig. 7). The other flow front was the
returning wave that was previously mentioned (indicated as
#2 in Fig. 7). When the two fronts meet and join each other,
the oxide skin covering the surface of the liquid can be par-
tially entrained inside the bulk liquid, thereby promoting the
formation of the oxide-related defects.

The die filling proceeded with the accumulation of liquid
Al in the zone of the riser far from the ingate, visible in both
the simulated and experimental results at 0.54 s and 0.90 s
(Fig. 6¢c, d), respectively. From 1.24 s, the action of the
unzipping waves completed the filling phase (Fig. 6e). The
molten metal flowed under the surface skin, gradually increas-
ing the level of liquid inside the die cavity. This filling mode
mitigated the entrapment of bifilms because the surface film
was not very perturbated.

As seen in Fig. 6e, f, some differences appear in the flow
path between the actual experiment and the numerical results.
While the fluid ripples were numerically evident, during the
experimental tests they could only be slightly observed below
the oxidised surface. This difference was related to the diffi-
culty of the numerical code in modelling the surface oxide
skin, which hid the fluctuations of the liquid metal. At 5.20 s
(Fig. 6f), although the die cavity was completely filled, the
fluid was not at rest: flow fluctuations could still be detected,
especially inside the riser. These movements are clearly visi-
ble in the numerical results seen in Fig. 6f, and they gradually
weakened over time until they stopped completely 25 s after
the beginning of the pouring phase.

5.3 Solidification analysis

Even though oxide-related defects are primarily formed dur-
ing the filling phase, their final distribution inside the casting
is also influenced by the solidification stage. A premature or
delayed solidification of the material affects the flow motions
that are responsible for the redistribution of the defects. To
increase the reliability of the numerical simulation, the simu-
lated heat transfer has to be consistent with the empirical one.
Thus, the solidification behaviour of the casting was studied to
evaluate the reliability of the thermal parameters set in the
numerical simulation and to ensure reliable modelling of the
heat exchange. In particular, the correspondence between the
experimental and numerical cooling rates was evaluated.

@ Springer

In the present work, the mean cooling rate (R) was estimat-
ed according to the empirical relation

SDAS = 39.4R *3" proposed by Wang et al. [42] for Al-
Si foundry alloys, where SDAS represents the scale of the
primary x-Al phase. In the central area of the test bar of both
the investigated sections, the average value of SDAS was
equal to 27 + 3 pm, corresponding to a cooling rate of approx-
imately 3.3°C/s.

To assess the simulated cooling rate, a region of interest
was defined in correspondence of the gauge length, and the
variations in the cooling rate were plotted as a function of
time. The mean cooling rate of the primary x-Al dendrites
during solidification was equal to 3.3°C/s, which is in agree-
ment with the experimental data. This could also ensure the
reliability of the thermal parameters set in the numerical sim-
ulation and the accuracy in the heat exchange modelling.
Figure 8 illustrates the numerical distribution of the cooling
rate in the section next to the ingate (A-A) at the dendritic
coherence point, when the solid fraction was approximately
equal to 0.18, and the temperature was about 608°C [43].

The cooling rate decreased with the distance from the die
walls and the thickness of the casting. It ranged from about
0.8°C/s in the upper central zone of the riser to a maximum
value of about 10°C/s in some areas of the test bar that were in
contact with the die surface. In the central region of the test
bar, the cooling rate ranged between 2.5 and 5°C/s, with an
average value of about 3.3°C/s. The same distribution of

Cooling Rate
(°Cl/s)
0.00
0.83
1.67
2.50
3.33
417
5.00
5.83
6.67
7.50
8.33
9.17 (
10.00 N
N’

Fig. 8 Distribution of the calculated cooling rate throughout the
investigated A-A cross-section in the Al alloy casting (colour figure
online)
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cooling rate was detected in section B-B, which was about
155 mm from the ingate.

5.4 Microstructural and oxide-related defects
investigation

The casting defects generated by entrainment of the bifilms
were the typical casting defects detected throughout the mi-
crostructure, as shown in Fig. 9. Both large and small poros-
ities were contoured by a thin oxide layer (Fig. 10a), as re-
vealed by the EDS analyses (Fig. 10b, c). High levels of ox-
ygen were identified in correspondence of the film, consistent
with oxide entrapment [7]. Furthermore, the reduced thickness
of the film, here observed typically in the range of 0.1 to 0.6
um, demonstrates that its formation began in the pouring or
filling stages. No thick oxides (i.e. old oxides) were observed,
indicating the high efficiency of preliminary degassing used in
the present work.

