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Abstract

Earlier studies demonstrated the detrimental effect of
entrained bifilm defects on aluminum cast alloys’ tensile
and fatigue properties. It was suggested that hydrogen has
a contributing role as it diffuses into the bifilms and swells
them out to form hydrogen porosity. In this study, the effect
of the runner height and hydrogen content on the proper-
ties of A356 alloy castings was investigated using a two-
level full factorial design of experiments. Four responses,
the Weibull modulus and position parameter of both the
ultimate tensile strength (UTS) and % elongation, were
assessed. The results suggested that decreasing the runner
height and adopting procedures intended to decrease the
hydrogen content of the casting caused a considerable

enhancement of the Weibull moduli and position parame-
ters of the UTS and % elongation. This was reasoned to the
more quiescent practice during mold filling, eliminating the
possibility of bifilm formation as well as the decreased
hydrogen level that eliminated the amount of hydrogen
diffused into the bifilms and accordingly decreased the size
of the entrained defects. This, in turn, would allow the
production of A356 cast alloys with better and more
reproducible properties.

Keywords: bifilm, A356 alloy, hydrogen, design of
experiments, mechanical properties

Introduction

Recently, there has been an increased demand for alu-

minum alloys to produce efficient vehicles of lighter

weights that are capable of reducing fuel consumption and

harmful emissions. This necessitated the development of

high performance aluminum alloys, particularly with

regard to their mechanical properties.1,2 The mechanical

properties of aluminum alloys were found to be highly

dependent on the alloy’s inclusion content, and especially

type occurrence of double oxide film defects, or bifilms.3–5

During casting, bifilm defects are generated due to surface

disturbance of the molten Al throughout the transfer and/or

pouring procedures. This would cause such an oxidized

surface to fold (by the action of a breaking wave) and then

be entrained into the melt as a double oxide film with an air

layer captured between the two dry surfaces of the

defect.6–8 Bifilm defects typically act as cracks in the

solidified casting due to the lack of bonding among their

inner (unwetted) surfaces, which was shown to adversely

affect Al alloys’ tensile and fatigue properties.9–13 In

addition, their stochastic spreading within the casting had

been revealed detrimental to the reproducibility of the

properties. It was also reported that oxide films could serve

as initiation sites for pores and iron intermetallic.14–16
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Based on theoretical, computational and experimental

studies, a general agreement was grown among researchers

that the bifilm entrainment taking place during mold filling

could be explained through the identification of the critical

ingate velocity. If the liquid metal enters the mold at a

speed exceeds such critical value (about 0.5 m/s for most

Al alloys), the liquid front would no longer be stable, and

surface oxide entrainment is encountered.17–19 Results of

these studies demonstrated the impossibility of top-pouring

methods to produce reliable castings. They advocated that

only bottom-pouring gating techniques can avoid melt

quality retrogradation during mold filling if the design of

the gating system would take place in such a way that

satisfies critical ingate velocity requirements for sound

castings.13,20–27

During solidification, the solubility of hydrogen in Al drops

significantly, causing the former to be rejected by the

growing dendrites. Concurrently, the entrained bifilms,

initially being compacted due to bulk turbulence forces

during pouring, start to unfurl, encouraged by the negative

pressure arising from the shrinkage of the freezing metal.

This would cause hydrogen to diffuse into the internal

atmosphere of bifilms, inflating them into pores.28,29 These

findings were recently supported by the results by El-Sayed

and Griffiths that demonstrated a harmful influence of

hydrogen on the mechanical properties of an Al

casting.30–32

Design of experiments (DoE) is a systematic approach used

to plan, conduct and analyze tests to study the effect of

different parameters of a given process on the

response(s) of that process through performing the mini-

mum number of experiments.33–35 A two-level full facto-

rial design is one of the most widely used experimental

designs in which each of the process parameters is set at

two levels. These levels are called ‘‘high’’ and ‘‘low,’’

‘‘Good’’ and ‘‘Bad’’ or ‘‘?1’’ and ‘‘- 1,’’ respectively. A

factorial design denoted 2k design is a full factorial design

of k parameters. Each has two levels, and the design will

involve 2k runs.36

In the current research, the effect of the runner thickness

and the hydrogen content of the casting on the amount and

morphology of bifilm defects and subsequently the prop-

erties of A356 alloy castings were investigated. A two-

factor two-level full factorial design (22 runs) was used for

the modeling of the casting process. This might allow a

better understanding of the factors dominating the quality

and reproducibility of light metal cast alloys.

