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Ahstract: Inthis research, the detalled flow behaviow of ligud metal through a ceramic filter in a naturally
pressuised rurming system has been stadied by ditect ohservation of the metal flow theough a glass window
inthe moud wall. The effect of the ceramic filter on the form ation of double ceide filin defects in the nurdng
gystetn atd the reliakility of the castings produced were also itvresti gated by Weibull statisticd analysis The
results showed that the ceramic filter has a critical rale in the reduction of the welocity and seface tirbulence
of the lipud metd and hence the creation of doukle oxide filin defects in the natwallypressurised nuing
gystetn. Thereductionin the melt vel ocity was meanwed to be abowt 30%. [twas shown that if the cross section
of the rurnmer igincreased moore than that which is necessary to keep the metal naborally presswized in the
g system, a considerable amourt of double oxide film defects form after the filter and this considerably

reduces the reliability of the castings produced

Eev words: Burming svatem, oxide filim, ceramic filter, sating

INTRODU CTION

Ahurnimiwm  alloy  castings  are  increasingly
cotmn otplace in safety critical applicati ons, such as in the
automotive and aerospace industries. Such castings must
be highly reliable and theit mechanical properties should
have a maximum consistency. A common casting defect
with a random nabwe that sgnificantly reduces the
reliability of Al alloy castings is the double oxide film
defect (Camphell, 20037, its presence has been shown to
be deleterious to casting relishility and iz highly
undesirable.

The formation of a double ceide film defect inliquid
alloys such as Al or Mg was first described by Camphbell
(2003). During the casting process, every tim e the suwrface
of the Hguid metal folds vpon itself, two swface oxide
film s comne into cortact with each other o their v etted
sides and a wolune of gas (presum ably predominardly ait)
is trapped between them, leading to a crack in the
solidified casting (Fig 17, It iz proposed (T amphell 20020
that the oxide film defects can become convoluted
because of twbulence in the dk liguid dwing casting,
bt can open and expand again due to a variety of driving
forces, such as the precipitation of twdogen into their
trapped atmosphere, especially during solidification
(Camphbell 2003; Raiszadeh and Griffiths, 2008).

Brtr ied
e dohle oxide
7T il defect

Fig 1: Entraitumert of a double owide film defect

(Camphbell, 2003

The scanming electron micrographs presented in
Fig 2 shows the two hdves of a double oxide film defect
that were found at the same location on the frachare
surfaces of a commercid-purity alwminiun alloy tensile
test bat (R aiszadeh, 20067, The symmetey of these Llayers
corfirmed that the oxide film was doubled and that its
crack-like nature created o weak point inthe tensile test
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Fig 2: (& W) Scarring dectronmicrogy aphs of tero symmetrical double oxide film defects, found at the same location in
the turo halves of a fractured tensile test bar (Raiszadely, 2006)

bar. Such spmimetrical cride films on both sides of a
fractiwred tensile test bar have also been observed by
Can and Camphell (20037 and Griffiths and La (2007,

Camphel (2003 showed that if the velocity of Heaid
metal when it entersinto amodd cavityis greater than a
critical walue (ie, 0.5 m sec™ for many alloyd), the inertial
pressure overcomes the suface tension and the meta
tizes above the general level of the liguid sirface and then
subgequently fals back under gravty and credes double
oxide film defects. Considering this critical ingate wel ocity
atid alzo studying the effect of filling system design on
the formation of double oxide film defects during mould
fillirg (using red time -ray radiographey and sinndation
softwate), Catmpbell (2004 introduced a new tethod to
design the nunrdng system for metal casting. This numing
gystetn was naned a Natorally-pressyizsed naming
gystem.

In this new method, Canpbell abandoned the
cotwcept of designing a localized choke (to teduce the
velocity of the ligud metal) and designed the nnning
gysteth it such a way that the ligud metal is ih permatent
cotitact with the walls, gently presarized by it In such a
gystem, the reduction in the lguid welocity iz
accot plished by right bends and filters and by provding
gpecally designed runner extension systems mach as
flow-off s (Camphell, 2004%. Therefore, to moaintain
pettmanent cortact between the melt and the walls, the
ot ogs-section of the nuwming systerm after any featare that
cauges atreductonin the metal velocity (i.e, aright hend
ot a ceranic filter) shodd be increased oy op orti onal to the
magritnde of the weloecity reduction.

