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Abstract: The effects of degassing, holding time and melt additions (Sr, Sr + Ti, Ti, B and B + Sr) on
the quality of A356 melts were examined. A total of 120 reduced pressure test samples were collected.
Pores in these samples were analyzed via digital image processing to determine the number density
of pores as well as the statistical distribution of their sizes. Results showed that in all cases, degassing
with argon reduced the number of defects regardless of the additions made to the melts. Moreover,
all additions were found to degrade melt quality. The lowest number density of pores in all melts was
achieved in melts with no additions that were degassed. In both degassed and non-degassed melts,
Sr additions degraded the melt quality significantly. The mechanisms of melt quality improvement
or degradation with different melt treatments are discussed in the paper.
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1. Introduction

Cast Al-Si-Mg alloys display a good combination of corrosion resistance and castability, in addition
to their high strength to density ratio. Therefore, these alloys are widely used in automotive and
aerospace industries, sometimes in critical applications. Hence, it is crucial to produce castings that
exhibit high tensile properties and fatigue performance. For production of high quality castings, the
initial melt must have a low number of defects, and the filling system of the casting should be designed
to prevent any additional damage to the liquid metal [1].

Porosity is a structural defect common in most castings and has been referred to as one of the root
causes for deterioration of properties and performance of cast parts. Porosity has been characterized
as either gas or shrinkage porosity based on its shape [2]. Round pores are usually assumed to have
been formed by nucleation of gas. Therefore, degassing techniques have been used to reduce amount
of the dissolved gases in liquid metals, such as H in molten Al, and thereby reducing the number of
round pores. Irregular or tortuous pores have been attributed to negative pressures developed during
solidification. To overcome this type of porosity, researchers [3,4] investigated feeding mechanisms
in castings and the efficiency of different types of feeders. Moreover, melt treatments such as grain
refining and Si eutectic modification have been studied to obtain a microstructure in cast Al-Si alloys
to alter the microstructure and minimize the detrimental effect of pores on mechanical properties.

Recently, an alternative explanation to the mechanism of pore formation was provided by
Campbell [5] who attributed both type of pores to the presence of oxide films in the bulk of the
liquid. These oxide films, named bifilms, are originally surface films that fold over and got entrained
into the bulk of liquid metal during melting or as a result of surface turbulence. Subsequently, bifilms
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open up due to the diffusion of gas and/or contraction of the solidifying metal, resulting in pores.
Campbell’s explanation for pore formation has been validated recently [6–16]. Hence, it has been
proposed that bifilms are the underlying reason for pores and the root cause for reduction in properties
that have been traditionally attributed to pores.

Although the effects of degassing and melt additions on microstructure and mechanical properties
have been investigated extensively, their effect on defect content and their size distribution has not been
studied. To bridge this gap, in this study, melt quality of A356 alloy was investigated under twelve
different conditions to evaluate the combined effects of grain refinement, modification, degassing and
holding time.

2. Background

Strontium is added to Al-Si alloys so that the morphology of Si eutectic changes from acicular
to fibrous, and consequently mechanical properties are improved [12,17–19]. However, Sr additions
have been reported [20] to increase porosity in Al castings. Some users have even reported that the
increased porosity due to Sr negates any beneficial effects of modification, and consequently they
abandoned the use of Sr [21–23].

