The Role of Iron in the Formation of Porosity in Al-Si-Cu-—
Based Casting Alloys: Part I. Initial Experimental

Observations

JA. TAYLOR, G.B. SCHAFFER, and D.H. StJOHN

Outbreaks of interconnected porosity in industrial Al-Si—based alloy castings have, on occasion, been
attributed to variations in metal chemistry rather than to changes in process parameters. This work
identifies the role that iron plays in porosity formation and reports a threefold effect in an Al-5 pct
Si-1 pct Cu-0.5 pct Mg aloy. In addition to a detailed analysis of casting porosity profiles, metallo-
graphic and thermal studies also point to inadequacies in the existing theories regarding the role of
iron and suggest that a new theory is required to understand the observed behavior.

I. INTRODUCTION

MANY commercia aluminum foundries occasionaly
experience serious outbreaks of porosity in low-pressure and
gravity die castings that normally cast well and with low
reject rates. Many process and/or design factors, such as
local thermal conditions, feeding capacity,’? and applied
pressurel® are known to affect porosity formation. Metal-
related factors, including dissolved hydrogen, inclusions,
158 modifying elements,[”8 and other minor element addi-
tiond” can also influence porosity formation. These have
been reviewed by Taylor.*% The cause of sporadic porosity
outbreaks in the foundry is sometimes deemed to be metal
related and may be attributed to a particular batch of aloy,
even though it is within chemical specification.

Although there is anecdotal evidence that iron has a nega-
tive influence on porosity formation, there has been little
prior research on the specific effect of iron. An exception
is the work of lwahori et al.,'*! who found that larger riser
sizes were required in order to avoid the formation of a
shrinkage-porosity defect in castings of an AC2B alloy (Al-
6.8 pct Si-3.2 pct Cu) astheiron level was increased above
0.5 pct (all compositions are given in wt pct). However,
they did not propose a mechanism. Two theories have been
proposed by others to account for the deleterious effect of
iron on porosity.[*>13 Both imply that the level of porosity
should increase monotonically with iron content, but thisis
not consistent with foundry experience.

The current work, based on the doctoral dissertation by
Taylor,[*l describes a systematic study into the effect of iron
on porosity inthe Al-Si-Cu-Mg alloy AA309 (the Australian
equivalent to US code 355). This article presents the results
from an experimental casting program, which point to the
shortfalls in the current theories. Two companion articles
propose a mechanism consistent with observations based on
phase-diagram characteristic§'® and microstructural
development.[26]
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[I. EXPERIMENTAL

A total of 94 cylindrical-shaped AA309 aloy castings
were made using a variant of the improved low-pressure
(ILP) casting process originally developed by Comalco Alu-
minium Limited (Brisbane, Australia). The ILP process is
a precision sand casting process that utilizes an assembly
of resin-bonded mold components and thermal cores (chills).
The mold assembly is filled by underpouring and is then
inverted prior to solidification. The ILP processwas selected
because it is readily used in a laboratory foundry, is easily
modified, and provides a degree of comparison to the low-
pressure die casting process.

Details of the dimensions, assembly, and operation of the
laboratory-variant ILP process used in the present work are
shown in Figure 1. The mold sections (four blocks plus a
cylindrical core) were made from a Pepset resin-bonded
silica sand (of American Foundry Standard 60 grade). The
chill was made of a graphite spray-coated 6063 aluminum
alloy and was molded into one of the sand blocks (uppermost
in the pouring orientation). The mold blocks and core were
clamped together into an invertable cradle. Manua pouring
of the melt into the down sprue allowed an essentialy
underpoured filling of the mold cavity to occur, in which
the influence of the chill was retarded until the mold was
completely full. Upon completion of pouring, the cradle and
mold assembly were inverted to allow gravity-fed, quasi-
directional solidification to take place.

