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Abstract: A parametric study was performed to explore the effect of runner thickness, filtration, and hydrogen
content on the mechanical properties and defect formation in Al-7%Si-0.3%Mg (2L99) sand castings. A two-level
full factorial design of experiments was used to statistically evaluate these parameters and the tensile properties
were characterized via Weibull distribution analysis. The findings reveal that decreasing the runner thickness from
25 mm to 10 mm and using 10 PPI ceramic filters improve mechanical properties by minimizing double oxide film
entrainment as confirmed by electron microscopy examination. In addition, lowering hydrogen concentrations
within the Al alloy from 0.24 ¢cm%100 g Al to 0.12 cm*100 g Al is also shown to enhance casting integrity by
suppressing bifilm inflation and subsequent pore formation. ANOVA results indicate that the hydrogen content is
the most important factor, contributing 53% to the variability in mechanical properties, followed by filtration (25%)
and runner thickness (17%). The optimized casting conditions including thin runners (10 mm thick), melt filtration,
and a low hydrogen level (0.12 cm®100 g Al), result in an approximately 474% increase in the shape factor and
a 107% increase in the characteristic life of UTS, as well as an approximately 413% increase in the shape factor
and a 149% increase in characteristic life of elongation. The outcomes suggest that controlled filling systems and
melt treatment are critical for producing consistent, high integrity aluminum castings in industrial applications.

Keywords: aluminum-silicon alloy; casting; mechanical properties; defect formation

CLC numbers: TG146.21 Document code: A Article 1D: 1672-6421(2026)02-158-11
1 llltI'OdllCtiOIl of inherent flexibility and corrosion resistance makes
these alloys highly valuable for weight-sensitive
Aluminum alloys are increasingly used in the automotive engineering applications that require both durability and
and aerospace industries during the past decades due to fuel efficiency'. Such useful characteristics make Al
their superior combination of properties. The main benefit alloys suitable for replacing heavier materials in many
stems from their exceptional strength-to-weight ratio, applications. However, the presence of structural defects
which allows for lightweight structural components that adversely affects mechanical properties of aluminum
maintain mechanical performance. The combination alloys, thereby compromising their overall quality.
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practice, such as turbulent pouring, can mechanically disrupt
the liquid metal surface. Such disruptions lead to the folding
inward of the oxide layer to create encapsulated air pockets
that become submerged in the melt bulk. This entrainment
process is one of the primary mechanisms responsible for
defect formation in aluminum casting operations'!. This
folding produces a famed casting defect called a double oxide
film or bifilm - essentially two facing oxide layers around a
gap of air. Bifilms are prior cracks within the microstructure,
gravely weakening mechanical properties. The lack of atomic
bonding across the inner bifilm interface often leaves areas
of preferred failure and significantly reduces the fracture
resistance during loading™ %, see Fig. 1.

Fig. 1: Formation and entrainment of double oxide film
in aluminum castings

Bifilms are also suggested to promote hydrogen porosity.
Hydrogen has high solubility in molten aluminum but
much lower solubility in solid aluminum. Therefore, during
solidification, hydrogen is rejected from the solidifying
metal and hence, would diffuse into the bifilm’s gas pocket,
developing into a volumetric pore that further degrades
mechanical properties” ®. Recently, El-Sayed, Chen, and
Griffiths et al. had quantitatively verified such mechanisms,
demonstrating the formation of what could be called “bifilm-
induced hydrogen porosity”, and its corresponding influence
on mechanical properties” . Bifilms are therefore recognized
by scientists as basic microstructural defects that negatively
impact aluminum cast alloys in two ways: (1) by serving as the
main stress crack initiator, and (2) by aiding in the nucleation
of porosity. When these effects are combined, the material’s
tensile strength and fatigue resistance are decreased, which
causes the component to fail more quickly!* '

Bifilm entrainment occurs mainly during mold filling, with
the critical velocity concept offering key insight into its origin.
Critical velocity (V) is described as the lowest possible melt
velocity at which there would be enough surface turbulence
to entrain oxide layers into the bulk liquid. In other words, the
critical velocity refers to the highest allowable melt flow rate
at the ingate, above which hydrodynamic pressures dominate
surface tension forces, and surface oxide films become
entrained in the bulk liquid™, and is estimated as below:

Ve=20rgp" (1)
where p is the melt density in kg'm™, y is the surface tension
in N-m™ and g represents the gravitational acceleration in m-s™.

