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a b s t r a c t

This paper presents the results of a quantitative study of the gas level in various types of castings from
the high pressure die casting (HPDC) process using a vacuum fusion method. It was found that the major
part of the gas was from the air entrapment during cavity filling. Other sources such as air entrapment
during ladling, residual die lubricant and quenching water were also noticeable. Measurements of a large
casting and castings from a multi-cavity die showed that the gas content was unevenly distributed. The
modified vacuum fusion method has been proved to be a valuable tool for evaluating and quantifying
the level of gas in castings as well as for an assessment of the influence of different process parameters
as content
as level
as entrapment
as porosity
asting quality
as measurement

on gas evolution in castings.
© 2011 Elsevier B.V. All rights reserved.
acuum fusion method

. Introduction

High pressure die casting (HPDC) is a cost-effective process
idely used to produce components with high productivity and
igh dimensional accuracy for automotive and other industries.
disadvantage of this process is the gas entrapment due to the

ighly turbulent flow of metal in the cavity. The entrapped gas
emains in the casting in the form of gas porosity which hinders
he casting’s suitability for conventional heat treatment and dete-
iorates the casting quality sometimes to such a degree that it must
e rejected.

In the cold-chamber HPDC process, air can be entrapped during
he metal pouring, plunger advance, and metal injection. Lindsay
nd Wallace (1972) reported that the fill ratio of the metal in the
hot sleeve has a significant influence on the gas entrapment. This is
aused by the wave formation and propagation during the plunger
dvance as demonstrated with a simulation by Wang et al. (2003).
n this case of half-filled shot sleeve, the air in the shot sleeve plus
he air in the cavity is approximately three times of the volume of

he metal poured into the shot sleeve. Clearly it could be a signifi-
ant source of gas.

∗ Corresponding author. Tel.: +61 395458449; fax: +61 395458444.
E-mail address: Laihua.Wang@csiro.au (L. Wang).

1 Former vacation student from RMIT, 98 Uplands Road, Yarra Glen, VIC 3775,
ustralia.

924-0136/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2011.03.024
Oil is used in the process to lubricate the plunger tip in the
shot sleeve, and other forms of die lubricant are used to assist
in the casting removal from the dies. These lubricants can evap-
orate or burn once in contact with the molten metal. Lindsay and
Wallace (1972) reported that lubricant evaporation did not play an
important role in the porosity generation. It is envisaged that their
conclusion was based on a casting having a simple shape used in
the study. With a complex casting the lubricants can be more dif-
ficult to be flushed out by the metal into the overflows. So it is not
clear that Lindsay and Wallace’s conclusions could be applied to all
castings.

Die lubricants used in the die casting industry mostly have a
formulation comprising polymer wax, silicone oil and some sur-
factant, and are usually diluted with water. Some diecasters also
use external water to quench the die surface for a complex cast-
ing. This water, when not removed either by evaporation or with
compressed air before die closure, turns into steam in an explo-
sive expansion when metal arrives in the die cavity according to
Walkington (1997). As was argued above for lubricants, more com-
plex dies would be expected to increase the likelihood of retaining
water in pockets of the die.

The amount of gas present in a high pressure diecasting varies
both with part geometry and casting parameters. Typically, the
gas contents inside high pressure diecast parts are reported to

vary between 10 and 50 cc/100 g (cubic centimeter per 100 g of
aluminum at standard temperature and pressure) according to
Badini et al. (2002). By the use of vacuum diecasting, gas contents
below 10 cc/100 g and even as low as 1 cc/100 g may be achievable,

dx.doi.org/10.1016/j.jmatprotec.2011.03.024
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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acilitating conventional heat treatment and allowing parts to be
elded.

Due to the difference of hydrogen solubility between the liquid
hase and the solid phase of aluminum, hydrogen in the metal will
e released during the metal solidification. The maximum release of
ydrogen can only account for less than 3% (1 cc/100 g) of the cast-

ng volume (calculated from Campbell, 1991). In the practice, the
iquid metal is either degassed or protected to minimize the hydro-
en intake. So the hydrogen content is minor when compared to the
as from other sources, for example, air in the cavity as discussed
bove.