A single batch of a low-iron (0.10 pct), primary AA309
ingot was used throughout asthe base alloy. A standard metal
preparation regime was followed for each casting (Figure 2).
For each casting, approximately 4 kg of metal was melted
in a clay-bonded graphite crucible using a 20 kV induction
furnace. In order to minimize any composition differences
between casts arising from segregation effects within ingots,
each charge was based on a symmetricaly haved as-
received ingot. Iron additions (when required) were made
at 740 °C using ALTAB (London Scandinavian Metallurgical
Company) Fe compacts (75 pct Fe, 15 pct Al, and 10 pct
Na-freeflux) and were held for 10 minutes. No grain refiners
or modifiers were added.

Each melt was degassed, using argon, for 10 minutes at
aflow rate of approximately 5 L/min. Following degassing,
the melts were skimmed and then returned to a pouring
temperature of 745 °C. Melt temperatures above 750 °C
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Fig. 1—The ILP mold assembly used for producing the cylindrical test
castings, showing (a) the pouring mode orientation and (b) the inverted
solidification mode orientation. The key dimensions of the assembly and
casting are expressed in millimeters. The sand block dimension into the
page is approximately 305 mm. The riser diameter varies from 45 to 50
mm along its length. The chill has a locating rim of 10 X 15-mm cross
section and has a rebate 20-mm deep (not shown) to locate the central sand
core. The whole assembly is clamped together in an invertable cradle (not
shown). The clockwise inversion, as shown above, results in the loss of
molten metal from the sprue and runner system only.
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Fig. 2—Schematic representation of atypical melting and alloying regime
for the experimental casts. The actual minimum temperatures varied, but
rarely fell below 700 °C.

were avoided, since these are known to cause changes to
the aluminum-oxide phase type (from y-Al,O5 to a-Al,Os),
which, in turn, favors the formation of different iron-con-
taining phases (B-AlsFeS and a-AlsFesSi,, respec-
tively).'1 All casts were manually poured. A pouring
temperature of 745 °C alowed the melt of approximately
610 °C (near the liquidus temperature) to reach the chill end
of the mold. Inversion of the mold assembly occurred within
2 to 3 seconds after pouring ceased.

The cylindrical test castings were 160-mm long, with an
0.d. andi.d. of 95 and 65 mm, respectively (Figure 1). Three
series of castings were produced for investigation. Four dif-
ferent casting configurations (using combinations of one or
two risers, with or without the end chill) were employed
during stage I, and these are shown in Figure 3. The stage
| castings were made using two different iron levels (the
base composition of 0.1 pct Fe and an upper iron level
of 1.0 pct). During stage Il, the one riser—without chill
configuration (1RNC) (Figure 3) was selected, and castings
with intermediate iron levels (nominally, 0.25, 0.40, 0.55,
0.70, and 0.85 pct) were produced in a random sequence.

1644—VOLUME 30A, JUNE 1999

S S ma——

h
&) =

2 risers & end chill I riser & end chill
2RCh 2RNC 1RCh 1RNC

2 risers without chill 1 riser without chill

Fig. 3—Thefour configurations used to produce the cylindrical test castings
during stage | of the experimental program and the notation used to describe
them. The casting dimensions are shown in Fig. 1.

Finally, in stage Il1, castings were produced at 0.4 pct Fe
in the two riser with chill configuration (2RCh). For each
alloy/configuration combination in the three stages, a mini-
mum of four castings was produced.

Each casting was sectioned into 32 segments (eight 20-
mm-deep cylindrical rings each divided into quadrants), as
shown in Figure 4. The quadrants were designated A, B, C,
and D (where B and D were beneath the risers in the two-
riser system and B was beneath the riser in the single-
riser system). A numeral from 1 to 8, following the letter,
designates the ring number; 1 is closest to the chill, and 8
is closest to the riser.