The interaction between bifilms in the melt and Sr additions in initiating pores has been recently
proposed by Campbell [24]. Similar results were found by Iwahori et al. [25] who investigated the effect
of Sr additions on porosity formation in Al-7%Si alloys. They reported that there was a correlation
between the number of oxides in the melt and porosity for Sr modified A356. If the oxide content in
the melt was low, Sr additions combined with vacuum degassing did not lead to porosity. When the
oxide content was high, Sr addition followed by vacuum degassing did result in increased porosity.
Iwahori et al. [25] stated that Sr additions increased the H concentration in the melt. When oxides were
present, subsequent vacuum degassing was not efficient because H was strongly fixed in oxides. The
results of Iwahori et al. [25] contradict those reported by Gruzleski et al. [26] who found that H content
was not changed after Sr addition to an A356 alloy melt. Argo and Gruzleski [27] investigated the effect
of Sr modification on how A356 shrinks during solidification by using the Tatur test. In unmodified
alloys, metal created a larger central shrinkage pipe and low level of internal microshrinkage. After Sr
addition, the size of the central pipe got smaller but the internal microshrinkage level increased. Similar
results were reported by Dinnis et al. [28] for Al-9%Si alloy. Tiedje et al. [29,30] investigated the effect
of Sr modification and cooling rate on size and distribution of porosity in Al-7%Si and Al-12%Si alloys
and observed three different microstructural zones from surface to center in samples. They found that
pore area and number of pores per unit area, i.e., number density (N), increased after Sr addition in
all three zones for both alloys. Similar results were reported by Liao et al. [31] who investigated the
effect of Sr concentration on the amount of porosity in Al-12.3%Si alloy. Sr modification increased both
number density of pores and volume fraction of porosity. Roy et al. [32] found that Sr additions to
melts of an Al-9%Si-3%Cu alloy increased the number density of pores and distributed them evenly
in the casting. Liu et al. [14] conducted research on the effect of Sr content on porosity and the type
of oxide formed in RPT samples as a result of Sr addition in A356 and 319 cast aluminum alloys.
They confirmed that Sr additions increased porosity, regardless of the level of H content. They also
determined that Sr additions result in the formation of Al2SrO3 spinel oxide, which serve as initiation
sites for pores, and that rotary degassing with Ar was essentially ineffective in removing these oxides.
These results in the literature show that Sr addition increases the number of bifilms in the melt. These
bifilms are probably much finer than the “old” oxides that used to be the skin of the ingot or the
remelts. That is why they are efficient in redistributing porosity and making pores finer.

Farhoodi et al. [33] investigated the effect of holding time of the melt on porosity in commercial
purity and Sr-containing Al alloys. In the unmodified alloy, as holding time was increased up to
30 min, total porosity area initially increased, reaching a peak at 30 min, after which it started to
decrease. When holding time was 60 min, porosity was reduced to zero. However, in Sr modified alloy,
as holding time was increased, total porosity was reduced consistently. At the same time, when Sr
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concentration decreased from 0.035% to 0.005%, porosity decreased by almost 80%. Similar results
were reported by El-Sayed et al. [34] who studied the number of bifilms in the melt and subsequent
tensile properties in Al-7Si-0.3Mg alloy after 0, 10 and 20 min of holding time. Results showed that
a hold time of 10 min was optimum to obtain high casting quality for both low and high hydrogen
levels. The results are in contrast with those reported by Haberl et al. [35] who found that the number
density of pores in reduced pressure test (RPT) samples decreased with holding time up to 50 min.

In Al-Si alloys, Al-Ti-B grain refiners are added to alter the coarse-heterogeneous α-Al to finer
homogeneous dendrites without changing the morphology of eutectic Si [36]. As an alternative to
Ti grain refinement, Al-3B master alloy can also be used which produces AlB2 and B in the melt to
act as heterogeneous nucleation sites for grains [37]. Dispinar et al. [38] investigated the differences
in porosity distribution between Ti-B and B grain refinement additions. More localized porosity was
observed with B grain refinement compared to the evenly distributed pores with Ti-B grain refinement.
The reason for this behavior was addressed independently by Arnberg et al. [39] who studied grain
refinement with B in the absence of Ti and observed more globular dendrites with B additions than
with Ti additions. The results of these two studies can be interpreted together; bifilms are pushed to the
center of the casting when B is added, resulting in porosity being concentrated in the center of castings.
Moreover, Dispinar et al. [38] stated that, as it was first uncovered by Schaffer and Dahle [40], Ti tended
to sink to the bottom due to higher density which is known as fading. With B grain refinement, due to
the eutectic reaction, there was no fading effect, i.e., no sedimentation.