Hahibollabmadeh and Cavphell (2002) studied the
flow of A112.5 wt.% 31 alloy and castiron (CE = 4323

liguids inside a filtering syadem comprised of a bubble trap
atid atangert ally oriented 20-ppi ceramic filter by the use
of deo Z-ray radiography, which enabledthem to record
the filling sequence of casing during the priming of the
liguid metal and to measwe the wvelocity of the melt
ertering the casting with and withoat the filtering system.
They found that the welocities of both A1-3i and cast iron
alloys were decreased by abow 75-50% as they passed
through the ceramic filter. Based on this observation,
Canpbell (2004 saggested that the ot oss- sectiotial area of
the runner after a ceramic filter showdd be increased by
ahout 4-5 times, if the contact between the ligud metal
ati] the rirtdng system wallz iz to be mairtained.

In this study, the detailed flow behaviour of Hepid
metal through a ceramic filter in a naturalypressorised
riing system is studied by direct observation of the
tetal flowr fhr ough a glass window i the moould wall The
effect of the filter on the form ation of double oxide film
defects and the relishility of the castings produced were
alsoinve stigated

MATERIALS AND METHOD 5

& patrally-presswised nuwing  system with a
powring rate of 1 kg sec™ was designed In thiz design,
the effect of a ceramic filter on the reduction of the melt
velocity, as was suggested in the litersture (Camphell,
2004), wasz premured to be T5%. Therefore, the cross
section of the narmer afber the ceramic filter was caleulated
to be 4 times that of the crosssection before it A
schematic shetch and the dimensions of the pattern used
to prepare the mooulds ate shown in Fig 3. Two moulds
wete preparedusing silics sand(AFS grain size of 737, 5%
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Fig 3:3chematic sketch and the dimensions of the
pattern used to prepare the moulds

Table 1: The cherrical anabreis of alloy &356

Dl 8356 Walwee
Tl 0.0z
Cu 0.10
B 0.37
5i 693
Al Eest
b =0.03
Hi =11.02
o 0.08

sodivm silicate and COy gas, one of which had a 20 ppd
alwminag  ceramic filter, with the dimensions of
505022 mm (with a mavimoam capacity of 30 kg and a
maximun flow rate of 1.5 kg sec™ ) placed in its rurmer
(Fig 3). Two pieces of heat resistant glass that were
inserted at the location of the filter and the runner in the
wal of the moulds made the direct obhservation of the
liguid metal flow possible.

Forty kilogram of A58 alumindwm  alloy, the
composition of which is shown in Table 1, wasmeltedin
a crucible furnace and poured irto each mould with a
temperatiwre of T30°C, after the oxide layer was removed
from its seface inn the coucible, The ligquid metd filled the
sprue, passed through the filter and the nanner and filled
the modd cavity (tensile test barg). The flow behad o of
the ligaid metal fhroush the filter and in the naner was
captured on video tape using a Soryy video camera with a
30 fps shodter speed The wideo was then converted to
JPEG pictures using Adobe Premiere 2 sofbar are.

Tomeanye the effect of a 20 ppd ceramic filter onthe
reduction of the melt veloecity, three other mowds with the
sathe ruing system, but contasiring just the powring
bhasin,d sprue, nwwer atd a ceramic filter were also

prepared. The ranner s after the filter in these m ol ds had
ecaal lengths (5 cm), ot different cross sectiona areas of
2,25 ad 4 times larger than that of the raner before the
filter. The totidmetal was prepared and poured into these
moulds the sam e way as described shove. A video catrera
captired pictures from the melt as it poured out of the
mould through the wall at the end of the namer (frontal
view) and the percentage of the cross section of the
runnet that was filled with the melt was measured later
from these pichares.

Findly, to assess the effect of the ceramic filter onthe
reliakility of the castings, 12 other m oulds, four without a
ceratrice filter (dencted Unfiltered), four with a ceramic
filter in the nurmer and a foufold increase in the cross
section of the ramer after the filter (denoted Filtered 240
atid fouar with a filter gt a twofold increase in the cross
section of the ramer after the filter (denoted Filtered 2020
were also prepared to cast test bars with a length of 200
mir and a dameter of 20 mm. The bars (22 for each sef)
were then machined to tensile test samples and were
pulled by a Schenck tensile test machine (m acitmowm load
of 100 &Y with a strain rate of | mm min™' to obtain
Tltim e Tensile Strength (UTE) and percent elongation
vauesg from which a Wedbndl modudus plot was created to
determine the reproducibility of the m echani cal properties
ohtaitie dwith each casting set.