The densities of these segments were determined using
Archimedes method, with ethanol as the suspending
medium. A precision research balance (resolution 0.00001
g) was used throughout. The porosity of each segment (P,
expressed in volume percent) was calculated by comparing
the measured segment density and the theoretical aloy den-
sity (the latter being derived using the rule of mixtures
on the estimated proportions of al phases present in the
microstructure and the published densities of the intermetal-
lic phased*819), The cal culated maximum error for the mea-
sured porosity of an individual segment arising from the
overall experimental technique was found to be P pct + 0.1
pct for al P levels (=30, i.e., >99 pct confidence). Average
porosity valuesfor whole castings werethen cal culated using

7 Second
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Fig. 4—The cylindrical casting showing the segment designation nomen-
clature and the distances of ring parting lines from the ‘chill’ end. The
casting dimensions are shown in Fig. 1.
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Total Porosity = Background
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Fig. 5—A simplified representation of a measured porosity profile and the
manner in which it was divided into two contributions, termed background
and extended defect. This exampleis the actual profile for a IRNC casting
made from AA309 with 1.0 pct Fe. The x and y scales locate the individual
segment positions and the z scale represents porosity (vol pct), e.g., maxi-
mum porosity level of 4 pct is at B7.

mass-weighted averages of the P values for the 32 compo-
nent segments. Since the errorsin measuring individual seg-
ment porosity values are expected to be normally distributed,
the effect of averaging these porosity values to obtain a
value for the whole casting will be to reduce the overall
error to much less than =0.1 pct.

A porosity profile was determined for each casting using
the 32 individual segment values (an example is shown in
Figure 5). Each porosity profile was further split into two
components, a background value and an “extended-defect”
value, the latter being essentially the size of the localized
shrinkage defect above the general background porosity
level. For any given condition (i.e., aloy and cast configura-
tion), average values of total porosity, background porosity,
and extended-defect size were calculated from the four or
more representative castings. The statistical significance of
the data was analyzed using the Student’s t-test and the
F-test.

Thetype, size, and spatial distribution of both the porosity
and the intermetal lic phases present were examined by opti-
cal microscopy of unetched samples. The size and amounts
of the iron-containing intermetallics (8 plus ) were quanti-
fied using eight fields of 500 X 500 um for each sample.
The length of the largest intermetallic particle observed in
each field was measured and the average value was deter-
mined (Lmax)- AN estimate of the average number of particles
per field area (N) is given by

N = (Havg + 1) (Vavg + 1) [1]

where H,,4 and V,4 are the average number of particles
intersecting the horizontal and vertical centerlines of afield,
respectively. The additions of unity avoid azero valuefor N.

Cast samplesfor composition analysiswere prepared from
each melt. Chemical analysiswas carried out by spark emis-
sion spectroscopy, while hydrogen analysis was by the
LECO* nitrogen carrier fusion technique. Several cylindrical

*LECO is atrademark of LECO Corporation, St. Joseph, Ml.

castings were al so produced with embedded type-K thermo-
couple wires. Data were acquired at a scan rate of 10 Hz
using the LabTech Notebook Software running on a PEN-
TIUM* PC. Various thermal parameters, including local

*PENTIUM is a trademark of Intel Corp., San Jose, CA.

solidification times, cooling rates, thermal gradients, and
times/temperatures of phase formation, were obtained from
this information.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Porosity-prone
= region - 30 mm
(@

below riser
&A=

0.10 % Fe

1.00 % Fe

Porosity (%) Porosity (%)

Distance from
riser end (mm)

Distance from
riser end (mm)

Fig. 6—The effect of (a) 0.10 pct Fe and (b) 1.00 pct Fe on the formation
of porosity in AA309 alloy inthesingleriser without chill casting configura-
tion. The upper drawings illustrate defect formation in the castings. The
lower drawings are representative porosity profiles. Zone B is the riser
quadrant, while zones A, C, and D are the quadrants at —90, +90, and
+180 deg from B, respectively. Note that the development of a major
extended defect occurs around B7 (30 mm from riser end) in the high
iron aloy.

[1l. RESULTS

The porosity profiles that were determined for each of
the individual castings from stage | were initially compared
visually. From this inspection, it was immediately apparent
that, although absolute levels of porosity varied from casting
to casting and from segment to segment, the shapes of the
obtained profiles displayed a consistency of basic shape and
generally showed smooth transitions between the porosity
values of adjacent segments. This provided for ahigh degree
of confidence in the results that follow.