Experimental Procedure

In this study, castings from A356 alloy (Al-7wt%Si-

0.3wt%Mg) were produced via gravity casting. Chemical

composition of the alloy, certified by the supplier, is given

in Table 1. The accuracy of the measurements was reported

to be B0.005 wt%.

Two factors of the sand casting process were considered:

the runner thickness and hydrogen content of the casting. In

addition, four responses were determined: the Weibull

modulus and position parameter of the UTS, and the

Weibull modulus and position parameter of the % elon-

gation. Each parameter was varied over two levels: ‘‘- 1’’

and ‘‘1.’’ The experiment, therefore, contained 4 combi-

nations of significant factors and the full factorial experi-

ment (design matrix) is shown in Table 2.

A two-level full factorial design was applied to explore the

effects of the two selected parameters and their interaction

using Design-Expert Software version 7.0.0 (Stat-Ease

Inc., Minneapolis, USA). Figure 1 shows a sketch of the

pattern used to produce the resin-bonded sand molds in this

work. The gating ratio is defined as the ratio of the cross-

sectional area of the sprue exit ‘‘As’’ to the cross-sectional

area of the runner(s) ‘‘Ar’’ to the cross-sectional area of the

ingate(s) ‘‘Ag’’ [As:Ar:Ag].37,38 In the current study, the

sprue exit had a rectangular cross section of 13 9 10 mm2.

The runner had also a rectangular cross section with a

width of 20 mm and a thickness of either 10 or 25 mm. The

ingate cross section was a cylinder with a diameter of 11

mm. Therefore,

As = 13 9 10 =130 mm2

Ar (10-mm-thick runner) = 10 9 20 9 = 400 mm2 (two
runners at the right and left of the sprue)

Ar (25-mm-thick runner) = 25 9 20 9 2 = 1000 mm2 (two
runners at the right and left of the sprue)

Ag = p/4 9 112 9 10 = 951 mm2 (ten test bars)

In this way, the gating ratio was determined for the 10- and

25- mm-thick runners to be 1:3.08:7.32 and 1:7.69:7.32,

respectively.

For the preparation of the molds, two types of resin were

used as sand binders: polymer polyols (35–50%) in

trimethylbenzene and diphenylmethane diisocyanate

Table 1. Chemical Composition of the Used Alloy

Element Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti Al

% 6.99 0.07 0.01 0.01 0.38 0.01 0.01 0.01 0.01 0.01 0.15 Bal
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(60–80%) in high boiling aromatic solvent, each at a per-

centage of 0.6%. The mold consists of ten test bars of a

length and diameter of 100 and 11 mm, respectively. Two

molds (20 test bars) were cast for each of the four exper-

iments listed in Table 2. In each experiment, six kilograms

of charge of A356 alloy was melted in an induction fur-

nace, and then, the melt was kept at a temperature of

800 �C under a partial vacuum of about 0.2 bar for 2 hours

to promote the expansion of most oxide films (already

existing in the charge) and their subsequent flotation to the

surface of the melt. In this way, old oxide inclusions could

be eliminated.39,40 The melt was then poured (at a tem-

perature of about 700 �C) from a height of about 1 m into

the sand molds. Therefore, the pouring speed could be

estimated to be about 4.47 m/s. This was intended to cause

the creation and entrainment of new double oxide film

defects and their introduction into the melt. The time taken

by the melt to completely fill the mold was determined to

be about 7 seconds.

In order to evaluate the influence of the hydrogen content

of the casting, the experiments were grouped into two

categories: the first category (the low hydrogen content

(experiments 1, 2)) and the second category (the high

hydrogen content (experiments 3, 4)). For experiments 3

and 4, the molten metal was poured into sand molds that

had been prepared one day before the experiment. How-

ever, for experiments 1 and 2, and to ensure obtaining

castings with low hydrogen content, the melt was argon

degassed using a lance and hydrogen content was verified

using AlSCANTM device for 30 minutes before pouring.