For liquid aluminum y=1 N-m™ and p=2,400 kg-m™. Such
material properties provide a threshold velocity of roughly
0.5 m-s”. As the ingate velocity exceeds this value, inertial
forces displace the melt surface, generating surface waves
of sufficient amplitude that fold over and collapse under
gravitational pull. This process captures the oxide layer within
the liquid bulk and forms the typical bifilm defect structure
that subsequently degrades the properties of the solidified
casting!” 'Y Investigations by Runyoro et al.!'”, Halvaee and
Campbell"”, and Bahreinian et al."™ across various aluminum
and magnesium alloy systems indicated that the critical
velocity typically falls within the range of 0.4 to 0.6 m's™.
This narrow velocity window represents the transitional
boundary between laminar and turbulent flow regimes that
determine oxide film entrainment behavior in light alloy casting
operations. The literature indicates that top-pouring practices
generally fail to produce castings of acceptable quality. Studies
suggest that melt integrity during filling can only be obtained
by using customized bottom-pouring gating systems with
a special design that could fulfill critical ingate-velocity
prerequisites for sound castings!* ",

Design of Experiments (DoE) is a statistical and optimization
technique which deals with the organized scheduling and
assessment of a singular system or complete system technological
processes. It uses defined variable inputs and resulting output
measurements to assist researchers in discovering relationships
alongside calculating possible interrelationships among multiple
input and output variables™"*?. This is especially helpful
for complex systems, in which there is a large number of
interdependent input factors influence the output information
and/or quality of the system™!. The approach enables several
input parameters to be varied simultaneously, making it possible
to measure their separate and collective effects on system
outputs”. In contrast to stepwise methods testing a single
factor in isolation, this simultaneous measurement could divulge
significant interactions between parameters that might otherwise
go unnoticed. Among experimental designs, full factorial
designs (FFD) give the most exhaustive study by iterating
through every combination of factor levels feasible™ ", The
simplest experimental design for DoE is a 2-level full factorial
experiment wherein each input factor is evaluated at two levels
(typically denoted as low and high values). For £ factors, this
design requires 2 experimental runs®.

Mechanical characteristics of light alloys had been
extensively addressed by many studies focusing the influence
of different casting parameters on mechanical properties.
However, a systematic study of the statistical significance
of such parameters on the properties of Al-Si cast alloys has
not been fully explored. The current research was carried out
to cover the research gap and utilize statistical techniques
by employing statistical methodologies, a full factorial DoE
coupled with analysis of variance (ANOVA) to identify the
significant casting process parameters and systematically
evaluate their effects on the UTS and percentage elongation
of Al-Si castings. In addition, the application of DoE not only
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allowed to statistically assess the significance of the studied
parameters, but also provided a sort of quantification of the
weight of each parameter in impacting the studied process
outputs through the calculation of the standardized effects and
percent contribution of each factor. Finally, the methodology
would allow the detection of potentially consequential
interactions among factors, which are commonly disregarded by
traditional experimental approaches.

The current research has applied a 2’ full factorial design of
three sand casting parameters: runner thickness, filter usage,
and hydrogen content with two levels for each parameter.
This results in eight full factorial experiments. The effect of
these factors on the amount and size of bifilm defects, and
by implication, on the properties of Al-Si alloy castings was
studied. This approach might provide quantified information on
the primary factors that affect quality and reproducibility of light
alloy castings.

2 Experimental methods

This work investigated the gravity sand casting process of
2199 aluminum alloy to provide data regarding the impact
of three process parameters that were justifiably important:
(1) runner thickness, (2) filtration, and (3) hydrogen content.
Four mechanical response parameters were compared, which
were the shape factor (Weibull modulus) and characteristic life
(position parameter) of ultimate tensile strength (UTS) and
percentage elongation. Design Expert software Version 7.0.0
(Stat-Ease Inc., Minneapolis, USA) was utilized for conducting
DoE and ANOVA studies. Again, a 2° factorial design was
endorsed to examine the main and interaction effects of the
selected process parameters. Each parameter was altered over
two values resulting in a total of 8 experiments with different
combinations of the studied casting conditions.

Resin-bonded sand molds, as illustrated in Fig. 2, were
prepared. Each mold can produce 10 tensile test bars of 100 mm
long and 11 mm in diameter. The sand binder system consisted
of two resin components: (1) polymer-polyols (35%-50%
by weight in trimethylbenzene) and (2) diphenylmethane
diisocyanate (60%-80% by weight in high-boiling aromatic
solvent), each added at 0.6% relative to the sand weight. For
each of the eight parametric combinations, twenty test bars (cast
in two moulds) were prepared. A 12 kg batch of 2199 alloy
was induction-melted (Inductotherm, Droitwich, UK) for each
condition, held at 800 °C under a partial vacuum of 0.2 bar
for 2 h, a treatment which has been shown to remove any
pre-existing oxide films® *!. The melt was then poured at
700 °C from a height of 1 m above the mold pouring basin
into the molds, intentionally generating surface turbulence to
cause new double oxide film engendering and entrainment for
controlled defect studies.