The presence of thin oxide layers contouring porosities
suggested that they acted as formation points for the growth
of solidification defects (see Fig. 9). The unbounded oxide
surfaces of a bifilm can be easily separated with minimal gas
pressure or minimal stress, forming pores or cracks. In con-
trast, the nucleation of volume defects, as an atomic-sized
event, is extremely difficult due to the perfect atomic contact
and the strength of the boundaries [7].

Figure 11 shows the distribution of the SGs related to the
casting defects generated by the entrainment of bifilms in two
different cross-sections of the castings after application of the
CNN method. Section A-A was located close to the ingate (35
mm), while section B-B was about 155 mm from the ingate.

In both sections, the area fraction covered by the oxide-
related defects increased from the region of the test bar

Fig. 9 FEG-SEM micrograph showing typical casting defects generated
by the entrainment of bifilms in the experimental Al alloy castings

towards the free surface of the riser. In particular, the average
SG value in the tensile test sample was less than 1, and it
gradually increased up to local values of about 3 in the upper
part of the riser. The main difference detected between the two
sections was seen in the lower zone of the riser. Slightly higher
values of Ap, which means more oxide-related defects, were
identified in the section next to the ingate.

To analyse the distribution of the oxide-related defects in
detail, each cross-section was subdivided into three different
regions (Fig. 12): the upper side of the riser (UR), the lower
side of the riser (LR) and the zone of the cylindrical test bar
(TB). To obtain a statistical average of the distribution, the
number of measured fields corresponding to the different SG
values was evaluated and listed in Table 2. The average SG
was then calculated as weighted arithmetic mean in the differ-
ent subdivided cross-sections.

The statistical analysis reported in Table 2 showed that the SG
in the investigated sections was relatively low (lower than 1.7).
These low values were not related to the presence of a few coarse
defects; rather, they were linked to the formation of a large num-
ber of reduced-size defects. In detail, in the investigated cross-
sections there were 1104 (~1192 mm?) grade 1 micrographs in
comparison to 229 defect-free zones (~247 mm?). Moreover,
only 177 of the 2193 fields showed Ap, values between 0.8 and
1.5% (SG 3 or SG 4), and they were mostly located in the upper
side of the riser. This is reasonable to expect from the casting
geometry because the riser filled with material that has already
flowed through the die cavity and the major part of entrained
defects were accumulated in the “dead” riser.

However, the lack of old thick oxides confirmed the effi-
ciency of the degassing treatment that was used during the
experimental procedure.

To emphasise the entrainment of the oxide-related defects
in the casting, filtering systems were not used in the present
work. Although some studies [5, 26, 44] revealed how oxides
that are micrometres thick are hardly trapped by millimetre-
pore—sized filters, these remain highly effective to reduce the
velocity of the melt flow and to control over surface turbu-
lence during the filling process [5, 45].

5.5 Numerical simulation results

To numerically investigate the entrainment of oxide inclu-
sions, the filling velocity and the concentration of free surface
defects, obtained from the simulation software, were consid-
ered. The first output was related to the action of the surface
turbulence, which causes entrainment phenomena. The en-
trapment of bifilms and air/gas bubbles inside the bulk liquid
is emphasised by a fluid velocity greater than the critical value
for the generation of turbulence in Al alloys (0.5 m/s) or the
formation of vortexes during the filling phase [5].
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Fig. 10 a FEG-SEM micrograph
showing a large porosity
contoured by a thin oxide layer
indicated by arrows. EDS spectra
refer to b the matrix surrounding
the casting defect and ¢ the oxide-
related defect

Figure 13 shows the variation in filling velocity over
time from the beginning of the pouring phase at half
width of the casting.

From the beginning of the filling phase, the fluid flow was
turbulent. The metal velocity at the bottom of the pouring
channel overcame the critical value for the generation of tur-
bulence (Fig. 13a). The values remained high for the entire
length of the bar cavity until the impact with the die surface at
0.40 s (see Fig. 13b). When the returning wave was generated
and the metal began to flow inside the riser (Fig. 13c), the
variation of cross-sectional area in the passage linking the
bar cavity to the riser decreased the fluid velocity inside the
riser. Figure 13d and e show how the metal velocity decreased
from 0.4-0.7 m/s inside the bar cavity to 0.05-0.30 m/s inside
the riser.