In addition, and to eliminate the amount of hydrogen

picked up by the melt from the mold walls in such

experiments, the molds were kept under a reduced pressure

of about 0.5 bar for 14 days before the experiment. This

approach was proposed to allow for the removal of most of

the solvent present in the resin bonding the furan sand

molds.32 Finally, the runner heights were 10 mm (thin) for

experiments 1 and 3, and 25 mm (thick) for experiments 2

and 4. The appropriate selection of the runner height would

prevent the melt flowing through it from jetting into the air

with the associated risk of the recreation of oxide bifilm

defects. No metal treatment was carried out before, during

or after the casting operation.

After solidification, and for each of the four experiments, a

sample was cut from the runner bar and analyzed using

LECOTM hydrogen analyzer for solid-state hydrogen

measurement of the castings from different experiments.

Tensile test bars were then machined from solidified cast-

ings, with a gauge length and diameter of 37 and 6.75 mm,

respectively. Twenty test bars were produced from each

experiment. Testing was performed with a WDW-100E

universal testing machine with an extension rate of

1 mm.min-1. The UTS and %elongation results were

assessed using a two-parameter Weibull distribution to

evaluate the effect of different casting parameters on the

scatter of the casting tensile properties. Finally, the fracture

surfaces of test bars were examined using a Philips XL-30

scanning electron microscope (SEM) equipped with an

energy-dispersive X-ray analyzer for the evidence of

bifilm.

Results

In the current work, an A356 alloy melt was first held under

vacuum to eliminate the effect of previously introduced

oxides in the raw and ensure that the variability among the

castings produced is mainly due to the changing casting

Table 2. Experimental Plan

Factor Coded symbol Experiment

1 2 3 4

Runner thickness A - 1

(Thin)

1

(Thick)

- 1

(Thin)

1

(Thick)

Hydrogen content of the casting B - 1

(Low)

- 1

(Low)

1

(High)

1

(High)

Figure 1. Sketch of the pattern used in this experiment
(dimensions in mm). Note that the pattern design with
parallel sprue and zero radii between the sprue base and
the runner was intended to introduce more turbulence
and hence allow the creation of more bifilms.
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conditions under which they were produced.31,41 These

conditions (factors) involved the runner thickness and the

amount of hydrogen in the solidified casting. The results of

different experiments were interpreted to better understand

the behavior of bifilms in Al alloy castings.

The results showed a significant effect of the degassing

treatment as well as the holding of the sand mold under a

reduced pressure, for a given time before pouring in, on the

casting hydrogen content. The average hydrogen content of

Leco samples cut from the solidified undegassed castings

(experiments 3 and 4) and degassed castings (experiments

1 and 2) was 0.24 and 0.12 cm3/100g, respectively. The

noticeable reduction in the hydrogen content in experi-

ments 1 and 2 is reasoned to both the degassing treatment

that would decrease the amount of hydrogen in the melt

before pouring and the vacuum treatment of the mold

before use that seemed to minimize the amount of hydro-

gen picked by the poured melt from mold walls.32,42

In an earlier study by Green and Campbell, it was shown

that the Weibull distribution could better analyze the

probability of failure of cast metals under a mechanical

loading than a normal distribution.43,44 Two important

terms are used to characterize this distribution: the position

parameter and Weibull modulus. Position parameter is a

characteristic value at which about 63% of the samples

failed. The Weibull modulus is the slope of the line fitted to

the log–log Weibull cumulative distribution data and is

used to describe the variability of the property examined. A

larger modulus reveals a lower spread of the property. As

the casting has fewer defects, it would experience higher

Weibull modulus and position parameters of its mechanical

properties, which indicate higher and more reproducible

properties. The current study employed the two-parameter

Weibull distribution to quantify the variability of the UTS

and %elongation of cast metals obtained by employing

diverse casting parameters.

In the current study, the Weibull modulus and position

parameter for the UTS and %elongation of the test bars

from different experiments were determined and consid-

ered as responses of the experimental design. Table 3 lists

the casting conditions of the experiments performed and

the corresponding Weibull analysis results for different

properties.

Figure 2a, b and c shows the effect of runner thickness,

hydrogen level and the interaction between the two

parameters, respectively, on the Weibull modulus of the

UTS. Corresponding plots related to the % elongation are

presented in Figure 3a, b and c, respectively.