To evaluate the effect of hydrogen (H) content on casting
quality, the experimental design included two distinct sets: a
high-hydrogen group (Experiments 1-4) and a low-hydrogen
group (Experiments 5-8). High-hydrogen castings were made
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Fig. 2: Schematic illustration of the mold pattern design
used for casting production

using sand moulds after aged at room temperature for 24 h
before pouring, to remove surface moisture. The Al melt, after its
initial 2 h holding under a partial vacuum of 0.2 bar at 800 °C,
was poured into these molds immediately upon release from
the vacuum chamber. On the other hand, for Experiments 5-8,
in attempt to obtain castings with relatively lower hydrogen
levels, the vacuum-treated melt was argon degassed at 750 °C
for 1 h prior to pouring. Additionally, molds were pretreated
under a vacuum of 500 mbar for two weeks to volatilize binder
solvents and thus, minimize hydrogen pickup from the mold
sand walls after pouring™”.

In addition, the experimental setup employed two runner
patterns with a thickness of 10 mm and 25 mm, respectively.
Finally, to quantify the filtration impact, two ceramic filters
(Fesoco, Birmingham, UK), with 10 pores per linear inch (PPI)
and sizes of 50 mmx50 mmx20 mm, were positioned at the
designated locations in the mold (see Fig. 2). The combined
implementation of improved runner configuration and ceramic
filtration is expected to improve the control over melt flow
dynamics, thereby reducing oxide entrainment.

The solidified castings were then machined into tensile
specimens of 37 mm in gauge length and 6.75 mm in diameter,
with 20 test bars produced for each parametric combination. In
addition, a sample was cut from the runner bar and its hydrogen
content was analyzed using a LECO™ hydrogen analyzer
(LECO, St. Joseph, MI, USA). The instrument operated using
the inert gas fusion method, in which the sample was melted
in a graphite crucible under a stream of inert carrier gas and
the released hydrogen was quantified by thermal conductivity
detection. The detection limit of the instrument is approximately
0.05 ¢cm*/100 g Al, with an accuracy of £0.01 ¢cm’/100 g
Al, ensuring reliable measurement of hydrogen levels in the
cast samples. The mechanical test was conducted using the
WDW-100E universal testing machine (Time Group Inc., Beijing,
China) at a constant crosshead speed of 1 mm-min™. The final
ultimate tensile strength (UTS) and elongation values obtained
were statistically compared using two-parameter Weibull analysis
to quantify the variability in mechanical properties. Fractographic
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examination was performed via a Philips XL-30 SEM (SEMTech
Solutions, North Billerica, USA) with EDX capability to
demarcate bifilm-related fracture features.

3 Results

LECO analysis results revealed varying concentrations of
hydrogen by experimental groups: the high-hydrogen samples
(Experiments 1-4) averaged 0.24 cm’/100 g Al, while the
low-hydrogen samples (Experiments 5-8) measured
0.12 cm’/100 g Al This 50% reduction in hydrogen content
resulted directly from the combined argon degassing treatment,
applied to the melt at 750 °C, and extended mold vacuuming
at 500 mbar for two weeks, which together minimize the
hydrogen intensity both before and during solidification"”.
The probability distributions of tensile properties (UTS
and elongation) were statistically analyzed using EasyFit
software (MathWave Technologies). As demonstrated in
Fig. 3 for the UTS results from Experiment 2, the Weibull
distribution fits significantly better than normal or exponential
distributions. Such high correlation justified the use of Weibull
analysis for characterizing the mechanical property data under
all experimental conditions. Additional EasyFit analysis
strictly confirmed the suitability of the Weibull distribution

Fig. 3: UTS distribution for Experiment 2 test bars,
demonstrating improved fit of Weibull distribution
compared to other probability models

(a) Exp. 1 y=4.2187x-18.856
RP=0.9800
—— Exp. 2 y=7.75x-36.116
R=0.9647
Exp. 3 y=6.6323x-30.188
R=0.9789

—— Exp. 4 y=18.361x-89.986
R=0.9721

to all resulting property sets”'\. These findings would be a
confirmation of earlier research results suggesting that the
Weibull distribution would be preferable for representing the
variation of properties of aluminum castings particularly for
defect controlled failure mechanisms™ >,

Hence, the two-parameter Weibull distribution was used in
this research to characterize the mechanical properties of Al
castings. The shape factor (or Weibull modulus) is a key measure
of data scatter (uniformity) with the larger the value the smaller
the data scatter”™”
parameter) is a threshold stress value at which about 37% of
specimens are still functionally serviceable™. The shape factor

and characteristic life are larger in castings with few defect

. Moreover, the characteristic life (or position

populations, indicating superior mechanical properties and
lower variation from piece to piece. This relationship arises
from the inherent dependence of the statistical distribution
of mechanical properties in cast alloys on its microstructural
homogeneity. The Weibull parameters quantitatively reflect this
relationship: defect-free microstructures yield higher average
mechanical properties and reduced statistical scatter.