In three of the four configurations used in stage | of the
casting program, i.e., two risers with chill (2RCh), one riser
with chill (1RCh), and two riserswithout chill (2RNC), there
wasno significant changein either profile shape, total casting
porosity, or any substantial evidence of the formation of any
localized shrinkage defectswhen theiron level wasincreased
from the base level of 0.1 pct up to 1.0 pct. However, in
the castings made using the fourth configuration, i.e., 1IRNC,
a major localized region of shrinkage porosity became evi-
dent in the castings with the higher iron level, even although
the average total casting porosity did not change signifi-
cantly. These shrinkage-defect regions were typicaly
focused at the B7 segment (below the riser) and, to a lesser
extent, were also present in the adjacent segments, e.g., A7,
B6, C7, etc., and are shown in Figure 6. Although the size
of this so-called “extended defect” varied from cast to cast,
the Student’s t-test indicated that the mean of the high-iron
extended-defect size is significantly different (to >95 pct
confidence) from the mean size of the equivalent * no-defect”
regions in the corresponding low-iron castings.

Figure 7 shows the average calculated contributions of
the background porosity and the extended-defect size to the
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Fig. 7—The contributions toward the total casting porosity (four-cast aver-
ages) from both the extended defect and the background in the four casting

configurations of stage | at both 0.10 pct Fe and 1.00 pct Fe contents.
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Fig. 8—The average total porosity level vs the actual iron content for each
stage || casting (mass-weighted average of 32 component segments) in the
1RNC configuration. The dashed lines show approximate ranges only. The
validity of the trends was confirmed by statistical analysis of the data. See
text for details.

total casting porosity for the four stage | casting configura-
tions at the two iron contents. Besides further illustrating
the previous findings, this figure also shows that, for both
low and highironlevels, theoverall porosity levelsincreased
as the casting configuration deteriorated from the origina
optimum design of 2RCh to the poorest condition of 1RNC.
Thisisto be expected, since areduction in feeding capacity
(two risersto oneriser) or alowering of the thermal gradient
and cooling rates (resulting from the removal of the chill)
are both deleterious casting actions.

The appearance of the localized shrinkage defect (i.e.,
extended defect), in the vicinity of casting segment B7 at
1.0 pct Fe content in the IRNC configuration, raised the
issue of the development of this defect at intermediate iron
contents. Iron contents of 0.25, 0.40, 0.55, 0.70 and 0.85
pct were selected for investigation during stage Il. Two
factors are apparent from the resultant porosity profiles and
their averaged values of background porosity and extended-
defect size.

First, astheiron content increases, thetotal porosity values
initially decrease, until a minimum value is reached at 0.4
pct Fe, after which further increasesiniron result inincreased
total porosity levels (Figure 8). This minimum is evident
despite the cast-to-cast variations in measured porosity. The
Student’s t-test indicates that the mean porosity at 0.4 pct
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Fig. 9—The size of the extended defect vs the actual iron content for each
of the stage || castings (mass-weighted average of 32 component segments)
in the IRNC configuration. The dashed lines show the approximate ranges.
Student’s t-tests and F-tests confirm that there is a high probability that
the trends are statistically significant. See text for details.

Fe is significantly different (>95 pct confidence) from the
mean values at either 0.1 or 1.0 pct Fe, while an F-test
indicates that the variance is similar at al iron levels except
1.0 pct, where it is much lower. This suggests the minimum
observed at 0.4 pct isreal and that the suggested scatter bands
are valid. There is an inherent variability in the castings,
presumably resulting from the casting process rather than
the alloy composition. This variability may be due to differ-
ences in entrained oxide levels, known to affect porosity
formation.’>62% Oxide formation was only controlled by
adoption of standard melt practices and was not measured
to determine its variability from cast to cast. Hydrogen is
not a major influence on these observed porosity effects in
the experimental castings (as detailed subsequently).