It was indicated that both moduli had increased consis-

tently with reducing the runner thickness and/or hydrogen

content. At a runner thickness and hydrogen content of

25 mm and 0.24 cm3/100g Al, respectively, the Weibull

moduli of the UTS and % elongation were 4.2 and 2.7,

respectively. Reducing the thickness to 10 mm raised the

moduli to 6.7 and 4, respectively, while decreasing the

hydrogen content to 0.12 cm3/100g Al elevated the moduli

to 9.8 and 6.6, respectively.

However, adopting the thinner runner and the application

of degassing and mold treatment (that resulted in the

reduction in the hydrogen content to 0.12 cm3/100g Al)

resulted in a significant improvement of the moduli to

reach 19.2 for the UTS and 10.1 for the % elongation.

Finally, the results suggest that the interaction between the

runner thickness and hydrogen content is also significant

for both moduli, as shown in Figures 2c and 3c. At lower

hydrogen content, the converse effect of runner thickness

on both moduli is more evident. Likewise, the impact of

hydrogen content on the Weibull moduli is more evident at

smaller runner thickness.

The influence of the runner thickness, hydrogen contents

and interaction between the two casting parameters,

respectively, on the UTS position parameter and % elon-

gation position parameter, are shown in Figure 4a, b and c,

respectively, and Figure 5a, b and c, respectively.

The change of position parameters of the UTS and %

elongation exhibited comparable trends to those of the

Weibull moduli of both properties. The position parameters

were enhanced from 87 to 158 MPa for the UTS and from

4.4 to 7.6 for the % elongation upon reducing both the

runner height and hydrogen content. Furthermore, the

interaction between both factors was also revealed to

Table 3. Position Parameter and Weibull Modulus of Cast Specimens Produced Under Different Conditions

Exp.
No.

Runner thickness
(mm)

Hydrogen content (cm3/
100g Al)

UTS (MPa) % Elongation

Position
parameter

Weibull
modulus

Position
parameter

Weibull
modulus

1 10 0.12 158 19.2 7.6 10.1

2 25 0.12 127 9.8 5.4 6.6

3 10 0.24 95 6.7 4.7 4.0

4 25 0.24 87 4.2 4.4 2.7
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remarkably impact the position parameters of both tensile

properties. Decreasing the hydrogen content caused the

relationship between the runner height and the position

parameter of the UTS (Figure 4c) and % elongation (Fig-

ure 5c) to be sharper, and vice versa.

Generally, it was obvious that the use of thin runners as

well as the application of casting procedures that tended to

minimize the hydrogen content of the casting had a sig-

nificant effect on the enhancement of the Weibull moduli

and position parameters of both tensile properties. As

shown in Figures 2, 3, 4 and 5, the properties of the cast-

ings produced in experiment 1, where low hydrogen con-

tent castings were produced using thin runners, were the

highest among all castings. This indicates that the casting

properties have been improved, and the variability among

them has been reduced.

Using the experimental data, a factorial analysis using the

analysis of variance (ANOVA) statistical approach was

executed to determine the standardized effects of studied

parameters (the runner thickness and hydrogen content of

the casting) and their interaction on the Weibull modulus

and position parameter of both the UTS and % elongation.

Table 4 summarizes the list of factors and their interaction

as well as the effect of each factor and/or interaction. The

effect is the change in the response as the factor changes

from the ‘‘- 1’’ level to the ‘‘?1’’ level. In other words, the

effect of a given factor A is the difference between the

mean values of the response at levels ‘‘?1’’ and ‘‘- 1’’ of

A. A positive value of the effect denotes a lineal influence

that favors optimization, whereas a negative sign signifies a

converse effect of the parameter on the studied response45.

It is clearly seen that both the runner thickness and

hydrogen content have antagonistic effects on the four

outputs evaluated in this study, see Table 4, as indicated by

the negative sign of all main effects of both factors for

different responses. ANOVA results also demonstrated that

the standardized effect of hydrogen content on the four
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Figure 2. Effect of (a) runner thickness, (b) hydrogen content and (c) the interaction between runner thickness and
hydrogen content on the Weibull modulus of the UTS.
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responses was always higher than the effect of runner

thickness by a factor ranging from 1.5 to 2.7. This is a clear

indication of the more significant influence of the former

on the reproducibility of aluminum castings.

