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School of Engineering, University of North Florida, Jacksonville, FL, USA

Copyright � 2018 American Foundry Society

https://doi.org/10.1007/s40962-018-0217-4

Abstract

The oxide layer on liquid aluminum serves as a protective

property to prevent the alloy from further oxidation.

However, it has the potential to be a source of porosity

when entrained into the bulk of the liquid. For this reason,

oxides entrained into aluminum castings have been shown

to degrade casting quality. In the current study, the effec-

tiveness of the reduced pressure test in assessing the

quality of A356 alloy melts has been investigated under

various conditions obtained by changing six different melt

parameters. Several metrics, including average pore size,

number density of pores, bifilm index, have been used to

measure melt quality. Results have shown that the bifilm

index provides reliable measurements of melt quality.

Moreover, the bifilm index has been found to have a

physical meaning, volume fraction of pores, especially

when bifilm index is higher than 50 mm.

Keywords: A356, casting, quality, bifilm index, RPT,

porosity, modification, grain refinement

Introduction

It is well known that a high-quality casting cannot be

produced without a high-quality melt. Therefore, a signif-

icant effort has been made to not only determine melt

treatments that improve melt quality, but also develop

measurement techniques and metrics that can be used

reliably to assess melt quality. Foundry engineers need

metrics and reliable techniques to validate whether the melt

treatments, such as grain refining and degassing, have

indeed improved the quality of the melt. This need has led

to the development of many early techniques1–6 as well as

those more recent ones7–10 which usually rely on the

measurement of hydrogen by probes where the activity of

hydrogen in the melt is analyzed by Sieverts law. These

recent techniques, however, are usually regarded as com-

plex and expensive. Therefore, the most common tech-

nique in use remains to be the reduced pressure test (RPT),

in which a sample taken from the melt is allowed to

solidify under reduced pressure (* 100 mbar). Because of

the difference in partial pressure, hydrogen dissolved in

liquid comes out of solution, leading to pores approxi-

mately ten times larger in size than in atmospheric pres-

sure. The sample is then cut in half, and the appearance of

the sample cross section is interpreted regarding the quality

of the melt. Hence, reduced pressure test remains an

inexpensive test that yields quick results.

Although reduced pressure test has been available for

several decades, metrics that can be used based on the test
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results have not been widely used in industry. The present

study is motivated by the gap in the literature where met-

rics from reduced pressure test data is used to assess alu-

minium melt quality. To accomplish this, various melt

treatments, including degassing, Si modification additions,

grain refining additions, were applied to A356 alloy melts

and metallographic data were collected and interpreted.

Background

Pores in aluminum castings have been attributed11 to

shrinkage of metal during solidification and to the signifi-

cant drop of solubility of hydrogen during phase change

from liquid to solid.12 Hydrogen is thought to segregate in

front of the dendrites and transform to gas phase due to low

solubility and form porosity. Thus, the measurement of the

hydrogen content of the melt prior to casting has preoc-

cupied foundry engineers. However, it has been demon-

strated that (1) it is impossible for pores to nucleate in

liquid aluminum either homogeneously or heteroge-

neously,13,14 and (2) the equilibrium vacancy concentration

in aluminum at the melting temperature is sufficient to

accommodate the excess hydrogen.13 The only mechanism

for pore formation is the entrainment of surface oxides to

form bifilms,11,15 which open up during solidification under

negative pressure and/or segregation of hydrogen during

solidification. Under reduced pressure, the air between the

folded oxide layers is expanded and the bifilms are

unraveled.16 While this process is easier for young bifilms

which have formed during mold filling, for coarse ‘‘old’’

oxides from ingot surface or crucible, this may be harder.

Therefore, observation of round pores in the cross section

of RPT samples indicates young oxides (amorphous and

thin) and crack-like pores usually show the presence of old

oxides (thick and more rigid).