Anyalebechi [41] studied the effects of solidification rate, grain refining by Al-5Ti-0.2B additions
and hydrogen concentration on porosity formation in a 2024 alloy. To have different treatments
from the same melt, molten metal was transferred from a 45 kg crucible to a 3 kg crucible. Results
showed that pore size distribution and number density of pores were essentially the same in non-grain
refined samples with high hydrogen content and grain refined samples with low hydrogen content.
Anyalebechi [41] concluded that Al-5Ti-0.2B additions increased pore sizes and number of pores in 2024
alloy products. Similar results were reported by Fakhraei et al. [42] who studied the effect of Al-5Ti-1B
grain refiner on pore sizes in an Al-20%Mg alloy. They observed that as Ti amount increased in the melt,
porosity increased. Lee et al. [43] investigated the effect of melt treatments including modification by
Sr addition and grain refinement with Ti as well as degassing on the porosity and tensile properties in
A356 alloy castings. They determined that Sr and Ti additions increased porosity. However, degassing,
with or without other melt treatments, significantly decreased porosity and consequently improved
tensile properties. Similar results were found by Haberl et al. [35] who reported almost 50% reduction
in number density of pores in RPT samples after degassing. Although it is well known that degassing
reduces the hydrogen content, the main contribution of degassing is considered to be the floatation of
bifilms to the melt surface [14,44–46].

Although the literature is rich with results on the effect of melt additions, degassing and holding
times on melt quality, a comparative study in which most commonly used melt additions, treatments
and holding time are tested simultaneously has not been conducted. The present study is intended to
fill this gap.

3. Materials and Methods

A356 alloy that was used in this study was provided as cast ingots from ETI ALUMINYUM,
Turkey. Chemical composition of the alloy is given in Table 1. Ingots were cut to be charged into the
crucible. A resistance furnace that has 22 kg capacity was used to melt the alloy. In non-degassed
melts, grain refinement and modification additions were made once the melt temperature had reached
1013 K (740 ◦C). Master alloys used in this work were Al-Ti5B1, AlSr15 and Al-3B with the chemical
compositions given in Table 2. Al-Ti5-B1 and Al-3B alloys were added into liquid A356 for grain
refinement to obtain a concentration 10 ppm Ti or 10 ppm B. AlSr15 alloy was added the melt
for modification to obtain a concentration 30 ppm. The experimental design with combination of
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alloying additions is provided in Table 3. Castings and sample collection were started after 10 min of
holding period.

Table 1. Chemical composition (in wt %) of the A356 alloy used in the study.

Alloy Si Fe Cu Mn Mg Zn Ti Al

A356 6.80 0.19 0.003 0.001 0.30 0.011 0.108 Rem.

Table 2. Chemical composition (in wt %) of the master alloys.

Master Alloys Ti Sr B Fe Si Ca Al

AlSr15 - 14–15 - ≤ 0.2 ≤ 0.2 ≤ 0.2 Rem.
AlTi5B1 5 - 1 ≤ 0.2 ≤ 0.2 - Rem.

Al3B - - 2.5–3.5 0.3 0.2 - Rem.

Table 3. The parameters investigated in this work.

Parameter Levels

Degassing No degassing; degassing
Holding time (min) 10; 15; 20; 25; 30

Melt additions AlSr15; AlSr15 + AlTi5B1; AlTi5B1; Al3B; AlSr15 + Al3B

For degassing process, a T-type graphite lance was used. Degassing process was started when
melt temperature reached 1013 K (740 ◦C) and was carried out for 20 min with argon. Gas flow rate
was held at 2 L/min. Master alloy additions were made when the degassing was completed and after
the surface of the melt was skimmed.

A sand mold that can take two samples at same time was used to obtain RPT samples in vacuum
of 80 mbar [10]. Samples had rectangular shape with height of 55 mm and a thickness of 10 mm. RPT
was conducted for five different holding times. The first sample was collected in 10 min after addition
of the modifiers. Subsequent samples were collected in 5 min intervals up to 30 min. To evaluate any
possible sedimentation effects, 3 kg of liquid metal was poured into a separate mold. Consequently,
the height of the metal was decreased and the effect of height of liquid alloy in crucible on bifilm index
was examined. All RPT samples were cut into two vertically (cross section) and one half was prepared
with sandpaper for image analysis. In this process, 60, 180, 400 and 600 grid sandpapers were used in
sequence. Subsequently, all RPT samples were scanned with 600 dpi resolution. Digital image analysis
was conducted on each specimen by following the guidelines provided by Dispinar and Campbell [47]
and using SigmaScan software (Version 4, Systat Software, Inc., San Jose, CA, USA). In total, 120 RPT
samples were examined.