Figures 4(a)-(b) plot the Weibull distributions of UTS of
specimens from high- and low-hydrogen environments, with
corresponding elongation data being presented in Figs. 5(a)-(b).
Strong linear correlations (R>>0.9) are found in all data sets,
which confirms the applicability of the Weibull analysis.
Notably, both UTS and elongation shape factors (trendline
slopes) exhibit pronounced improvement in Experiments 5-8,
where the hydrogen level was reduced by approximately 50%
compared to high-hydrogen conditions.

Through the Weibull analysis, presented in Figs. 4 and 5, the
shape factor and characteristic life of the UTS and elongation
of castings under all experimental conditions were determined
and summarized in Table 1. These four statistics were deemed
as important response variables in the study.

It is shown that high-hydrogen castings (Experiments 1-4)
possess the lowest UTS shape factor of 4.2 (25 mm runner, no
filter), which improved to 6.6 (10 mm runner, no filter) and
7.8 (25 mm runner with filter). The optimum combination of
a 10 mm runner and a filter achieves a shape factor of 18.4.
Elongation shape factor shows an analogous trend, increasing

( ) Exp. 5 y=9.7573x-47.277

R’=0.9605

Exp. 6 y=21.458x-107.61
R=0.9533

—— Exp. 7 y=19.151x-97.016
R*=0.9438

—— Exp. 8 y=24.045x-124.92
R’=0.9612

Fig. 4: UTS Weibull distributions for 2L99 alloy across experimental conditions: (a) Experiments 1 to 4;

(b) Experiments 5 to 8
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—— Exp. 1 y=22645x-3.1856
R*=0.9164

—— Exp. 2 y=4.8387x-7.5329
R*=0.9647

Exp. 3 y=3.9792x-6.1853
R’=0.9446

Exp. 4 y=8.3192x-15.973
R*=0.9250

( ) Exp. 5 y=6.6172x-11.189
R’=0.9453

— Exp. 6 y=10.865x-22.846
R*=0.9228

Exp. 7 y=10.095x-20.421
R*=0.9265

—— Exp. 8 y=11.807x-27.388
R*=0.9928

Fig. 5: Weibull distribution of elongation (%) for 2L99 alloy across experimental conditions: (a) Experiments 1 to 4;

(b) Experiments 5 to 8

Table 1: Experimental design with corresponding Weibull statistics for UTS and elongation

Casting conditions

Runner Hydrogen content
thickness (mm) filters (cm*/100 g Al)

1 25 Unfiltered 0.24
2 25 Filtered 0.24
3 10 Unfiltered 0.24
4 10 Filtered 0.24

25 Unfiltered 0.12
6 25 Filtered 0.12
7 10 Unfiltered 0.12
8 10 Filtered 0.12

from 2.3 (lowest) to 8.3 (optimized conditions). Low-hydrogen
castings (Experiments 5-8) demonstrate higher absolute values
and significant relative improvements, with UTS shape factor
rising from 9.8 to 24.1 and elongation shape factor from 6.6 to
11.8 as a result of the concurrent application of proper gating
and filtration, signifying more reliable castings.

Both the UTS and elongation characteristic lives follow
the trends of their shape factor. Implementing thin runners
(10 mm) with filtration for low-hydrogen castings leads to
the most significant gains, raising the UTS characteristic life
from 127 to 180 MPa (42% improvement) and the elongation
characteristic life from 5.4% to 10.2% (89% improvement).
These gains, along with those associated with the shape factor,
could be indicative of concerted improvements in both average
properties (characteristic lives) and property consistency (shape
factors) achieved through mould design optimization.