The Weibudl modalusz has been frecquently used to
chatacterise the dispersion of mechaical propetties
(Cox ef al, 2003 ; Myatounwa ef al, 19987 atnd the so called
taro-pat areter Wedbndl oumid ative distribution is given as
(Ehalili and Kromp, 19910

aaicl ®

where, P is the probability of failure at a tensile stress of
x and o is the characteristic stress at which 1/e of
specithens arvved.

The Weibndl par am eters are the Weibnll moddus A
atil the scale of position parameter o, Taking the
logarithim of this equation twice gves:

m[k{iﬂ = Alnix1- Alr() (2)

I-F

The Weibull moduolus L iz therefore the slope of a
plot of Inf{ln[141-Pa]} against W OTE), where P iz a
measwe of the probability of failure for the nth sample.
This can be estimated in various ways, i Khalili and
Eromp (19917 showed that the following estimator gawve
the most accurate determination of the Weibull m odulus:

p -2o03 ©
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where, 1 is the ranked position of the specimen result
when all results are orderedin an ascending fashion and
M iz the total e ber of resdts.

The Weitndl modulus is therefore a single value that
shows the spread of properties, with a higher Weitnall
modulus indicative of anaryower spread of properties and,
in this case, an indication of a casting operation tha
would be associated with low mumbers of defects in the
final casting and a greater reproducitdlity of properties.
For presmue die castings, A is often between one and ten,
whetreas for mateyy gravity-filled castings, it iz between
10 and 30. For good gquality aerospace castings, a value
betweetn 50 and 100 ismore usial (Campbell, 2003,

The scale parameter o represents the tensile stress
(ot percent elongatioen) below which 63 2% of the samples
failed and ifn a sense, is similar to a mean value as a
represertation of a set of normaly distribnted data.

RESULTS

Effect of ceramic filter on the hehaviourand the velocity
oflijuid metal: Figure 4 shows the flow of the ligu dmetd
through the ceramic filter. It is evident (Fig 44) that the
liguid metal first acowmulated on the top face of the
ceramic filter and could not pass through it. The pores on
the face of the ceramic filter created a considerable
capillary back presse due to swface tension, effectively
preventing sty fhud flow wtil the presawe in the fluid
was enough to overcotme this critical priming pressure
(Lo atd Campbell 20000, This delay was determined,
uging the canera pichures, to take about 0.4 sec; during
which, according to the pouing rate, the sproe was filled
by the Legpdd metal and the possibility of any swface
turhulence atid formation of double oxide film defects in
it was eliminated

Suhsecuently, the metal passed through the filter as
geveral separate streams (Fig. 4b, o). Each stream is
covered by an ALO, tube, According to Camphell (2003,
if the height of this falling stream is more than 125 mm,
the shear force of the falling Hquidis great enough to tear
the oxide layer around the stream and entrain it
continuously into the dk liguid The runner belowr the
filter was 44 mm high and according to the camera
pictures, filledin2 12 gec. Tt took 1 .76 2ec, a considerable
tithe compating to the total casting time of 4.3 sec, for
the height of the falling stream to be reduced to below
12.5 mm. During this time, each separate stream falling
from the ceramicfilter erfrained a considerable amount of
double oxide film defectsinto the bulk moetal. Hence, the
ceratnic filter was itself a sowrce of oxide film creation,
rather than a means of preverting it from forming.