4. Results and Discussion

The cross sections of RPT samples collected from degassing trials after melt was held for 10 min are
presented in Figures 1–4. Differences between degassed and non-degassed samples can be clearly seen
for all conditions. While varying levels of porosity is evident in non-degassed castings, the number
of pores is significantly reduced after degassing. This is an indication that rising bubbles during
degassing had cleared the bifilms in the melt. It is also clear that some conditions are almost free from
pores after degassing, for example: AlTi5B1 and Al3B additions. Among the non-degassed samples,
the alloy with no modification has the lowest porosity. The other conditions have higher porosity.
Hence, all additions damage the molten metal when the metal is not degassed. This is an evidence of
“bifilms created by charging through the surface entrainment” as explained by Campbell [1]. Without
degassing, AlSr15 + Al3B addition gives the most damage to the molten metal quality.
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Figure 4. Cross section of RPT samples for Al3B and AlSr15 + Al3B additions after a 10 min hold.

RPT samples collected after a 30 min hold are shown in Figures 5–8. The alloy with AlSr15
addition has the highest porosity level in both the degassed and non-degassed melts. Non-treated
alloy has the lowest level of porosity. It can be clearly seen that degassing reduces bifilms content
significantly. These results are in agreement with the findings of Haberl et al. [35] and Lee et al. [45].
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Figure 8. Cross section of RPT samples for Al3B and AlSr15 + Al3B additions after 30 min holding.

A comparison of cross section of RPT samples (Figures 1–8) can provide insights about the effect
of holding time on porosity. It can be seen that number of pores increased slightly between 10 and
30 min of holding. For degassed melts, AlSr15 addition increased porosity slightly with increased
holding time. However, other additions have almost the same number of pores for 10 and 30 min
of holding times. Henceforth, AlSr15 addition seems to have introduced additional bifilms into the
melt and resulted in formation of larger pores, which agrees with the results of previously reported
studies [12,17–20,37,48–52]. Consequently, if the melt is not degassed after Sr addition, the melt should
be held for 30 min for self-healing. Similar conclusions can be made for AlTi5B1 and AlSr15 + Al3B
additions. When melts are degassed, it is not necessary to hold the melt longer than 10 min so that
energy savings can be achieved.
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Although Iwahori et al. [25] speculated that Sr additions in the presence of bifilms increased the
hydrogen content, there is an alternate explanation for the large increase in the number of pores with Sr
additions. Liu et al. [14] found that Sr reacted with Al2O3 to form a mixed oxide, but its stoichiometry
was not determined. One of the authors [53] determined that Sr additions lead to the formation of
SrO.Al2O3 spinel, which can easily be fractured into smaller pieces through breakaway oxidation. This
mechanism is in agreement with the results of Liu et al. [54] and provides an explanation on how the
number of pores increased with Sr additions [55]. Yao et al. [56] had shown that in the presence of Sr,
oxidation increased and nucleation of pores decreased.

Results of digital image processing were analyzed by using two different data: number density
of pores (N) and pore sizes. These two types of data are interpreted to be independent from each
other; number density is a measure of how many heterogeneous nucleation sites were available during
solidification. Pore sizes and their statistical distribution imply the driving force for the growth of
pores, i.e., hydrogen content. These results are introduced and discussed separately.

4.1. Number Density Measurements

Number density data for all conditions as a function of holding time are presented in Figures 9–12.
It is noteworthy that for the non-treated alloy, N remains essentially constant with time for both
treatments of the melt. This is a clear indication that melt is damaged when additions are made
because the melt surface needs to be inevitably disturbed during the addition of grain refiner and/or
modifying agents. Consequently, additional bifilms are created and entrained into the melt during
these additions. Moreover, Sr additions result in an additional increase in the number of bifilms
because Sr reacts with alumina to form a spinel which later fractures into smaller bifilms. These
additional bifilms increase the number of pores that form later during solidification.
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For each condition, it is clear that degassing reduces the number density of defects (Figures 9–12)
significantly, as discussed above. When all experimental conditions are considered, such as grain
refining additions, modification and holding time, degassing is the only process that clearly improves
the melt quality. Therefore, there is a strong evidence that melt quality can be improved by avoiding
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melt additions and effective degassing can remove existing bifilms by floatation. When melts that were
not degassed are considered, Figures 9–12 show that each addition responds differently to holding
time. For the AlSr15 addition, N decreases until 15 min but then it starts to increase significantly
with increased time. When AlSr15 is added into the melt along with AlTi5B1, N remains almost
constant until 20 min of hold time and then increases significantly with time. It is also noteworthy
that the increase of N is much more significant in the second samples. Hence variability is higher with
increasing holding time as well. When Al3B and AlSr15 additions were made together, N decreases
until 15 min then it starts to increase again. The same behavior is observed in the AlSr15 addition
condition. If AlTi5B1 is added without Sr, N goes down until 20 min of holding time and then it starts
to increase almost linearly with time.