As seen in Fig. 13d and e, the effects related to the absence
of a filter (not used in the present work) are visible. At 1.65s, a
vortex formed in the filter housing, which could become par-
ticularly damaging at the beginning of the filling of casting
cavity. The combined action of air, which oxidises the molten
metal, and the recirculation motions that entrap the oxide
layers inside the bulk liquid, generally favours the formation
and entrainment of bifilms. Furthermore, the fluid velocity
downstream of the filter zone was still high because the ab-
sence of the filter did not facilitate the transition from a turbu-
lent flow to a laminar regime flow.

At 5 s (Fig. 131), although the die filling phase was com-
pleted, the fluid was not at rest; some metal fluctuations still
existed, resulting in a non-stationary flow regime. These mo-
tions slowed as the time and solid fraction increased (Fig. 14)
until 25 s from the beginning of the pouring phase when the
flow velocity was equal to zero throughout the casting.

Figure 14 shows the distribution of the metal velocity
and solid fraction in the investigated sections at 15 s. The
flow velocity was at rest in the test bar’s cavity and in the
lower zone of the riser, while slow recirculation motions
were still detectable in the upper side of the casting.
These vortexes promoted the backflow of metal from the
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free surface towards the inner region of the riser, as indi-
cated by arrows in Fig. 14.

The second software output used to numerically investigate
the entrainment phenomena was the concentration of free sur-
face defects, whose distribution throughout the casting at the
end of die filling is shown in Fig. 15. High values of defects
could be observed in the zone of the riser that was in contact
with the atmosphere, in particular in the regions of the upper
side of the casting. The oxide concentration gradually de-
creased towards the inner zones of the casting; in particular,
the cylindrical test bar appeared to be the soundest region.
This distribution was depicted using the model described in
Section 2. A scalar value, representative of the concentration
of oxide defects, was accumulated in the cells where a surface
of liquid metal was in contact with the atmosphere (free sur-
face). The accumulation rate was constant over time, and the
scalar could be transported from a cell to adjacent cells be-
cause of the flow movements or the convective motions.

In Fig. 15, the high accumulation of defects in the upper
part of the open-type riser can be explained by the metal flow
in the die cavity and the exposure time with air. Oxide defects
were mainly accumulated at the top of the riser after that the
liquid metal flowed through the whole die cavity. A longer
flow path leads to a lower metal temperature and a greater
oxidation time, which increases the probability of forming
oxide skins, inclusions and cold laps.

Furthermore, the oxides that accumulated at the free surface
of the riser could move towards the inner regions of the casting,
especially at the farthest ends of the casting. This mechanism
was due to the non-stationary flow regime at the end of the
cavity filling phase. The presence of slow recirculation motions,
indicated by arrows in Figs. 14 and 15, involved the redistribu-
tion of the oxide-related defects until 25 s from the beginning of
the pouring phase when a steady-state condition was reached.
In particular, along the investigated cross-sections, the decreas-
ing gradient in the concentration of defects from the riser to the
test bar was related to the vortexes illustrated in Fig. 14a, which
promoted the oxide’s movement from the upper part of the riser
to the lower part of the riser.
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Fig. 11 Distribution of the SGs associated with the oxide-related defects
in the cross-sections a close to (A-A) and b far from (B-B) the ingate after
application of the CNN method (colour figure online)

6 Discussion

A reliable numerical prediction in the formation of oxide-
related defects can be achieved when both the fluid-dynamic
behaviour of the metal and the cooling rate during solidifica-
tion are properly modelled. Finally, an accurate model to pre-
dict the formation of oxide-related defects plays a key role.
The lack of one of these aspects would result in a significant
difference between the numerical distribution of entrainment
defects and the experimental results.

In the present work, the numerical modelling of both metal
flow and heat transfer was consistent with the experimental find-
ings. The accurate modelling of fluid motions avoided erroneous
predictions of turbulence on the free surface and entrainment
phenomena, which could also result in inaccurate distribution
and amount of defects. On the other hand, the proper modelling
of the heat exchange between the molten metal and the die en-
sured that no premature or delayed solidification occurred.
Furthermore, even though the die was here completely filled,
the metal flow was not at rest, and the redistribution of defects
continued until the solid fraction was high enough to prevent
further fluid movements. Inaccurate modelling of the heat ex-
change would lead to longer or shorter solidification time, which
would affect the final distribution of defects inside the casting.