Second, the stage Il castings indicate that the formation
of the extended defect around segment B7 does not occur
until iron contents exceed 0.4 pct (Figure 9). Statistical
analysis indicates that change in the mean extended-defect
size and the variance between the lower iron contents (0.1,
0.25, and 0.4 pct) and the higher iron contents (0.7, 0.85,
and 1.0 pct) are significant to approximately 90 and 95 pct
confidence, respectively. Theimplied difference between the
lower iron results and those of 0.55 pct Fe in Figure 8
is dlightly less certain (different mean, 90 pct confidence;
different variance, 70 to 80 pct confidence), but is still real.
Thismeansthat, astheiron content increases above acritical
0.4 pct value, the formation of extended defects becomes
both more intense and more frequent, as evidenced by a
widening of the scatter band and theincreasein the minimum
measured level. The variable scatter at the lower end of the
supercritical iron range suggests that both good and bad
castings were made, whereas higher supercritical iron con-
tents produced only poor castings. Severa of these high-
iron castings showed evidence of interconnected porosity
leakage paths in some B7 segments.

Although the 2RCh configuration had shown no evidence
of extended-defect formation at high iron levels during stage
I, it was not known if the minimum total porosity would
occur at 0.4 pct. To answer thisquestion, the stage 11 castings
were produced. Porosity values (background and extended
defect) for these 0.4 pct Fe castings in the 2RCh configura-
tion were compared to those of the 0.1 and 1.0 pct Fe castings
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Fig. 10—The average contributions of background porosity and extended-
defect size to the total casting porosity in AA309 alloy castings of three
different iron contents produced in the 2RCh configuration. The extended-
defect sizes are negligible and the lowest total porosity value was observed
a 0.4 pct Fe. A Student’s T-test confirms that there is a high probability
that there is a statistically valid difference in mean values, indicating that
the minimum shaped curve is real. See text for details.

in the same configuration. These data are summarized in
Figure 10 and show that, although this configuration does
not favor extended-defect formation at high iron levels, a
minimum total porosity value does occur at an intermediate
iron content. However, it is not possibleto definitively deter-
mine from these results whether the actual minimum value
occurs exactly at 0.4 pct Fe or at some other iron content.
The mean porosity value obtained at 0.4 pct Fe differssignifi-
cantly from the mean values at both 0.1 and 1.0 pct Fe, to
a confidence level of at least 90 pct.

Optical metallography reveaed that significant porosity
only formed at iron contents greater than 0.4 pct and that it
was concentrated around the B7 region of the castings. Fig-
ure 11 shows the pore morphology in the B7 segments of
the stage | castings. At the low iron content (0.1 pct), the
predominant pore morphology is discrete individual pores
with rounded-to-elongated shapes. This was invariant with
changing casting configurations. However, at the high iron
content (1.0 pct), the predominant morphological form is
interdendritic sponge porosity (which becomes increasingly
more interconnected as the casting conditions are degraded).

Figure 12 shows the trends in porosity of the B7 segment
with changing iron content in the IRNC casting configura-
tion (stage I1). When the iron concentration is below 0.4
pct, the porosity remains unconnected, although the morpho-
logical form shifts from discrete individual pores to small
sponge regions at 0.25 and 0.4 pct Fe. At higher iron con-
tents, sponge porosity is the predominant form and becomes
increasingly interconnected, such that leakage paths are
formed.

Two iron-containing intermetallic phases were evident in
the microstructures of the AA309 alloy. Theseare B-AlsFeSi
and 7AlgMgsFeSis. The former occurs in the interdendritic
and intergranular regions as platelets (appearing as needles
in metallographic sections) and the latter occurs as either a
Chinese-script phase or an indefinite-shaped peritectic phase
growing from and/or coating the 3 platelets. In general, apart
from the 0.1 pct Fe aloy in which there was more Chinese-
script 7 phase than g, the principal phase at al other iron
contents is B. The presence of B platelets at both low (0.1
pct) and high (0.85 pct) iron contents in the AA309 aloy
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Fig. 11—Optical micrographs of porosity in selected B7 segments of the
stage | castings at both the low and high experimental iron contents in the
four casting configurations.

is highlighted in the micrographs of Figure 13. The distribu-
tion of the B platel ets within the microstructure was inhomo-
geneous, because of variations in the size and location of
the interdendritic Al-Si eutectic regions where the 8 phase
forms. The maximum observed length of theiron-containing
intermetallic particles and the average number of these parti-
cles per field, in the defect-prone B7 segments of the IRNC
castings, increased linearly as the iron content increased.