For Al3B addition, the behavior of N is quite complicated. N increases until 20 min of holding
time, but then it decreases until 25 min and then it increases again. Hence, the optimum holding
time in non-degassed melts is determined by the type of melt addition; when there are no additions,
there is no need to hold the melt for more than 10 min. The same is true for AlSr15 + AlTi5B1 and
Al3B additions as well. For AlSr15 and AlSr15 + Al3B additions, 15 min is the optimum holding time.
For AlTi5B1 addition, the optimum holding time is found to be 20 min.

For degassed melts, N remains stable with time for the non-treated melt, Al3B and AlSr15 + Al3B
conditions. When AlSr15 is added to the melt in degassed melts, N decreases until 20 min then it
starts to increase slightly. In degassed melts, the results for AlSr15 + AlTi5B1 addition are complicated,
resembling those for Al3B addition in non-degassed melts where N increases until 15 min then it goes
down until 25 min and then it increases again. When AlTi5B1 added into the melt, N increases until
15 min then it decreases.

4.2. Size Distribution of Pores

The size distribution of all pores was analyzed first by calculating the equivalent diameter, deq,
for all pores;

deq = 2

√
A
π

(1)

where A is the area of the pore on the polished surface of RPT sample’s cross section. Subsequently, the
pore size distribution for every condition was determined by assuming that deq follows the lognormal
distribution, which is consistent with the theory that pore size distribution in castings should be
lognormal [57]. Additionally, pore sizes in Mg [58] and Al [59] alloy castings were reported to follow
the lognormal distribution. The density function (f ) for the lognormal distribution is written as;

f (deq) =
1

deqσ
√

2π
exp

[
−(ln(deq)− µ)2

2σ2

]
(2)

where σ is the shape and µ is the scale parameter. The expected value, i.e., mean of a lognormal
distribution is found by;

deq = eµ+σ2/2 (3)

Parameters of the lognormal distribution were estimated by using the maximum likelihood
method and the estimates for each condition are provided in Table 4. The goodness-of-fit of the
estimated parameters was tested by using the Anderson-Darling statistic [60]. In all cases, the
hypothesis that the data come from the fitted lognormal distributions could not be rejected. The fitted
distributions for 10 and 30 min hold times for each condition are presented in Figures 13–16.
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Table 4. Estimated parameters of lognormal distribution of pore size.

Degassing Additions
µ σ

10 min 30 min 10 min 30 min

No Degassing

No addition 13.48 12.43 0.81 0.78
AlSr15 13.08 11.96 0.71 1.02

AlSr15 + AlTi5B1 11.97 11.30 0.90 0.69
AlTi5B1 11.89 11.20 0.96 0.47

Al3B 11.98 11.52 0.93 0.82
AlSr15 + Al3B 12.06 11.90 1.15 0.72

Degassed

No addition 12.59 12.67 0.73 0.79
AlSr15 11.60 11.51 0.82 0.84

AlSr15 + AlTi5B1 11.94 11.24 1.03 0.67
AlTi5B1 11.79 11.56 0.93 1.32

Al3B 11.70 11.91 0.82 1.00
AlSr15 + Al3B 11.46 11.62 0.70 0.84
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For non-degassed melts, pore sizes get smaller with holding time for all conditions, as evidenced
by the shift in the distribution to left with increasing times. Assuming that the size distribution of
pores is controlled by hydrogen content of the melt, it can be concluded that natural degassing takes
place with time in non-degassed melts. Degassed melts, however, do not benefit from holding time to
decrease the size of their pores, with the only exception of the “AlSr15 + AlTi5B1” condition, which
behaves like the non-degassed melts. Because degassing, in most cases, has reduced the hydrogen
content to such low levels that natural degassing with time barely occurs.