Bifilm defects were detected at the specimens’ fracture

surfaces from the four experiments carried out in this work.

Typical examples of such defects from experiments 1 and 4

are shown in Figures 6a and 7a, respectively. Results of

EDX examination of the suspected oxide films, given in

Figures 6b and 7b, respectively, confirmed that spinel films

were present at these surfaces. It was shown that the areas

of oxide fragments detected at the fracture surface of

specimens from experiment 1 were much smaller than

those detected in experiment 4. This is suggested to be a

result of the significantly lower hydrogen content of the

former experiment due to the application of degassing as

well as the use of thin runners that seemed to minimize the

oxide film entrainment during mold filling.

Discussion

Former research works demonstrated that the use of the

badly designed gating system, presented in Figure 1, with a

runner of C 25 mm height, was associated with the for-

mation and entrainment of a substantial amount of bifilm

defects.32 They have also advocated that due to the lack of

bonding between the inner (dry) sides of a bifilm, the

rejected hydrogen during solidification passes into the

defect and easily expand it like a balloon, creating a

hydrogen pore in the final casting.28,46,47 In the present

work and in experiment 4, the poor mold design was

deliberately used while casting practices were applied to

produce a casting with high hydrogen content. This was
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Figure 3. Effect of (a) runner thickness, (b) hydrogen content and (c) the interaction between runner thickness and
hydrogen content on the Weibull modulus of the % elongation.

International Journal of Metalcasting



anticipated to violate the critical ingate velocity and,

accordingly, result in a copious entrainment of oxide films.

Also, the relatively high hydrogen content of the castings

in this experiment (about 0.24 cm3/100g Al) was expected

to increase the hydrogen ingress into the bifilms and

increase their sizes. This could be readily recognized by

comparing the areas covered with oxide layers on the

fracture surfaces of test bars presented in Figures 6 and 7,

corresponding to castings from experiments 1 and 4,

respectively. This resulted in a substantial drop in the

tensile properties of the casting produced in experiment 4

(a position parameter of UTS and % elongation of 87 MPa

and 4.4%, respectively) and also widened their spread (a

Weibull modulus of UTS and % elongation of 4.2 and 2.7,

respectively). This could be easily inferred from the results

shown in Figures 2, 3, 4 and 5 as well as Table 3, which

showed that the castings from experiment 4 experienced

the worst properties among all experiments.

The DoE results, presented in Table 4, indicated that

increasing the runner thickness from 10 to 25 mm showed

to have a negative effect on the Weibull modulus and

position parameter of the UTS of about - 6 and - 19

MPa, respectively, and on the Weibull modulus and posi-

tion parameter of the % elongation of about - 2.4 and

- 1.2%, respectively. It might be argued that reducing the

runner height would strengthen the ability of the advancing

meniscus to remain coherent, and cause the splashing and

disintegration of the metal front (during its passage through

the runner) to be more difficult. This would permit a calmer

and smoother flow behavior of the melt inside the mold,

reduce the ingate velocity, minimize oxide film formation

and in turn improve the tensile properties.

This corroborates the results obtained by Green and

Campbell,44,48 who achieved a considerable improvement

in the Weibull moduli of the tensile properties of Al-7Si-

Mg castings, of about 350%, while applying a turbulent-

free filling system designed to prevent oxide film

entrainment.
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Figure 4. Influence of (a) runner thickness, (b) hydrogen content and (c) the interaction between runner thickness
and hydrogen content on the position parameter of the UTS.
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Furthermore, the hydrogen level of the solidified casting

was found to significantly affect the tensile properties. As

indicated in Table 4, doubling the hydrogen content was

associated with a negative effect on the Weibull modulus

and position parameter of the UTS of about - 9 and - 52

MPa, respectively, and on the Weibull modulus and posi-

tion parameter of the % elongation of about - 5 and

- 2%, respectively. This would be a suggestion that the

entrained bifilms have partially or completely opened

because of inflation by the raised hydrogen levels, thereby

facilitating crack propagation, with an overall deteriorating

effect on the mechanical properties.