Chemical analysis of al melts from stages | and |l gave
an average composition of the AA309 alloy castings as 5.12
pct Si, 1.18 pct Cu, and 0.50 pct Mg. The iron levels were
generaly lower than the target composition by approxi-
mately 0.05 pct. Hydrogen analyses showed that bulk hydro-
gen contents ranged from 0.03 to 0.20 ppm (average 0.08,
1o = 0.03). These contents are relatively low, are consistent
with the application of the standard degassing method, and
indicate that shrinkage (rather than hydrogen gas) is likely
to be the dominant cause of porosity in the experimental
castings. This was confirmed by comparing the hydrogen
content to the measured total porosity and extended-defect
size for stage | and Il castings. No correlations were
observed. The hydrogen concentration was also independent
of iron content.

Average local cooling rates for individual segments were
defined in terms of the time taken from the point at which
solidification starts in the chill region (610 °C) until the
segment temperature drops to 500 °C (the start of the final
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Fig. 12—Optical micrographsof the porosity found in selected B7 segments
of stage|l castingsin 1RNC configuration. The numbers on the micrographs
represent the iron contents expressed in weight percent.

quarternary reaction defined by Backerud et al.?4). For both
stagel and |1 castings, the cooling rate for any given segment
in any given configuration is essentially independent of iron
content. Averaged values between the castings are, there-
fore, used.

The differences in local cooling rates at any segment
between the four stage | casting configurations were primar-
ily afunction of the chill. At the “chill” end (segment B1),
there was an order-of-magnitude difference between the chill
and no-chill conditions, i.e., 7.9 °C/s (1RCh) and 0.40 °C/s
(1IRNC). At the “nonchill” end (segments B7 and B8), how-
ever, the differencesin cooling rateswere minimal; i.e., 0.38
°Cls (1RCh, segment B8) and 0.30 °C/s (1RNC, segment
B8) and 0.44 °C/s (1RCh, segment B7) and 0.31
°Cl/s (1RNC, segment B7).

Although the thermal gradients are relatively low and flat
in the IRNC configuration (between 0.1 °C/mm and 0.6
°C/mm at B7 compared to 0.3 °C/mm to 1.3 °C/mm &t B1),
there is, nevertheless, nominally directional solidification
toward the riser. Thermocouples in the riser body and the
riser neck indicate that solidification finishes in the riser
body without any evidence of freezing off in the neck region,
i.e., time to 100 pct solidification at Ryogy > Ruek > B8 >
B7. This suggests that the defect-prone B7 region solidifies
under essentially directional conditions. It is interesting to
note that, although the thermal gradients at B1 in the chilled
castings were an order of magnitude greater than those at
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Fig. 13—Optical micrographs showing the B-AlsFeSi platelets (arrowed)
in the microstructures of AA309 aloy containing (a) 0.1 pct Fe and (b)
0.85 pct Fe. Other phases, notably silicon, can be seen at the surface of
the B platelets.

B1 in the no-chill castings, the gradients around the defect-
prone B7 region wereonly slightly improved by the presence
of the chill (0.4 °C/mm to 0.6 °C/mm compared to 0.1
°C/mm and 0.6 °C/mm (no-chill)).

Backerud et al.?! suggested that seven reactions should
occur during solidification of an equivalent aloy (alloy
C355.2). These are

(1) Liquid — Al dendrite formation

(2) Liquid - Al + AlgFeSi

(3) Liquid —» Al + Si + AlsFeSi

(4) Liquid + AlsFeSi —» Al + Si + AlgMgsFeSig
(5) Liquid —» Al + S + M@,Si + AlgMgsFeSig

(6) Liquid - Al + Al,Cu + AlsFeSi + S

(7) Liquid - Al + Al,Cu + Si + AlsMggCusSis

Figure 14 showsthese reactions on atypical cooling curve
and its derivative, where reactions 3 and 4 are superimposed
on each other, as are reactions 5 and 6. Because of the low
Cu and Mg contentsin the AA309 alloy, reactions 5 through
7 are relatively insignificant and occur much too late in the

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 14—Typical cooling curve for the B7 segment (1RNC, 0.7 pct Fe)
showing the inflections/peaks associated with the seven reactions described
by Backerud et al.l?!! See text for details.

solidification sequence to provide the level of shrinkage
required for major defect formation.