The results presented in Table 1 demonstrate that through
employing the optimized conditions: low hydrogen level
(0.12 cm’/100 g Al), with ceramic filtration, and thin runners
(10 mm), mechanical properties of the castings as well as the
property consistency, identified by means of characteristic
lives and shape factors, respectively, can be remarkably
enhanced. As can be inferred, the mechanical properties
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UTS (MPa) Elongation (%)
Shape Shape Characteristic
factor factor life
4.2 87 23 4.1
7.8 106 4.8 4.7
6.6 95 4.0 4.7
18.4 134 8.3 6.8
9.8 127 6.6 5.4
21.5 151 10.9 8.2
19.2 158 10.1 7.6
241 180 11.8 10.2

reach peak characteristic life of 180 MPa for UTS and 10.2%
for elongation, as well as the lowest property scatter (shape
factors of 24.1 for UTS and 11.8% for elongation) when
the proper casting parameters are applied (Experiment 8).
This suggests that the mechanical improvement in both
strength and reliability of Al-Si castings was achieved through
coordinated process optimization.

The model adequacy was checked by using diagnostics:
Normal probability plots of residuals (Fig. 6) show quite
substantial linearity, and residual vs. run plots (Fig. 7) indicate
random scatter around zero. This confirms the assumptions of
normality and independence of residuals. These results reveal
the robustness of the models, supporting their validity for
further ANOVA-based significance testing.

The results presented in Table 1 were used as input to
the DoE to perform the ANOVA statistical analysis. Model
fitting analysis, using the least square method, was carried
out to determine the best-fitted models that represent each
of the studied responses (the shape factor and characteristic
life of both the UTS and elongation) as a function of the
studied parameters (runner thickness, filtration, and hydrogen
content). Analysis of the fit summary output indicated that the
best-fitted model is approximately linear for the four responses. The
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(@) (b)

(c) (d)

Fig. 6: Normal probability plots of residuals for UTS shape factor (a), UTS characteristic life (b), elongation shape
factor (c), and elongation chracteristic life (d), demonstrating conformance to linear model assumptions

(a) (b)

Fig. 7: Residual versus run plots for UTS shape factor (a), UTS characteristic life (b), elongation shape factor (c),
and elongation characteristic life (d), confirming random error distribution and model validity
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validated linear models quantified the effects of runner thickness,
filtration, and hydrogen content on mechanical properties.

Table 2 presents the results of ANOVA, where df stands for
degrees of freedom, and F represents the F-statistic value used
to calculate the corresponding p-value. ANOVA determined
the statistical significance (p-values) of the parameters and
their interactions, and the standardized effects and percentage
contributions ranked their importance. Again, the high R* values
(0.93-0.97) and unbiased residuals confirmed that the models
successfully captured the underlying process-property relationships
for making strong conclusions about parameter effects. This
approach not only identified critical factors but enabled
optimization of the casting conditions for enhanced property
magnitude (characteristic lives) and consistency (shape factors).

Statistical significance was assessed using p-values, and
a value less than 0.05, corresponding to a 95% confidence
level, indicates that the effect of a given factor on the casting
property is statistically significant. In essence, there’s less
than a 5% chance the observed effect is due to randomness
of experimental observations"”. Statistical analysis results
show that all three process parameters: filtration, runner
thickness, and hydrogen content have statistically significant
effects (p-value<0.05) on all four response variables within the
experimental range examined. This confirms that controlling
these casting variables would incredibly impact both the
magnitude and consistency of the tensile properties of Al-Si
alloy castings. The experimental findings were further

explored using a two-level full factorial design of experiments
to quantify the influence of the significant casting parameters
on the shape factor and characteristic life of ultimate tensile
strength and percent elongation. The standardized effects and
percentage contributions of all factors and interactions in this
study are listed in Table 3. For a two-level factorial scheme,
the effect of a factor is calculated as:
Effect = Average response at high level

-Average response at low level 2)

A positive sign is a suggestion of an improvement of the
measured property when the factor level increases, and vice
versa for negative effects. In addition, ANOVA decomposition
quantifies the percentage contribution of each main effect and
interaction to the total variation observed in the mechanical
properties”®. The percentage contribution is an absolute
metric that quantifies the relative importance of each factor.
It takes individual sum of squares (SS) for each parameter,
normalized by the total sum of squares (SS_total). This metric
provides an objective ranking of process parameters based on
their contribution to the variance in the responses, enabling
the identification of the most influential variables for quality
control and process optimization.