Finally, an experimental mapping of oxide-related defects
was carried out to provide the data necessary to validate the
numerical models concerning the bifilms’ entrainment.
Figure 16 shows the comparison between the experimental
distribution of oxide-related defects, in terms of SGs, and
the numerical results referred to as the concentration of defects
formed on the free surface. In both the numerical and exper-
imental results, the bifilm concentration gradually increased

UR

LR

-
-
I
-

Fig. 12 Subdivided cross-section of the casting: upper side of the riser
(UR), the lower side of the riser (LR) and the region of the test bar (TB)

from the zone of the test bar to the upper part of the riser,
where the most damaged areas of the casting were detectable.
This distribution of defects can be explained by studying the
filling dynamics, which were found to be the same in the
experimental and numerical results.

From the beginning of the filling phase, the metal flow
regime was turbulent (Fig. 13a) due to the combined action
of the pouring height and the short pouring time (approximate-
ly 3 s). Indeed, the height of the pouring channel was 120 mm,
greater than the critical height of 12.5 mm, which is generally
the height from which an Al alloy can fall, accelerated by
gravity, before reaching the critical velocity of 0.5 m/s and
generating a turbulent regime [5]. When the metal impacts
the die, the turbulent flow could entrain the oxide layers or
bubbles inside the liquid metal, immediately decreasing the
quality of the molten metal from the beginning of the filling
phase. This short but vulnerable period could play a key role
in the quality of the final casting, especially when the melt is
just entering the mould through the ingate.

Table2  Statistical analysis of the oxide related-defects evaluated based
on the number of measured fields corresponding to different SGs in the
investigated subdivided cross-sections of the casting: upper (UR) and
lower (LR) parts of the riser, and the zone of the test bar (TB)

Position Severity grade
0 1 2 3 4 Mean
Section A-A TB 44 131 4 0 0 0.8
LR 28 203 125 15 0 1.3
UR 19 174 224 74 5 1.7
Section B-B TB 39 131 9 1 0 0.8
LR 59 269 106 15 0 1.2
UR 40 196 215 61 6 1.6
Total number of fields 229 1104 683 166 11
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Fig. 13 Variation of the calculated melt velocity during the filling phase at half width of the casting. Velocity vectors and the formation of recirculation
motions are illustrated, as indicated by the arrows; temporal references are calculated from the beginning of the pouring phase (colour figures online)

Moreover, the causes of the formation of the extended de-
fects in the upper zone of the casting were recognised in both
the simulated and empirical results. When the returning wave
was formed (Figs. 6b and 13b) and the two metal fronts, which
flowed in opposite directions, were joined together (Fig. 7), a
large oxidised surface could be easily entrained inside the bulk
liquid. During the subsequent filling stages, the liquid metal
pushed forward these entrainment defects and confined them
in the upper part of the riser. In Fig. 16, the numerical con-
centration of the free surface defects in the region of the riser
closest to the atmosphere was greater than 306-10> kg/m’,
while the experimental area fraction covered by the oxide-
related defects mainly ranged from 0.2 to 1.6%.

In both the experimental and numerical results, the cross-
section close to the ingate (section A-A) showed a slightly
greater concentration of oxide-related defects in comparison
to the section farthest from the ingate (section B-B). In partic-
ular, in the region immediately close to the riser’s ingate, the
calculated concentration of oxides was between 100-10~> and
306:10 > kg/m® in section A-A, while it ranged from 49-10°
to 196-10° kg/m” in section B-B (Fig. 16b). According to the
experimental results, the lower zone of the riser showed a
mean SG of 1.2 and 1.3, respectively, in the areas furthest
and closest to the ingate (Table 2).

This slight divergence between the investigated sections can
be explained by the differences in the distances from the filter

Velocity (m/s) Solid Fraction
0.020 1.00
0.015 0.80

0.60
0.010

0.40
0.005 0.20
0.000 0.00

(a)

Fig. 14 Distribution of the calculated a melt velocity and b solid fraction
in the investigated sections after 15 s from the beginning of the pouring
phase; the velocity vectors are represented, and the recirculation zones are
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indicated by arrows. To highlight the reduced flow motion, the velocity
scale bar is different from that seen in Fig. 13 (colour figures online)
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Free surface defects concentration
(-10% kg/m3)

12 110 306 600 992

0 49 196 441 784

Fig. 15 Distribution of the calculated concentration of the free surface
defects in the casting in the steady-state condition (from 25 s). The recir-
culation motions, which promote the redistribution of the oxide-related
defects from the surface to the inner zones of the riser, are indicated by
arrows (colour figure online)

housing. From 5 s to 25 s, although the die cavity was completely
filled, the liquid Al was not at rest (Figs. 13fand 14), and the slow
flow velocity was responsible for the non-homogeneous distribu-
tion of the bifilms inside the casting, especially in the riser.