Reaction 2 (the formation of Al-AlsFeSi) only occurred
in stage | in the high-iron (1 pct) aloys. The size of the
peak increased as the cooling rates decreased (i.e favored
by the no-chill conditions and increased distance from the
chill end). During stage |1, reaction 2 did not occur at all at
the lower iron levels of 0.1 to 0.4 pct, but became prominent
at 0.55 pct Fe and above, occurring earlier and at higher
temperatures as the iron content increased toward 1.0 pct
(Table ). Reaction 2 was also affected by the local cooling
rate (i.e., casting location), with slow cooling rates resulting
in higher temperatures of formation and longer delays until
maximum phase formation occurred.

Eutectic silicon formation in the AA309 alloy (reactions
3 and 4) occurs between 560 °C and 550 °C and is essentially
independent of iron content at al cooling rates. Since Al-
AlsFeSi formation is extremely dependent on iron, the inter-
val between these two regimes is also iron-content depen-
dent. For any given cooling rate, both the temperature
interval and time interval increase as the iron content
increases. The average values of the temperature interval
for iron contents >0.55 pct are shown in Table II.

V. DISCUSSION

The results indicate that iron exhibits a strong threefold
influence on porosity and shrinkage-defect formation in
aloy AA309 (in the unmodified, nongrain-refined condi-
tion). The three aspects of this iron-porosity effect are

(1) the development of a localized shrinkage-porosity
defect, at iron contents above approximately 0.4 pct, in

Table!l. Temperatures of Formation of Pre-Eutectic g
Phase at Three Locations within Stage Il Castings with
Iron Contents from 0.55 to 1.00 Weight Percent

Temperature (°C)

Iron Bl B7 B8
(Wt Pct) Chill End Defect Zone Riser End
0.55 558 569 572
0.70 569 575 580
0.85 582 581 578
1.00 584 586 587
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Tablell. Temperature Intervals between the Formation of
Pre-Eutectic B Phase and Eutectic Al-Si at Three
Locations within Stage I Castings with Iron Contents from
0.55 to 1.00 Weight Percent

Temperature (°C)

Iron B1 B7 B8
(Wt Pct) Chill End Defect Zone Riser End
0.55 11 12 17
0.70 17 20 23
0.85 26 26 29
1.00 31 32 33

castings produced under poor cooling and feeding
conditions;

(2) theoccurrence of aconfiguration-independent minimum
total porosity and minimum background porosity values
at this same critical iron content; and

(3) a change in pore morphology from discrete isolated
pores of rounded and elongated shape to regions of
spongy interdendritic porosity at iron contents above
0.1 pct.

The iron-porosity relationship is not monotonic. Indeed,
iron is not solely a detrimental element. Up to the critica
iron content, there are beneficial effects. Thereafter, there
is a deleterious contribution from iron toward porosity for-
mation, but it isonly apparent under poor casting conditions.
The value of 0.4 pct Fe, at which the minimum in porosity
occurs, aso represents the highest iron value without any
evidence of reaction 2. It is also noteworthy that the value
of 0.4 pct Fe is consistent with industrial experience with
the AA309 alloy, which has shown that occasional outbreaks
of high reject rates for “leakers’ in cylinder heads may be
associated with iron levels slightly greater than this.[??

Although the deleterious role of iron on castability and
porosity formation has been noted by others,*1223 the sug-
gestion that there might also be a beneficia effect of iron
on porosity formation under certain conditions has not been
reported previously. To date, only two basic mechanisms
have been proposed in the literature to account for the delete-
rious role of iron in porosity formation in aluminum alloys.
The first of these can be termed the “restricted feeding
theory” and the second, the “pore nucleation theory.” .