Sakamoto and Sose (1985) reported that the gas contents were
–5 cc/100 g for castings made using a GF (Gas Free) valve with
acuum applied, and 6–10 cc/100 g for those when the GF valve
as used as an air vent. Brevick and Cheng (1995) reported that

he gas content in an experimental casting was on average 2.6
in the range of 2.05–2.73) cc/100 g for vacuum assisted and 6.3
5.12–21.5) cc/100 g when the Fondarex vacuum system was used
s an air vent.

A number of methods may be used to quantify the gas level
n castings. The Archimedes test is commonly used as a non-
estructive method to measure casting density. While the average
ensity is a good measure of pore volume fraction, it does not accu-
ately reflect the amount of gas in a casting. The gas pores would
ypically be merged with shrinkage pores and their relative contri-
utions difficult to separate. The density measurement is therefore
onsidered to be inadequate for an accurate estimation of gas con-
ent in the castings.

Yamamoto et al. (1989) estimated the gas content by heating
nd remaining the castings at 495 ◦C for 4 h and then measuring
he casting density when blisters were formed on the surface of
he castings. However, the mechanism of the blister generation was
ery complicated and could be affected by many factors, such as the
asting shape, the location of gas pores in the casting (a gas pore
n the centre might not show up) and even the way the casting

as placed in the furnace during heating. Again, this method is
onsidered not ideal to estimate the gas content in the casting.

Vacuum fusion (Sakamoto and Sose, 1985; Murray et al., 1991)
s a more accurate method to determine the gas content. With this

ethod, a small sample sectioned from a casting was placed in a
ontainer under vacuum and heated until molten. The gas in the
ample was then released and the gas content could be calculated
rom the pressure increase due to the gas release. In a variation of
his technique, Brevick and Cheng (1995) placed the whole casting
n a bell jar and heated it in a furnace.

Gas content in a casting is an effective indicator of casting qual-
ty and in general, provides a good indication of the suitability for
ost casting processes such as welding and heat-treatment. The
urrent study describes a vacuum fusion rig, together with mea-
urements of the gas contents in complex castings produced under
aried industrial conditions.

. Experimental

The principle of the vacuum fusion method is that a sample is
laced in a sealed vessel and melted under vacuum. The gas content

n the sample is determined from the pressure increase due to gas
eleased from the casting. In the method, sealing of the vacuum ves-
el at the melting temperature is critical to minimize the error due
o the air ingress into the vacuum vessel. Effort was made to achieve
he best sealing under the operational temperature and pressure.

he vacuum vessel was made of mild steel and consisted of two
alves. Each half had a shape like a flat pan and had a wall thick-
ess of 20 mm to reduce distortion. The two halves were fastened
ogether using mechanical fastening. A copper ring was used as a
g Technology 211 (2011) 1510–1515 1511

gasket between the mating faces. A knife-edge rim was machined
on the mating face of each half of the vessel, but slightly offset.
The rims would therefore bite into the copper ring to seal the ves-
sel when the two halves were tightly engaged together. A stainless
steel pipe from the top of the vessel was connected to a vacuum
pump and an argon supply. The pipe passed through a water tank to
release the heat conducted from the furnace. A pressure transducer
was connected to the pipe to record the gas pressure. A 1.5 m long by
2 mm diameter thermocouple was inserted through the pipe into
the vacuum chamber to monitor the temperature inside the vessel.
By sharing the same port with the pipe on the lid, the potential leak
using an extra port for the thermocouple was eliminated. Swagelok
fittings were used for all pipe joints. With all of these measures
applied, the leak rate of the vessel at the melting temperature could
be controlled at less than 6 mbar/h with an average of 4 mbar/h. The
pressure increase of a typical test was approximately 300 mbar and
the melting process took less than 2 h. The error due to the air leak
was calculated to be less than 4% on average. A schematic diagram
of the apparatus is shown in Fig. 1.