The quantification of RPT results in assessing the melt

quality was attempted by several researchers. LaOrchan

et al.17 used four different Al–Si alloys, and a constant

volume sample allows to estimate the hydrogen concen-

tration by weighing of the sample upon solidification. It

was shown that there was an inverse relationship between

hydrogen level and the weight of the specimen. Dasgupta

et al.18 investigated to correlate reduced pressure test

results and hydrogen content of the melt and claimed that

there was a correlation of RPT densities with AlScan

hydrogen values for a given alloy. Hence, it was possible to

estimate the hydrogen content in the melt from the density

of an RPT sample. They also published a curve to show the

relationship between hydrogen content (cc/100 g) and

temperature (�C). Dispinar and Campbell19 compared the

results from existing methods to assess melt quality and

stated that there was no direct correlation between hydro-

gen content and porosity in cast aluminum alloys.

A metric that can be used to quantify the melt quality based

on RPT results was introduced by Dispinar and Camp-

bell19–23 to monitor both inclusions (bifilms) and hydrogen

content together after digital image analysis of the cross

section of the RPT sample. They proposed to measure the

maximum length of pores as an indication of bifilm length

and introduced a new metric, called the bifilm index, BI:

BI ¼
X

pore lengthð Þ Eqn: 1

Subsequently, the effect of bifilm index on the quality of

the final casting was investigated,15,24–29 as measured by

tensile properties. In general, when the bifilm index

decreased (better melt quality), tensile strength and

elongation increased. However, this result did not apply

to every casting, because bifilms were not homogeneously

distributed within the melts. Their size, shape and number

also varied from one melt to another. Therefore, an

important aspect of RPT is the quantification of

distribution of bifilms within the entire melt. Hence,

several samples need to be collected from the same melt

because measured bifilm index values have a certain degree

of variation,22 as evidenced by large error bars and scatter

of bifilm index measurements. Because bifilm index

combines the size and the number density of the pores on

RPT into a single metric, it is not well understood whether

this variability is consistent or not. Therefore, it is not clear

whether the sources of variation are the size or number of

bifilms. Moreover, the physical meaning of bifilm index

has not been well established. To address these issues, the

quality of A356 alloy melts under six conditions with

various modification additions, with and without degassing,

has been assessed via RPT. The results have been analyzed

statistically.

Experimental Works

A356 ingots used in the study, with the chemical compo-

sition given in Table 1, were provided by ETI ALUMI-

NYUM, Turkey. Ingots were melted in a SiC crucible in an

electric furnace with a capacity of 20 kg. AlTi5B1 and

Table 1. Chemical Composition of A356

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.
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Al3B were added for grain refinement, and AlSr15 was

added for Si modification when the temperature of the melt

was at 740 �C. Chemical compositions of the AlTi5B1,

Al3B and AlSr15 that were used in this study are given in

Table 2. Ti and B concentration was selected to be 10 ppm.

A concentration of 30 ppm was used for Sr modification.

Experimental details of this study are summarized in

Table 3.

Experimental work was carried out under two conditions:

degassed and non-degassed. A T-type graphite lance was

used for degassing at 740 �C. Degassing duration was

selected to be 20 min with 2 L/min flow rate. Argon was

preferred for degassing process. After degassing process,

grain refinement and/or modification alloys were added

into the liquid metal and surface of the liquid was skimmed

prior to casting. More details about the experiments are

given elsewhere.30

RPT samples were poured in a sand mold and solidified

under a pressure of 80 mbar. Two samples that have a

rectangular shape with 55 mm height and 10 mm thickness

were produced. Samples were cut into two, and cross

section was grinded. A total of 120 RPT samples were

produced. A scanner was used to capture images of the

surface of RPT samples with high resolution. SigmaScan

image analysis software was used to obtain pore size and

number data, which were later used to calculate melt

quality metrics, including bifilm index. Data obtained from

these RPT samples were statistically analyzed, i.e., the

distribution of number density (N), the total diameter of

pores (Nd̄), the total area of pores (Npd̄2/4), the total vol-

umes of pores (Npd̄3/6). Finally, relationships between

bifilm index and % bifilm area, N, Nd̄, Npd̄2/4, Npd̄3/6,
were determined.

Results and Discussion

Cross sections of some representative RPT samples are

given in Figure 1. At first glance, the differences between

no degassing and degassed conditions are evident. The

degassing process plays an important role to decrease

bifilms.30–32 It is an interesting point that grain refiners

decreased bifilms without degassing. RPT images of

AlTi5B1 and Al3B additions without degassing have

bifilms less than images of the other addition parameters.