Factorial analysis identified strong parameter effect trends
on all the mechanical property responses (Table 3). Hydrogen
concentration exerted the most pronounced negative effects,
with a doubling of its concentration reducing the UTS
shape factor by 9.4 and characteristic life by 48 MPa, and

Table 2: Area fraction of primary a-Al in Al-10Si modified with different amounts of Al-5Ti

df Mean square F p-value R

Source Sum of squares
Shape factor of UTS
Model 380
A-Runner thickness (mm) 78
B-Filtration 127
C-Hydrogen content (cm®100 g Al) 175
Characteristic life of UTS (MPa)
Model 7,194
A-Runner thickness (mm) 1,177
B-Filtration 1,339
C-Hydrogen content (cm*100 g Al) 4,677
Shape factor of elongation (%)
Model 82
A-Runner thickness (mm) 12
B-Filtration 21
C-Hydrogen content (cm%100 g Al) 50
Characteristic life of elongation (%)
Model 29
A-Runner thickness (mm) 6
B-Filtration 8
C-Hydrogen content (cm®100 g Al) 15
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127 18 0.0090 0.93
78 1 0.0300
127 18 0.0137
175 24 0.0078
2,398 46 0.0015 0.97
1,177 23 0.0089
1,339 26 0.0071
4,677 90 0.0007
27 42 0.0017 0.97
12 18 0.0133
21 32 0.0048
50 7 0.0009
10 24 0.0051 0.95
6 14 0.0191
8 20 0.0108
15 37 0.0037
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Table 3: Full factorial analysis results

Shape factor of UTS

Contribution

A - Runner thickness

ped -6.25 19.09 -24.26
B - Filtration 7.97 31.01 25.87
©= gﬁf{/‘;%%”gcﬁste"t -9.37 42.87 -48.36
AB -0.35 0.06 -4.78

AC -0.26 0.03 6.24

BC -0.34 0.05 3.30

ABC -3.75 6.87 -5.56

elongation measurements by 5 units (shape factor) and
2.7% (characteristic life). Increasing the runner thickness
exerts a parallel but weaker antagonistic effect, negatively
impacting the four properties by 6.3, 24 MPa, 2.4, and 1.7%,
respectively. In addition, filtration consistently improves every
measured property and beneficial effects of about 8, 25.9 MPa,
3.2, and 2%, respectively. The ranked order was confirmed
quantitatively using ANOVA results, which shows that
hydrogen content dominates with an average contribution of
53%, followed by filtration (25%), and runner thickness (17%).
Significantly, cross-factor effects are minimal, as evidenced
by interaction effects between parameters accounting
for an average of less than 5% of the observed variation.
Quantitatively, under the optimized casting conditions (thin
runner+melt filtration+low hydrogen), the UTS shape factor

(a) (b)

Characteristic life of
UTS (MPa)

Contribution

Characteristic life of
elongation (%)

Shape factor of
elongation (%)

Contribution

Contribution

15.91 -2.41 13.65 -1.71 19.06
18.09 3.22 24 .46 2.03 26.78
63.20 -5.00 58.84 -2.74 48.88
0.62 0.20 0.09 -0.32 0.67
1.05 -0.19 0.09 0.34 0.77
0.29 0.24 0.13 -0.66 2.83
0.84 -1.08 2.74 -0.39 1.00

increased by 474%, the elongation shape factor by 413%,
the UTS characteristic life by 107%, and the elongation
characteristic life by 149%, compared to the baseline condition
(25 mm runner, no filter, high hydrogen).

These statistical conclusions are strongly supported by the
results of microstructural examination, presented in Fig. 8.
SEM analysis demonstrated the existence distinct oxide films
at fracture surfaces of test bars from Experiments 1-3 and 5-7.
Figures 8(a) and (b) showcase representative examples of
these defects from Experiments 1 and 6, respectively. It can
be seen, MgAl,O, (spinel) films are identified by energy
dispersive X-ray. Conversely, specimens from Experiments 4
and 8 exhibit much cleaner fracture surface morphologies with
no observable oxide films. This might be a suggestion that
the defects are either too small to be detected at this level of

(c)

Fig. 8: SEM fractography of fracture surfaces from Experiment 1 (a), Experiment 6 (b), and Experiment 8 (c).
EDX analysis carried out at marked locations “X”

165




crina_rounoey ISR TSP

SEM magnification or they have been eliminated from the Al
casting. An example of a fracture surface from a sample from
Experiment 8 is shown in Fig. 8(c).