A stainless steel pan was placed in the vessel to contain the
casting sample. The pan could load 2 kg of aluminum, which was
slightly more than the weight of the whole castings mostly inves-
tigated in this study. For castings larger than 2 kg, segments were
sectioned from the casting to fill the pan as much as possible. Having
a larger ratio of metal filling the open space of the system meant that
the pressure gain due to the gas release would be relatively higher.
The total volume of the pipe lines in this test rig was less than 2% of
the vacuum vessel. For a pressure sensor having an error of ±0.2%
of the full range, the accuracy is calculated to be ±0.02 cc/100 g. The
whole vacuum vessel was placed in a furnace in which a uniform
temperature was maintained. The temperature inside the vessel
was used in the calculation of the gas mass. The error caused by the
difference of temperatures between the gas in the pipes and the
vessel was negligible due to the small volume of the pipe compared
with the vessel.

In the test, the vacuum vessel loaded with the sample was pre-
heated in the furnace at 150 ◦C for 4 h with the vacuum pump
continuously on. During this period of time, the system was flushed
with argon twice. The casting was then held at 450 ◦C in the fur-
nace for another 1–2 h to remove any surface volatiles. Having been
checked to meet the leak criteria mentioned above, the furnace
was then set to 630 ◦C until the casting became completely molten.
During this melting process, the vessel chamber was isolated from
vacuum by manually switching off the valves. The temperature
and pressure in the chamber were recorded online. The total gas
released from the sample could therefore be determined from the
difference between the maximum and the initial pressure.

The casting investigated in this study was a pump cover with a
complex geometry, as shown in Fig. 2. The casting was produced
in an industrial die-casting machine, with vacuum applied during
normal production. To investigate the gas contribution from differ-
ent sources, the machine operational parameters were varied from
the normal conditions. These included eliminating combinations of
the following steps: vacuum, tip oil, die spray and external quench
water. In order to maintain the thermal balance of the die, each of
these samples was collected between the normal production shots.
Samples were also collected by ladling the metal from the holding
furnace directly into the stainless steel pan, and also by pouring
and solidifying the metal in the shot sleeve with the plunger tip
remaining stationary between two normal production shots.
3. Results and discussion

A typical result with the traces of pressure, P(T), and temper-
ature, T, is shown in Fig. 3. The time was counted from the end
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Fig. 1. A schematic drawin
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ig. 2. The pump cover casting (∼1700 g in weight, ∼215 mm in diameter and
–12 mm in thickness with alloy ADC12) made in an industrial die-casting machine
ith a vacuum system used.

f holding at 450 ◦C when the vacuum chamber was isolated from
he vacuum source prior to heating continuously to, and holding
t 630 ◦C. As shown in Fig. 3, when the temperature approached
pproximately 540 ◦C, the gas contained in the casting started to
apidly release as indicated by the pressure increase. Some tests
ere run for 7 h to determine a minimum heating time. As shown

n Fig. 3, the maximum gas pressure P(T) was reached at approxi-
ately 2 h after isolating the vacuum source. It was thus decided
hat two and half hours of holding time was sufficient to melt the
lloy and have all gas released for a normal run.

The gas pressure P(T) was temperature dependent as it was
btained at a varied temperature. A correct representation of the

ig. 3. Typical traces of gas pressure and temperature in the vacuum vessel during
elting a sample.
g of the new test rig.

gas release should be the mass of the gas. According to the gas law,
the gas pressure at a constant temperature in a given volume rep-
resents the mass of the gas in the system. The gas pressure P(T) may
therefore be converted to the pressure at a standard temperature
of 25 ◦C, and is plotted in the same chart in Fig. 3.

As shown by the curve of gas pressure at 25 ◦C, P(25 ◦C), in Fig. 3,
the gas mass reached its maximum in less than 1 h and remained
almost unchanged for nearly 1 h after. Following that, the gas mass
began decreasing. This indicated consumption of gas to form a solid,
through reaction of the gas with the molten metal, which may have
involved the formation of oxides or nitrides of aluminum.

3.1. Gas content in the holding pot and from the shot sleeve

The gas content for the sample of metal collected from the hold-
ing pot was 0.053 cc/100 g (Table 1) whereas the average of the
samples taken from metal in the shot sleeve was 0.96 cc/100 g.
These values can be used as a baseline for the comparison of
gas contents with different conditions. Taking the baseline of
∼0.05 cc/100 g for the alloy, the increase to ∼0.96 cc/100 g by pour-
ing metal into the shot sleeve was considered to result mainly from
the tip oil and the air entrapment during metal pouring.