Degassed melts of AlTi5B1, Al3B and AlSr15 ? AlTi5B

additions have lower bifilm content than the other

parameters.

Statistical analysis was carried out from all pore size

measurements. Subsequently, it was hypothesized that deq
followed the lognormal distribution, which is consistent

with the theory that pore size distribution in castings should

be lognormal33 as well as observations in Mg34 and Al35

alloy castings. The density function (f) for the lognormal

distribution is written as;

f ðdeqÞ ¼
1

deqr
ffiffiffiffiffiffi
2p

p exp
�ðlnðdeqÞ � lÞ2

2r2

" #
Eqn: 2

where r is the shape and l is the scale parameter. The

expected value, i.e., mean of a lognormal distribution, is

found by;

�deq ¼ elþr2=2 Eqn: 3

Parameters of the lognormal distribution were estimated by

using the maximum likelihood method. The goodness of fit

of the estimated parameters was tested by using the

Anderson–Darling statistic.36 In all cases, the hypothesis

that the data come from the fitted lognormal distributions

could not be rejected. The results of the lognormal

distribution of pore diameter from RPT samples for three

of twelve parameters are given in Figure 2. It can be seen

that when AlSr15 and AlTi5B1 added into the melt

together, average pore diameter becomes minimum. This

value is maximum for the as-received condition. The

Table 2. Chemical Composition of Master Alloys

Master alloys Ti Sr B Fe Si Ca Al

AlSr15 – % 14–15 – B % 0.2 B % 0.2 B % 0.2 Rem.

AlTi5B1 % 5 – % 1 B % 0.2 B % 0.2 – Rem.

Al3B – – % 2.5–3.5 % 0.3 % 0.2 – Rem.

Table 3. Experimental Parameters

Number Parameters

1 No addition - (no degassing)

2 No addition - degassed

3 AlSr15 - (no degassing)

4 AlSr15 ? degassed

5 AlSr15 and AlTi5B1 - (no degassing)

6 AlSr15 and AlTi5B1 ? degassed

7 AlTi5B1 - (no degassing)

8 AlTi5B1 ? degassed

9 Al3B - (no degassing)

10 Al3B ? degassed

11 AlSr15 and Al3B - (no degassing)

12 AlSr15 and Al3B ? degassed
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addition of AlSr15 decreased the average diameter. As the

melt is degassed, the distribution of pore sizes becomes

narrower and steeper.

The number density of pores was calculated on all the

samples, and the relationship between number density and

equivalent diameter of pores was investigated. The result of

these findings is given in Figure 3, which shows a strong

relationship between number density and the average

diameter of pores. As the number density of pores goes up,

the average diameter of pores tends to get smaller. In other

words, there is an inverse relationship between them. Yet,

there appears to be a lower boundary where average

diameter of pores remains essentially constant, as indicated

by the lower line.

A possible correlation between number density of pores on

RPT samples and bifilm index was also evaluated. Figure 4

shows that the relationship between number density and

bifilm index is poor. However, it can be concluded from the

graph that melt treatments have a different effect. Each

parameter seems to have an exponential lookalike but close

to linear relationship on its own.

The relationship between total diameter and bifilm index

was investigated. The total diameter was calculated taking

into account number density and average diameter toge-

ther. These results are given in Figure 5. Compared to

Figure 4, there appears to be linearity between total area

and bifilm index at different slopes for each different

parameters, but not sufficient to extract the meaning of the

bifilm index in general terms.

No addition AlSr15 AlSr15+AlTi5B1 AlTi5B1 Al3B AlSr15 + Al3B

N
o 

D
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ng
D
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d

Figure 1. Representative RPT images for experimental studies.

Figure 2. Lognormal distributions of pore diameter from
RPT samples for three parameters of experiment.

Figure 3. The relationship between number density (N)
and average diameter (�d) of pores.