The former theory, as originally proposed by Mascrel*2
and more recently by others,[*+2% suggeststhat the 8-AlsFeSi
intermetallic platelets restrict feeding. Since the platelets
formintheinterdendritic channelsduring solidification, they
cause physical restrictionsto the movement of compensatory
feed liquid. Regions undergoing shrinkage cannot be fed
adequately and porosity islikely to form as aresult. lwahori
et al.[*¥ introduced the concept of a metal feeding-limit
temperature below which feeding is restricted and shrinkage
defects arise. For alloy AC2B (approximately 6.8 pct Si and
3.2 pct Cu), the limiting temperature was found to be con-
stant at 570 °C, up to iron levels of 0.5 pct, but to increase
thereafter with increasing iron content. This trend is similar
to the onset of Al-AlsFeSi formation above 0.4 pct Fe noted
here and to the increasing formation temperature as the iron
content increases. However, an increase in the 8 phase per
se cannot be the cause for increased shrinkage porosity,
since the present observations show that 3 is present in the
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microstructures even at iron contents below 0.4 pct (Figure
13). This suggests that it is the origin of the B phase, rather
than the nature of and/or the quantity and size of the 8 phase
itself, which islikely to influence the formation of porosity.
The existing restricted-feeding theories are, therefore, not
capable of explaining the reduction in porosity levels
observed as the iron content increases to 0.4 pct.

The second theory, as proposed by Roy et al.,l*¥ suggests
that B platelets are active pore nucleation sites and also
physically constrain the growth of the pores and, so, influ-
ence the ultimate pore shapes. The implication is that, since
the size and amount of the B platelets increase with iron
content, there should also be a monotonic increase in the
number of pores.

The primary objection to the pore nucleation theory is
the observation that, at least up to iron levels of 0.4 pct,
there does not appear to be an increase in the actual number
of pores observed in any given area. Moreover, the presence
of large clusters of B platelets within a particular area of
the microstructure does not of itself lead to the formation
of more pores. It might be argued that the breakdown of the
larger elongated pores observed in the 0.1 pct Fe castings
to the smaller spongy pore regions observed at higher iron
contents is evidence of increased pore nucleation (Figures
11 and 12). However, these spongy pore regions are three-
dimensional objects rather than the two-dimensional planar
artifacts observed by optical microscopy. That is, the sponge
regions may be single pores that follow the contours of the
three-dimensional dendrite arms through several grainsin a
tendril-like manner. Although the pore-nucleation aspect of
this theory also appearsincapable of explaining the observa-
tions of the present investigation, the growth-restricting/
shape-forming aspect of the theory does, nevertheless,
appear to be consistent with the current results.

Theexperimental dataillustratethat theiron-porosity rela-
tionship is somewhat more complex than a simple incremen-
tal function based on feeding restrictions by the 8 phase or
pore nucleation from the B phase. This suggests that a more
complex multidimensional theory isrequired, by which both
the beneficial and detrimental effects of iron on porosity
formation can be explained. The devel opment of this theory
is the subject of two companion articles.[*516]

V. CONCLUSIONS

1. Iron added deliberately to a commercial, unmodified,
nongrain-refined Al-Si-Mg-Cu alloy (designated AA309)
causes a threefold porosity effect that is dependent on
both the concentration of iron and the prevailing solidifi-
cation conditions. The three aspects of the effect are as
follows.

The overall porosity level decreases with iron content
until aminimum value occursat 0.4 pct Fe. Asfurther iron
additions are made, the overall porosity level increases.

A change in pore morphology from discrete isolated
pores to spongy interdendritic pores occurs even at small,
deliberate additions of iron. These spongy regions
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become increasingly connected as the iron content
increases above 0.4 pct.

Under the poorest cooling and feeding conditions,
increasesiniron content above 0.4 pct lead to the devel op-
ment of a major, localized shrinkage defect.

2. Current theories regarding the deleterious role of iron on
porosity formation are unable to explain the occurrence
of a minimum in porosity a an intermediate iron level.
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