Howesrer, the presence of the ceramic filter in the
runrier decreased the Hquid tarbdence in the nener after
the filter. This was evident from the pictwesrecorded

Fig 4: The behaviow of liguid metal flow throagh the
ceraric filter in the filtered 34 ramning system.
(2 H) accumd ation of the melt onthe top face and
(c) passage of metal thwough the filter as severd
separate Hopid streatn s

Fig 5: The flow of licpa d meetal in the nasmer of filtered X4
tunring systetm. The lguid metal rises cadmly in
the marmer

during the direct observation of the Hgwd flow in the
runners that incduded, or did not itclade, a ceramic filter
(Fig. 5, 6, respectively). Whern the filter was oot inserted
inthe nymer (Fig. &), the metal flow ed itdo the nner with
a relatively high velocity, folded wpon itself aud flowed
back dfter it crashed into the end of the ramer. This
acticnn created and entrapped a significant amount of
double oxide film defects in the liguid metal.
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Fig 6: The low ofliquid metal in the ninner of unfiltered
tunning systern. The ligquid metal folded upon
itzelf and moved baclowards after it cached into
the end of the runner

i

Fig 7: The flow ofthe liquid metal as it poured out ofthe
rumer in (@) filtered X4 and (h) filtered X2 mnning
systems

Inn contrast, the presence of a ceramic filter in the
runner (Fig. 5 decreazed the metal velocity and surface
turhulence. Afier the melt reached the end of the runner,
it pushed the surface oxide layer up gently and prevented
it from becorming entrained in the bulk liguid.

Figure 7a shows the liguid tmetal pouring out of a
runner, the cross section of which was increased fourfold
as it passed through the ceramic filter I iz evident that
the melt could fill about half of the cross section. This
implies that the effect of the cerami c filter on the reduction

Fig & The behaviour of liquid metal flow through the
cerarnic filter in the filtered 22 running systetn.
ra)acoumiation of the melt on the top face,
(b passage of metal through the filter The number
of the separated strearns was much less and
coalesced more quickly and (o) than that of filtered
A nnning system (Fig. 4)

of the melt velocity was less than 75% (as suggested by
Hatibollahzadeh and Camphell (20027 otherwise, based
on the design assumptions, the liquid metal should have
filled whole of the cross section as it passed through the
filter. In the next experiments, the increase in the cross
section of the runner (due to the effect of the filter) was
decreased from a factor of 4 to factors of 2.5 and 2. The
result of the experiment with a 2.5 fold increase in the
cross section of the namer also showed that the liquid
metal could only fill about 80% of the cross section
However, when this crosz section increasze (due to the
effect of filter on the melt velocity) was reduced to a factor
of two, Fig. 7b, the melt could fill whole of the cross
section of the tunner Therefore, it was concluded that the
ceramic filter actually decreased the melt velocity by
ahout 50%.

The experiment with the heat resistant glass inserted
to the wall of the mould was repeated and the cross
sectional area of the munner was increased twofold as it
passed through the filter The pictures taken from the melt
as it passed through the filter (Fig. 8a-c) showed that the
fillingtime of the ninner was reduced frorm 1.76 to 0.73 zec
and that the length of the falling stream reduced to
12,5 tom in just 033 sec. This factor, along with the
shallow slope of the rmnner under the filter, caused the
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Fig. 9: The flow of liquid metal in the runner of filtered X2
running system. The hquid filled whole of the
cross section as it proceeded in the runner

streams to join and quickly elimnated the possibility of
the formation of double oxide film defects. The
observation of the liquid flow through the runner (Fig. 9)
also showed that the liquid metal filled the whole of the
cross section as it proceeded in the runner after the filter.
Tt eliminated any chance of surface turbulence and the
creation of double oxide film defects.

In summary, using a ceramic filter in the running
system was found to decrease the melt velocity by 50%
and the cross section of the runmer after the filter should
therefore be increased twofold to keep the liquid metal in
permanent contact with the runner walls. Such a design
almost completely eliminates any chance of surface
turbulence 1n the runmng system and should therefore
produce the most reliable castings possible. Tensile tests
and the Weibull distribution were utilized to confirm this
effect.

Effect of ceramic filter on the mechanical properties:
Figure 10 shows the histogram of UUTS values and Fig. 11
and 12 show the Weibull plots for the ultimate tensile
strengths and percent elongations obtained from the
tensile samples produced by each runmng system
(Unfiltered, Filtered X4 and Filtered X2).

Figure 10 shows that, in all three runming systems,
the UTS histograms are skewed to higher values with
different skewnesses, with Unfiltered and Filtered X2
castings having the most and least scattered properties,
respectively. This is the usual distribution of tensile
properties of Al casting samples (Green and Campbell,
1993), which justifies the use of a flexible distribution, like
the two-parameter Weibull, rather than the usual normal
distribution. The Weibull parameters of UTS and percent
elongation values obtained from different gating systems
are summarised in Table 2 and 3.