The combined effect of the two parameters could be

demonstrated by comparing the fractographs of test bars

from experiments 1 and 4, shown in Figures 6 and 7,

respectively. The area covered with oxide layers detected

on the fracture surface of a specimen from experiment 1
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Figure 5. Graphs of (a) runner thickness, (b) hydrogen content and (c) the interaction between runner thickness
and hydrogen content against the position parameter of the % elongation.

Table 4. Factorial Analysis of the Properties of the Casting

Term Standardized Effect

Weibull modulus of
UTS

Position parameter of UTS
(MPa)

Weibull modulus of %
elongation

Position parameter of %
elongation (%)

A-Runner
Thickness

- 5.92 - 19.25 - 2.38 - 1.24

B-Hydrogen
Level

- 9.01 - 51.88 - 5.01 - 1.93

AB 3.47 12.03 1.12 0.89
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was considerably smaller than that in the casting from

experiment 4. Accordingly, the castings from experiment 1

showed a remarkable enhancement of the Weibull moduli

of the UTS and % elongation by about 360% and 270%,

respectively, compared to those in experiment 4. Also, a

less significant increase in the position parameters of about

80% and 70% for UTS and % elongation, respectively, had

been obtained due to the reduced hydrogen content and the

use of thin runner. See Table 3 and Figures 2, 3, 4 and 5.

It should be noted that the use of extra thin runners might

have an adverse effect on the filling regime. The reduction

in the runner cross-sectional area below a certain value

might increase the ingate velocity and violate the critical

velocity considerations. Another point is that for the thick

runner another factor might have contributed to the

formation of bifilms (rather than the violation of critical

velocity), which was the increase in air entrainment during

the flow of the melt through the relatively larger runner.

This would require further investigation by carefully

studying the effect of runner height (with values ranging

from 5 to 25 mm for example) on the filling behavior and

recording the ingate velocity corresponding to each runner

height.

The connotation of the current findings would be that the

careful adjustment of runner height could significantly

reduce the production of bifilm defects. Moreover, the

reduction in the casting hydrogen content would minimize

the amount of the gas diffuses into the entrained bifilms,

decreasing the size of the defects. Thus, appropriate treat-

ment procedures for both the melt and the sand mold would

Figure 6. (a) Electron microscopy fractograph of an oxide film in a tensile-tested bar from Experiment 1, (b) EDX
spectrum at the position pointed with ‘‘X’’ in (a).

Figure 7. (a) Electron microscopy fractograph of an oxide film in a tensile-tested bar from Experiment 4, (b) EDX
spectrum at the position pointed with ‘‘X’’ in (a).
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benefit the production of castings with minimum hydrogen

content. Also, the usage of a mold with a thin runner would

encourage a more quiescent mold filling regime. These

considerations would allow a casting producer to reduce

both the number and the size of the bifilms in the melt and

consequently obtain an Al cast alloy with improved

mechanical properties.

Conclusions

1. The detection of bifilms at fracture surfaces of the

majority of tensile samples examined indicates

the deleterious influence of these inclusions on

the mechanical properties of Al cast alloys.

2. Holding the sand molds under a partial vacuum

for some time prior to pouring can cause the mold

to lose most of its solvent (of the resin bonding

the sand grains), and therefore minimize the

amount of hydrogen picked up by the melt from

the mold walls.

3. With more careful and quiescent mold filling

practice, the amount of entrained bifilm defects

(and accordingly oxide-related hydrogen-contain-

ing porosity) would be significantly decreased in

the final casting.

4. Factorial analysis revealed that reducing the

hydrogen level of A356 cast alloy had remarkable

positive effects of about 9 and 5, respectively, on

the UTS Weibull modulus and % elongation

Weibull modulus, which was about double the

corresponding effects of decreasing the runner

thickness.

5. DoE results also indicated that hydrogen level

was more influential on the UTS and % elonga-

tion position parameters, with effects of 52 MPa

and 2%, respectively, which was also higher than

the corresponding effects of decreasing the run-

ner thickness by factors of 1.7 and 0.6,

respectively.

6. The optimized casting conditions involving the

implementation of 10-mm-thick runners and the

reduced hydrogen content of 0.12 cm3/100g Al

caused a considerable improvement of the

Weibull moduli of the UTS and % elongation

by about 360% and 73%, respectively.
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