Comparative fractography reveals evident morphological
differences in oxide film entrainment among different
experiments of varying casting conditions. Experiment 6
sample [Fig. 8(b)] exhibits noticeably smaller oxide fragments
compared to the sample from Experiment 1 [Fig. 8(a)],
and this size reduction is consistently observed across all
low-hydrogen samples (Experiments 5-7) relative to their
high-hydrogen counterparts (Experiments 1-3). The reduction
in oxide size directly correlates with the decrease in dissolved
hydrogen achieved through argon degassing, supporting the
hypothesis that the dissolved hydrogen promotes oxide film
growth during solidification. Most significantly, Experiment 8
fracture surfaces [Fig. 8(c)] exhibit no detectable oxide films,
with EDX spectra indicating only aluminum, silicon, and
magnesium peaks. This complete suppression of surface oxides
is evidence of the synergistic effectiveness of thin runners
(10 mm) combined with ceramic filtration in minimizing
turbulent oxide entrainment during mold filling. Therefore, it
could be argued that the statistical model’s predictions were
validated by this obvious correlation between the presence of
oxide films and degradation of mechanical properties, showing
how process variables govern defect formation, and, by
extension, the final mechanical performance of the casting.

4 Discussion

The literature showed that inadequately controlled gating
systems, particularly those featuring thick runners (25 mm)
without filtration (Fig. 2), would generate excessive surface
agitation upon mold filling, leading to significant oxide film
entrainment®”. These bifilms in entrainment severely degrade
mechanical properties due to their non-bonded interfaces, as
verified by Dispinar and Campbell®™, Raiszadeh and Griffiths"™,
and later by El-Sayed et al'”®
showed that hydrogen contents in excess of the melt’s solubility

I, Their collective efforts also

limit preferentially diffuse into the unbonded interfaces
of bifilms, causing volumetric expansion that transforms
these defects into hydrogen pores during solidification. This
synergistic coupling of oxide entrapment and hydrogen
uptake establishes a two-stage deterioration mechanism that
significantly exacerbates casting defects and thereby worsen
the mechanical properties. In the current research, 2L.99 alloy
melt was subjected to reduced-pressure (0.2 bar, 800 °C,
2 h) treatment to eliminate oxides existing in raw materials,
so that the scatter of observed properties would solely result
from the varying experimental conditions: runner thickness
(10 or 25 mm), filtration (with or without 10 PPI ceramic
filters), and hydrogen content (0.12 or 0.24 cm3/100g Al).
Statistical analysis by means of DoE and ANOVA enabled a
well-characterized understanding of bifilm behavior by
decoupling the individual influence of these three significant

casting parameters'> %),
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Within this framework, Experiment 1 was conducted using
a poor gating system that was designed intentionally (25 mm
runner with no filtration) along with high hydrogen content
(0.24 cm*/100g Al) to provide a baseline for defect formation.
The melt flow speed at the ingate was therefore expected to
consistently exceed the critical threshold of 0.5 m-s™ (V,),
promoting extensive oxide film entrainment, concurrently,
elevated hydrogen concentrations further exacerbated
defect formation by inflating bifilms into larger pores. Both
mechanisms were verified by scanning electron microscopy
[Fig. 8(a)]. These synergistic effects led to severe degradation
of mechanical properties across all experiments, yielding
a shortest characteristic life of 87 MPa for UTS and 4.1%
for elongation, accompanied by high property scatter, as
reflected by shape factors of 4.2 (UTS) and 2.3 (elongation).
As corroborated by the data in Table 1 and Figs. 4 and 5, these
conditions yielded the poorest mechanical properties, reflecting
the detrimental impact of uncontrolled melt turbulence and
high hydrogen content on cast quality.

Accordingly, statistical techniques through a full-factorial
DoE and ANOVA were admitted to rigorously examine
the impact of three significant casting parameters, runner
thickness, filtration, and hydrogen content, on bifilm formation
and mechanical properties of 2199 alloy castings. As can be
concluded from Tables 1 and 3, reducing the runner thickness
from 25 mm to 10 mm and/or the application of filters bring
about significant increases in shape factors and characteristic
lives of ultimate tensile strength and elongation. Such gains
reveal the importance of controlling the gating system design
as a route for obtaining an optimum casting performance.
The clear advancements of mechanical properties might be
a consequence of inherent variations in melt flow dynamics.
Narrowing the runner cross-section provides meniscus
stability during mold filling, thereby restricting metal front
disintegration, decreasing flow turbulence, and minimizing
melt surface reoxidation. Strategic placement of ceramic
filters simultaneously reduces flow acceleration, allowing
a better-controlled filling pattern that maintains ingate flow
velocities below the critical values for oxide entrainment.
These suggestions were confirmed by scanning electron
microscopy findings, which demonstrated substantially lower
bifilm content in castings from Experiments 4 and 8 compared
to baseline conditions, with an example presented in Fig. §(c).
Consequently, the castings from Experiments 4 and 8, where
optimized gating system with filtration and thin runner was
considered, offered substantial property improvements with
average rise of 240% in UTS shape factor, 48% in UTS
characteristic life, 173% in elongation shape factor, and 77%
in elongation characteristic life compared to the unfiltered
castings with 25 mm runners (Experiments 1 and 5), see Table 2.
The microstructural observations are consistent with the
obvious enhancement in mechanical properties, confirming the
effectiveness of the combined process improvements. These
findings supplement previous work by Green and Campbell™**"
who achieved 350% improvement of shape factors through
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turbulence-free filling systems of Al-7Si-Mg alloys. These
findings also confirm the work carried by Bozchaloei et al.**,
who also enhanced UTS and elongation reliability of
aluminum castings using controlled mold filling techniques,
demonstrating that ideal gating system design effectively
guarantees mechanical property consistency in different
applications of aluminum castings.