In general, the numerical model used in this study successfully
predicted the formation of oxides: the similarities in the distribu-
tion of the defects between the experimental and simulated re-
sults appear evident (Fig. 16). However, slight differences in the
number of defects could be observed in the upper part of the riser.
In the regions close to the free surface, the numerical accumula-
tion of defects appeared to be slightly higher than the experimen-
tal findings. Two improvements could be implemented in the
model to perfect the prediction: (1) the variation of the oxidation
rate as a function of time and temperature and (2) the modelling
of the strength effect and the buoyancy of the bifilm.

Regarding the first improvement, the numerical code accu-
mulates defects on free surfaces at a constant rate, as a first
approximation of the empirical oxidation rate, which is affect-
ed by time and temperature [6]. The pattern of the oxidation
reaction over time can be described as an inverse logarithmic
function up to about 350°C, as a parabolic function from
350°C up to 450°C, and as a linear or non-parabolic function
at higher temperatures [46]. The approximation of the oxida-
tion rate with a constant value over time implies to neglect the
influence of the temperature. This can lead to overestimating
the accumulation of defects on the free surfaces which are
exposed to the atmosphere for long periods of time.

The second improvement concerns the modelling of the
strength effect and the buoyancy of the bifilm, as well as its
adhesion to the mould’s walls; this was already proposed by
Barkhudarov and Hirt [27]. In the current version, the model

allows scalar values representing oxide defects to easily move
from the free surface into the liquid metal under the action of
weak fluid motions. On the contrary, the oxide surface skin
formed over the liquid metal surface thickens over time, and it
is hardly trapped inside the liquid metal, unless under the action
of turbulent motion. Therefore, the redistribution of defects inside
the liquid metal due to weak fluid motions is overestimated by the
numerical simulation respect to the experimental observations.

The approximations of the cumulative scalar technique
mainly affect the casting areas that have been in contact with
the atmosphere for a long time after complete filling, such as
the metal inside the pouring basin or open-type risers.
Therefore, this technique appears particularly suitable for cast
components with a mould geometry that minimise the contact
between the molten metal and the atmosphere after complete
filling, e.g. casting design with close-type risers.

Even though some improvements could be implemented to
increase the prediction accuracy of entrainment defects, these
changes would significantly increase the calculation time

A-A

B-B

12 mm
—

Severity ColiiF

Grade

Wi =0

Free surface of the riser

AA LN\ B-B

Free surface defects

concentration
(-10°% kg/m?3) ‘ ]
0
12
49
110 (b)
196
306
441
600
784
992

Fig. 16 Comparison between a the experimental distribution of the SGs
related to the oxide inclusions and b the numerical output concerning the
formation of the defects on the free surface in the steady-state condition
(from 25 s). The cross-sections near to (A-A) and far from (B-B) the
ingate are shown (colour figures online)
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during numerical simulation, which is already high for large
and complex components.

The capacity to reliably foresee the formation, distribution
and amount of entrainment defects in a short calculation time
is a key issue to obtain high-integrity components with re-
duced time for the design and engineering phases. Further
improvements to expand the use scenarios of the present nu-
merical model concern the implementation of optimisation
algorithms, which allow the estimation of the optimum values
of the variables involved in the casting process, e.g. metal and
die temperatures, and filling velocity [47]. These algorithms
would allow to easily select the casting parameters in order to
minimise the formation of entrainment and to increase the
quality of casting parts.

7 Conclusions

In this study, both numerical and experimental investigations
on the formation and distribution of oxide-related defects in
AlSi7Cu0.5Mg cast alloy were conducted. A free surface
tracking model was used to numerically analyse the position
and growth time of the oxide film. A cumulative scalar tech-
nique was implemented in the numerical code to predict the
formation of oxides on the free surface. The following con-
clusions can be drawn.

* The free surface tracking algorithm is accurate in the
modelling of oxide surface motion. In the filling stage, a
good correspondence was found between the numerical
and experimental results regarding the position of the fluid
front and the filling level of the die.

* The numerical prediction of the formation of oxide-related
defects is consistent with the experimental results. A clear
similarity was found between the severity grade mapping
caused by the entrainment of the bifilms and the numerical
distribution of oxides formed on the free surface.

*  According to the cumulative scalar technique, the model-
ling of the oxidation rate and the properties of the bifilms is
neglected. In comparison to the experimental findings,
these features led to a slightly higher accumulation of de-
fects in the regions close to the free surface of the casting.
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