(@) 9

3 2

o o o 1 1
c T T T T T T T L]
10 115 120 125 130 135 140 145

UTS (MPa)

Fig. 10: The histogram of the UTS values from the three
different running systems, (a) unfiltered, (b)
filtered X2 and (¢) filtered X4
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Fig. 11: The Weibull plot for UTS values from the three
different running systems

2120



J. Applied Sci., 9 (11): 2115-2122, 2009

2 —e— Unfiltered >

o9 -=-- Filtered X4 ’
80
701
60+
50+
401
30+

20+

Percent

104

1 "
0.5 0.6 07080910 15 20 30 40 s0

Elongation (%)

Fig. 12: The Weibull plot for percent elongation values
from three different mnning systems

Table 2: Summary of Weibull parameters of UTS values obtained from
different gating systems

Wibull Scale R%-
Gating system N modulus (L) parameter (o) value
Unfiltered 22 23.04 132.8 0.976
Filtered X4 22 35.23 135.0 0.954
Filtered X2 22 42.60 134.3 0.972

Table 3: Summary of Weibull parameters of percent elongation values
obtained from different gating systems

Wibull Scale R
Gating system N modithis (A) parameter () value
Unfiltered 22 3.266 2.509 0.951
Filtered X4 22 4.266 3.106 0.962
Filtered X2 22 5.890 3.185 0.922

These results showed that the scale parameter for
UTS and percent elongation values was not changed
considerably by the presence of a ceramic filter or the
change m the cross section of the runner after the filter,
although the Unfiltered castings had the lowest scale
parameters. However, the Weibull modulus was strongly
affected by these two factors. The test bars obtained with
an unfiltered runmng system were associated with a
Werbull modulus of 23.04 and 3.266 for UTS and percent
elongation values, respectively, whereas these values
increased to 35.23 and 4.266 in Filtered X4 samples. The
most reliable casting were produced by a Filtered X2
runmng systemn, with Weibull moduli of 42.60 and 5.89 for
UTS and percent elongation values, respectively.

DISCUSSION

Unpredictability is the most deleterious effect of
double oxide film defects. If a double oxide film enters a
runming system, or 1s created in it, it may or may not find
the chance to enter the mould cavity and, if it enters, its

location in the casting (i.e., attached to the mould wall or
placed at a critical point in the casting) is random. The
presence of double oxide film defects therefore not only
may decrease the tensile properties, but also scatters them
around the mean value and decreases the reliability of the
castings produced. Therefore, the Weibull modulus,
because it actually shows the scale of the scatter in the
data set, can be used as a criterion to assess the amount
of double oxide film defects in castings produced by a
specific method, if the other factors remain constant.

The results showed that the presence of a filter in the
runming system decreases the melt velocity and the
surface turbulence considerably. The filter stopped the
liquid metal for a short time at the beginning of the
pouring and thus caused the sprue to be filled with liquid
metal and become free of surface turbulence quickly. This
eliminated the possibility of double oxide film formation in
the sprue, where the liquid metal has the most surface
turbulence if not filled completely or quickly (Campbell,
2004). The ceramic filter may also have removed some of
the oxide film defects and inclusions that were possibly
present in the liquid metal and may have entered the
runming system during pouring. However, the effect of a
ceramic filter on the removal of double oxide film defects
has not yet been systematically studied. The decrease in
the melt velocity also caused less oxide films to form in
the runmng system. Therefore, even though the formation
of some double oxide film defects after the filter in the
Filtered X4 running system was observed, the Weibull
analysis of the produced castings showed that, compared
to Unfiltered samples, Filtered X4 specimens contained
fewer double oxide film defects. Therefore, the presence
of the filter had a considerable effect on preventing these
defects from forming in the runming system or entering the
mould cavity.