Figure 4. Bifilm index (BI) versus number density (N).
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The relationship between bifilm index and the total area of

pores, as calculated by the product of number density and

the area of the average pore, is presented in Figure 6,

which shows that the relationship is linear with an R2 value

of 0.846. It can be concluded that the relationship between

the total area of pores and bifilm index is better than the

relationship between the total diameter of pores and bifilm

index. Alternatively, the area of pores on the surfaces of

RPT samples was calculated and the results are given in

Figure 7. This relationship has an R2 value of 0.781 which

is lower than the previous relationship.

The search for the meaning of bifilm index was continued

by extracting the following formulation: N dn, where N is

the number density of pores, d is the average diameter of

pores, and n is the exponent. The n value for maximum R2

was calculated to be 2.92, as indicated in Figure 8. Because

of its proximity, n was chosen as 3 for the next step of

analysis to investigate the meaning of the bifilm index. The

total volume of pores was calculated as the product of

number density of pores and pd3/6. The relationship

between the total volume of pores and bifilm index is given

in Figure 9. The result shows that there is a strong rela-

tionship between bifilm index and volume of pores, as

evidenced by an R2 of 0.9495. This shows that if all the

pores were perfectly spherical, a linear relationship

between the volume of pores and bifilm index could be

expected with R2 = 1.0.

One of the interesting findings of this study was found

when all the graphs in Figures 4, 5, 6, 7, 8 and 9 are plotted

again where the maximum value of bifilm index was taken

as 50 mm. As shown in Figure 10, for bifilm index values

above 50 mm, the linearity of the data is high. This means

that the volume of pores can be used to define casting

quality. It is interesting to note that when bifilm index is

over 50 mm, this indicates that the melt quality is quite

poor. This raises the question: If the quality is bad, do we

really need to measure it? Clearly, if the quality is bad, the

Figure 5. Bifilm index (BI) versus N �d.

Figure 6. Bifilm index (BI) versus Npd2/4.

Figure 7. Bifilm index (BI) versus bifilm area %.

Figure 8. Optimum n value for R2.

Figure 9. Bifilm index (BI) versus Npd3/6.
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melt needs to be further processed to achieve higher

quality. When bifilm index is below 50 mm, the correlation

between total volume of pores and the bifilm index

becomes less strong. The reasons for an increased scatter

with increasing melt quality are not clear. It is the authors’

opinion that the bifilm index be used as a guide for higher-

quality melts, with the following scales:

• 0 B BI B 10 mm: high-quality melt

• 10 B BI B 25 mm: good quality

• 25 B BI B 50 mm: average quality

• 50 B BI B 100: unacceptable quality

• BI C 100: bad quality that should be avoided

In general terms, the base alloy in its as-received state has

the highest bifilm index with a low number of pore density.

As the alloy is Sr modified, number density of pores

increases with lowered bifilm index followed by Ti and B

Figure 10. Number density of pores, average pore density and bifilm index change. (a) Bifilm index
below 50 mm, (b) bifilm index above 50 mm.
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additions (i.e., grain refiners) which suggests that as Si is

modified and grains get smaller, bifilm index decreases, but

the number of pores increases. Once the melt is degassed,

melt quality is increased by 60%.

Conclusions

• There is a relationship between number density of

pores and the average diameter of pores. As the

number density of pores increases, the average

diameter of pores is reduced.

• There is no relationship between number density

of pores, total diameter of pores and bifilm index.

However, there is a good relationship between the

total volume of pores and bifilm index, only when

bifilm index is higher than 50 mm. On the other

hand, for accurate quantification of A356 melt

cleanliness, bifilm index needs to be used.

• The ideal way to produce defect-free castings, a

melt with zero bifilm index has to be achieved.

When working with the A356 alloy, 50-mm bifilm

index is the upper limit for good-quality castings.

• Degassing is an effective process to decrease pore

formation in A356 alloy by simply removing

bifilms from the melt. Al-Sr master additions

decrease bifilm index (i.e., improves melt quality)

but increase the number of pore density suggesting

the distribution of bifilms along the cast part.

Al5Ti1B and/or Al3B grain refiner addition fur-

ther decreases bifilm index and further distributes

pores. In general, master alloys and grain refiners

affect the average diameter of pores to become

smaller and homogeneously distributed.
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