3.2. Gas contents from production parts

The results from the measurement of gas content for the stan-
dard production condition of the pump cover are listed in Table 2.
The data in the table varied from 6 to 13 cc/100 g. The standard devi-
ation of the gas content is 1.5 cc/100 g for an average gas content
of 8.2 cc/100 g. It should be pointed out that the castings were col-
lected from different production days. The process parameters such
as the die spray, melt temperature, alloy composition as well as the
external water quench and tip oil could be reasonably expected to
be different for each sample taken. All of these factors may have
contributed to the relative standard deviation of around 18%.

The gas contents of the castings made either with vacuum and
natural venting (without vacuum) are illustrated in Fig. 4. The data
for ‘without vacuum’ in the figure was averaged from 3 sample cast-
ings produced under the conditions with the vacuum hose off to
air. The data for ‘reject with vacuum’ was from 4 castings scrapped
by X-ray inspection as a routine quality monitoring. It can be seen
that the castings made without vacuum contained more gas than
those made with vacuum. The castings rejected by X-ray inspec-

tion exhibited little difference in the gas content from the accepted
castings. In a normal practice of the X-ray inspection in a diecast-
ing plant the castings were rejected based on either the location or
the size of the porosity. In most of the cases the gas porosity co-
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Table 1
Gas content of metal from the holding pot and shot sleeve.

Samples Weight (g) Gas (cc/100 g) Leak (mbar/h)

Holding pot 2718
3 samples from shot sleeve 1354 (on average)

Table 2
Gas contents following vacuum diecasting of the pump cover.

Sample number Weight (g) Gas (cc/100 g) leak (mbar/h)

1 1693.75 5.51 5.54
2 1701.95 5.93 5.48
3 1700.85 8.37 5.11
4 1692.70 10.01 5.88
5 1686.15 8.38 1.50
6 1693.85 9.75 3.59
7 1706.20 7.51 4.79
8 1708.65 7.15 3.53
9 1700.85 9.34 5.93
10 1698.65 10.76 2.92
11 1642.95 6.20 3.44
12 1645.35 7.60 2.41
13 1647.30 6.57 5.84
14 1700.00 10.77 5.81
15 1697.75 6.74 2.56
16 1678.20 11.67 0.33
17 1705.25 13.16 1.94
18 1708.30 7.07 5.11
19 1713.20 6.02 5.71
20 1707.90 6.93 4.49
21 1647.50 7.27 5.49
22 1667.30 6.65 5.27

e
w
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5

cavity die and with chill blocks as shown in the figure. The gas
content in the left hand casting was measured to be 3.7–4.4 cc/100 g
Average 1688.39 8.15 4.21
SDEV 1.49

xists with shrinkage porosity, and it is just as likely the castings
ere rejected on the basis of the shrinkage and combined porosity,

ather than the gas porosity by itself.

.3. Varying casting parameters

The gas contents for the five conditions tested are illustrated in
ig. 5. These conditions include

. ‘tip oil only’, a condition with the external water cooling and die
spray eliminated,

. ‘water + tip’, with the die spray eliminated,

. ‘spray’, with the tip oil and external cooling water eliminated,

. ‘water + spray’, with the tip oil eliminated,
. ‘normal’, with the tip oil, external cooling water and die spray
applied.

Fig. 4. Gas contents of castings with or without vacuum.
0.053 1.5
0.96 (on average) 3.1–6.3

Here it is important to note that it was a difficult exercise to
collect the samples by varying the normal production conditions,
since this could result in long machine stoppages if the casting stuck
in the die. As a result, only 2–3 samples were collected for each of
conditions.

As can be seen in Fig. 5, the gas contents were in general reduced
by eliminating sources of gaseous porosity. In the “normal” condi-
tion, the gas contents were of the order of 8.2 cc/100 g. If the tip oil
was eliminated (“water + spray” condition), then the average gas
content was reduced to 7.9 cc/100 g. If both the tip oil and exter-
nal water cooling were eliminated (“spray” condition) the average
gas content was reduced to 6.6 cc/100 g. If the die spray alone was
eliminated (“water + tip” condition), the gas content was reduced
to 6.2 cc/100 g, and when both the die spray and external water
cooling were eliminated (“tip oil only” condition), the gas content
was reduced further to 5.8 cc/100 g.