Finally, hydrogen content plays a crucial role in influencing
the tensile properties of 299 Al-Si alloy castings. As listed
in Table 3, the decrease of hydrogen content from 0.24 to
0.12 ¢cm?*/100 g Al significantly improves the shape factors
and characteristics lives of both ultimate tensile strength
and elongation. This hydrogen-dependent trend was
microstructurally supported by comparative fractographic
analysis [Figs. 12(a), (b)], in which notably smaller oxide films
were observed in low-hydrogen samples (Experiment 6) than
in their high-hydrogen counterparts (Experiment 1). The larger
defect size in castings from the latter experiment suggests
hydrogen-mediated inflation of bifilms, which promoted crack
initiation and propagation, ultimately leading to a deterioration in
mechanical performance. The mechanical property improvements
achieved through hydrogen control were dramatic, with
low-hydrogen castings (Experiments 5-8) showing 132%
average increases in the UTS and 128% in elongation shape
factors, and corresponding average increases of 47% and 54%,
respectively in characteristic lives. These findings complement
and extend earlier investigations by El-Sayed and Griffiths"”,
who obtained even more astonishing property enhancements
(400% in UTS and 200% elongation shape factors) when
reducing hydrogen content from 0.18 to 0.08 cm*/100 g Al
in the same aluminum alloy system. The concordant trends in
investigations had likewise identified hydrogen content as a
significant control parameter for optimizing performance of
aluminum casting.

These findings demonstrate that the strategic runner system
optimization in this work, through reduced runner thickness and
adding filtration, can be highly effective in preventing oxide
film formation during mold filling. Meanwhile, low hydrogen
levels provided by appropriate melt and mold treatments would
decrease the amount of hydrogen diffusing into entrained
bifilms and the eventual bifilm growth into larger defects. The
combined application of these practices enables a dramatic
improvement in casting quality to be achieved through a proper
dominance of both defect initiation and growth mechanisms.
Practical implementation of these findings enables a dual-path
optimization of the casting process: (1) adoption of effective
melt treatment practices involving melt degassing and extended
mold vacuuming to reduce the hydrogen content in the Al
castings, and (2) employment of optimized gating systems
with thin runners and ceramic foam filters. Through this
two-fold approach, both quiescent mold filling and limited
bifilm expansion could be achieved, collectively resulting in
Al castings with enhanced and more consistent mechanical
properties. Such process controls enable foundries to possess
a good technique of producing high-integrity cast components
with reliable and reproducible performance.

5 Conclusions

The present study systematically investigated the effect of
runner thickness, filtration, and hydrogen content on the
mechanical properties of Al-Si (2L99) cast alloys using a 2°
full factorial design of experiments. The main findings are
summarized below:

(1) Hydrogen content is identified as the most critical factor,
accounting for about 53% of the property variation. Reducing
hydrogen concentration from 0.24 to 0.12 cm’/100 g Al
significantly improved the shape factors and characteristic lives of
both UTS and elongation by limiting bifilm inflation into porosity.

(2) Filtration (using a 10 PPI ceramic filter) and reducing
runner thickness from 25 mm to 10 mm also play a significant
role, accounting for about 25% and 17%, respectively, to the
variation in mechanical properties. Their synergistic effect
promotes stable melt flow, minimizes oxide entrainment, and
enhances mechanical consistency.

(3) Optimized process conditions (thin runner, filtration,
and low hydrogen) resulted in maximum improvements of the
UTS shape factor, elongation shape factor, UTS characteristic
life, and elongation characteristic life by about 470%, 410%,
110%, and 150%, respectively. SEM fractography confirmed
near-complete elimination of bifilm defects under these
conditions, which was consistent with the peak mechanical
properties obtained.

Overall, the results highlight that careful control of melt
treatment and gating system design is essential to minimize
defects while enhancing strength, ductility, and reliability of
Al-Si alloy castings, thereby establishing a foundation for
producing high-integrity Al cast alloys.
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