Using a ceramic filter in the rumming system was
found to decrease the melt velocity by 50%. Ths
contradicted the results of Habibollahzadeh and Campbell
(2002), who suggested a 75-80% reduction m the melt
velocity as it passed through a 20-ppi ceramic filter. They
calculated the effect of a ceramic filter on the reduction of
the melt velocity by measuring the velocities of the very
first liquid front with an online X-ray device, as it entered
and exited the filter. This liquid front was considerably
colder and more contaminated than the rest of the metal
and the cold ceramic filter could also have had a
considerable influence on the reduction m velocity. The
method used i this work to measure the decrease m the
liquid velocity due to a filter eliminated this cold metal
effect.

However, the comparison between the Weibull
results of Filtered X4 and Filtered X2 test bars showed
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that, while the average properties of the test bars were
almost unchanged, the scatter n the tensile properties
and hence the amount of double oxide film defects, was
less when the cross section of the rurmer was mcreased
two times as it passed through the filter. This confirmed
the conclusions from the results of the direct observation
of the liqud flow through these two runming systems and
showed that the excess increase in the cross section of
the runner after the filter in Filtered X4 running system
(over what was necessary to keep the metal naturally-
pressurised) caused the formation of some double oxide
film defects in the runner. This is undesirable and
deleterious to the reliability of the castings produced.

CONCLUSION

The direct observation of liquid metal flow through a
ceramic filter and the Weibull statistical analysis of the
mechanical properties showed that the ceramic filter had
a critical role in the reduction of the velocity and the
surface turbulence of the liquid metal and hence, the
creation of double oxide film defects, in a naturally-
pressurised running system.

This reduction in the melt velocity was measured to
be about 50% and the cross section of the runner after the
filter should therefore be designed to be two times larger
than that of the runner before the filter to keep the liqud
metal mn a permanent contact with the mould walls and
slightly pressurised by it. It was shown that if the cross
section of the runner was increased more than this, a
considerable amount of double oxide film defects were
formed after the filter. Such a design decreased the
reliability of the castings produced.

ACKNOWLEDGMENTS

The authors would like to gratefully thank the
International Center for Science and High Technology
and Environmental Sciences, Mahan, Kerman, Iran, who
supported this project under the contract No. 1/2952.

REFERENCES

Campbell, T., 2003. Castings. 2nd Edn, Butterworth-
Hememarm, UK., [SBN: 0750647906,

Campbell, T, 2004, Castings Practice, the 10 Rules of
Castings. 1st Edn., Elsevier Butterworth-Hememann,
Oxford, ISBN: 0750647914,

Cao, X. and I. Campbell, 2003. The nucleation of Fe-rich

phases on oxide films in Al-11.55i-0.4Mg cast alloys.

Metallurgical Mater. Trans. A, 34: 1409-1420.

, M., RA Harding and J. Campbell, 2003.

Optimised running system design for bottom filled

aluminium alloy 2199 investment castings. J. Mater.

Sei., 19: 613-625.

Green, N.R. and J. Campbell, 1993. Statistical distributions
of fracture strengths of cast A1-7S51-Mg alloy. Mater.
Sci. Eng. A, 173: 261-266.

Griffiths, W.D. and N.'W. Lai, 2007. Double oxide film
defects n cast magnesium alloy. Metallurgical Mater.
Trans. A, 38: 190-196.

Habibollahzadeh, A. and J. Camphbell, 2002. Metal flow
through a filter system. AFS Transactions, 02-020.

Khalili, A. and K. Kromp, 1991. Statistical properties of
Weibull estimators. J. Mater. Sci., 26: 6741-6752.

Lo, H.S.H. and I. Campbell, 2000. The modelling of ceramic
foam filters. Modeling of Casting, Welding and
Advanced Solidification Processes IX, Aachen,
Germany, pp: 373-380.

Nyahumwa, C.,N.R. GreenandI. Campbell, 1998. Effect of
mold-filling turbulence on fatigue properties of cast
alummum alloys. AFS Trans., 58: 215-223.

Raiszadeh, R., 2006, A method to study the behaviour
of double oxide film defects in aluminum alloys.
Ph.D. Thesis. Metallurgy and Materials Dep., The
University of Birmingham, Birmingham, UK.

Raiszadeh, R. and W.D. Griffiths, 2008. A semi-
empirical mathematical model to estimate the duration
of the atmosphere within a double oxide film defect in
pure aluminium alloy. Metallurgical Mater. Trans. B,
39: 298-303.

Cox

2122



	JAS.pdf
	Page 1