As may be appreciated, each of the abovementioned parameters
will have an influence on the casting quality and Fig. 5 shows that
each of the sources had a contribution to the total gas content, and
the air entrapment probably had the most contribution.

3.4. Application of the technique to other parts

Three other types of castings were also investigated using the
vacuum fusion method. They were (1) a structural sump, (2) a side
cover and (3) a cam cap. All of these castings were made with
natural venting using chill blocks, and without applying vacuum.

Fig. 6 shows an image of the structural sump casting with the
runner. The part was made on a 2000 t UBE machine with a chill
block sitting on the top. The cavity was gated in the middle on
one side as shown in Fig. 6. Three samples were sectioned from
the casting. The gas contents in these samples are also shown in
Fig. 6. The sample extracted from the middle section (first filled) had
the least gas, whereas the top and bottom sections (last filled) had
higher gas. The last filled regions contain the most gas because these
are the locations that air, moisture and die lubricant are moved to
during cavity filling.

Fig. 7 shows the side cover casting. It was made from a twin-
from 3 samples (excluding overflows and vent) and the right hand
one 2.8–3.6 cc/100 g. The reasons for this difference were unclear.

Fig. 5. Gas contents of castings showing the effects of various casting parameters
(see text for details).
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ig. 6. This image shows the shape, gas content and fill position of the structural
ump casting. The casting was 730 mm in length and 9.5 kg in weight with alloy
A313.

rom the appearance of the full shot in Fig. 7, the casting on the right
and side containing less gas was better vented, as evidenced by
he length of the vent metal in the figure. Since the runner system
s asymmetrical, the cavity filling sequence is likely to have been
symmetrical and this would have had an influence too. As shown
n the figure, the metal filling in the right hand side cavity could
ave benefitted from its shorter and thicker runner.

The cam cap castings were made from an 8-cavity die. The image
n Fig. 8 shows a full shot of the castings and their gas contents.
or the convenience of identification, the cavities are numbered as
avity 1 to cavity 4 from left to right in the top row and cavity 5
o cavity 8 in the bottom row. The top four are the front cam caps
nd the bottom four are the rear cam caps. In general, the top four
ontained more gas than the bottom four. This can be explained as
lack of venting for the top four because the chill vents designed
or the top four were blocked off to avoid die flash in production. It
s not clear why the side ones (cavities 1, 4, 5 and 8) have less gas
han the middle ones (cavities 2, 3, 6 and 7). A hypothesis is that the

ig. 7. This image shows a side cover casting and its average gas content with alloy
DC12.
Fig. 8. This image shows a full shot of an 8-cavity die for cam caps casting made
with alloy CA313.

side cavities had better venting than the middle ones. In one test, all
of the overflows and chill vents were measured. Not surprisingly,
the gas level in the overflows was extremely high (19.1 cc/100 g).
It was also found that the gas content in the middle section of the
runner was very low. This might be a result of the die lubricant
and moisture being eliminated during cavity filling. A higher gas
content in the biscuit than in the runner might be attributable to
the tip oil and air entrapment in the shot sleeve.

4. Conclusions

A vacuum fusion test rig, which can accurately quantify the gas
content in a casting, was used to measure the gas contents for var-
ious types of castings made under varied conditions. It appears
that:

Gas sources such as air entrapment, tip oil, external cooling water
and die lubricant all contributed to the total gas content in the
complex pump cover casting used in this study.
Vacuum-casting assisted in the gas removal to a degree. However,
for a complex casting, the sources other than the air entrapment
could contribute to the gas content significantly. As a result, a com-
plex casting does not necessarily contain less gas when cast using
vacuum technology than a simple casting made without vacuum.
For a large casting like the structural sump (730 mm in length and
9.5 kg in weight) the section filled last contained most gas.
For a twin cavity die like the side cover, the gas contents in two
castings in a shot were not identical. This could be due to the
difference in the venting and asymmetrical feeding.
For an 8-cavity die, the gas content in the overflows and chill vent
was substantially higher than in the castings, runner and biscuit.
The castings with better venting had less gas than those with a
lack of venting.
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