The anomalous behavior of degassed melts with the “AlSr15 + AlTi5B1” addition can be explained
by the formation SrO.Al2O3 spinel and its fracture to smaller pieces, as explained above. Campbell [44]
stated that Ti nucleates heterogeneously on bifilms and causes them to sediment to the bottom of the
crucible. Hence, the combined Sr-Ti addition results in smaller bifilms, fractured due to Sr, to sediment
more effectively after the nucleation of Ti on them.

The summary of mean number density and mean pore diameter, calculated by using Equation (3)
and estimated parameters in Table 4, after hold times of 10 and 30 min is presented in Table 5.

Table 5. Summary of mean number density and mean pore diameter after 10 and 30 min holds.

Degassing Additions
N (cm−2) d (µm)

10 min 30 min 10 min 30 min

No Degassing

No addition 6.10 2.48 917 544
AlSr15 11.62 17.19 739 454

AlSr15 + AlTi5B1 5.30 19.51 440 301
AlTi5B1 14.13 32.06 432 278

Al3B 6.40 13.23 451 346
AlSr15 + Al3B 26.96 10.09 490 409

Degassed

No addition 0.86 0.75 579 645
AlSr15 6.51 2.04 361 349

AlSr15 + AlTi5B1 2.59 6.04 449 295
AlTi5B1 1.49 2.00 406 402

Al3B 1.73 1.73 388 438
AlSr15 + Al3B 1.77 1.84 328 365

Mean number density and mean pore diameter values in Table 5 provide new insights, in addition
to those stated previously:

1. In non-degassed castings, N before Sr addition can be taken as 6.10 cm−2, the value for “no
addition” in Table 5. After Sr addition, N is almost doubled to 11.62 cm−2. Almost the same
magnitude of increase takes place in degassed melts, from 0.86 to 6.51 cm−2, after the addition of
Sr. This increase is of course due to entrainment of new surface oxides, as stated by Campbell [5],
and at least partially due to the reaction of Sr with Al2O3 oxide, as suggested Liu et al. [57].

2. That Sr addition increases mean pore diameter in non-degassed melts but has essentially no effect
in degassed melts are in agreement with the findings of Iwahori et al. [26]. When N is low, mean
pore diameter does not change with hold time either, resulting in a stable melt quality.

3. In non-degassed “no addition” melts, there is evidence for natural degassing (lower mean pore
diameter) and floatation of bifilms to the surface of melt (lower N) with time.

4. The strong increase in N with time with Ti additions in non-degassed as well as degassed melts
can be interpreted as sedimentation of bifilms to the bottom of the ladle with holding time, as a
result of Ti nucleating heterogeneously on bifilms. Because Ti is heavier than Al, these phases
help bifilms sink to the bottom.

5. The increase in N with holding time for Sr and B additions cannot be completely explained
by sedimentation because these two elements have slightly lower density than Al. Therefore,
additional research is needed to uncover the reasons for this finding.
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6. The absolute best melt quality (lowest N) is obtained when the melt is degassed and no addition is
made. Moreover, there is virtually no change in N with holding time, although there is a decrease
in mean pore diameter, due to natural degassing. Therefore, to save energy, it is sufficient to only
have an effective degassing operation to clean Al-7%Si-Mg melts.

5. Conclusions

• The absolute best melt quality is obtained when the melt is degassed and no addition is made.
Therefore, degassing operation can undoubtedly clean Al-7%Si-Mg melts.

• Comparing the degassing operation, non-treated alloy has the lowest levels of number density of
defects, compared to other additions. It is concluded that all melt additions degrade melt quality.

• There is an evidence that natural degassing occurs where bifilms float to the surface of melt
with time.

• Bifilms sediment to the bottom of the ladle with holding time when Ti is added to the melt.
This reveals that Ti is heterogeneously nucleates on bifilms.

• Sr additions to A356 increased the number of bifilms in the melt and also resulted larger pores.
Sr reacts with Al2O3 to form SrO.Al2O3 spinel, which results in fracturing of oxides into smaller
pieces through breakaway oxidation.

• The increase in N with holding time for Sr and B additions cannot be completely explained
by sedimentation because these two elements have slightly lower density than Al. Therefore,
additional research is needed to uncover the reasons for this finding.
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