The Role of Iron in the Formation of Porosity in Al-Si-Cu—
Based Casting Alloys: Part Il. A Phase-Diagram Approach

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

The mechanism by which iron causes casting defects in the AA309 (Al-5 pct Si-1.2 pct Cu-0.5 pct
Mg) may be related to the solidification sequence of the aloy. Superimposing calculated segregation
lines on the liquidus projection of the ternary Al-Si-Fe phase diagram suggests that porosity is
minimized at a critical iron content when solidification proceeds directly from the primary field to
the ternary Al-Si-BAlsFeSi eutectic point. Solidification via the binary Al-BAlsFeSi eutectic is detri-
mental to casting integrity. This hypothesis was tested by comparing the critical iron content observed
in the standard AA309 aloy to that of a high-silicon (10 pct Si) variant of this alloy.

[. INTRODUCTION

| RON is known to cause porosity and shrinkage defects
in Al-Si—based casting alloys. It has been suggested*~* that
the intermetallic phase B-AlsFeSi is the primary cause of
this porosity. The “restricted feeding theory”2% suggests
that B platelets interfere with liquid feeding, whereas the
“pore nucleation theory” [ suggests that the 3 platelets are
active sites for pore nucleation. Both of these theoriesimply
that porosity should increase monaotonically with iron con-
tent. However, the results from Part | of this study!™ clearly
indicate that thisisnot the case. Whilewe found that porosity
formation is afunction of the iron concentration, a complex
threefold effect was also identified. For an unmodified, non-
grain-refined, Al-5.2 pct Si-1.2 pct Cu-0.5 pct Mg aloy
(Australian designation AA309; all compositions given in
wt pct), the specific features of this effect are that

(1) the total porosity is minimized at 0.4 pct Fe,

(2) a localized shrinkage-porosity defect (termed the
“extended defect”) develops at iron concentrations
greater than 0.4 pct under nonoptimum casting condi-
tions, and

(3) there is a change from a discrete pore morphology at
0.1 pct Fe content to zones of spongelike interdendritic
porosity at higher iron levels.

The previous theories are clearly inadequate in explaining
these observations. In this article, we propose an alternative
model based on the Al-Fe-Si phase diagram and the corres-
ponding solidification sequences. We also test the predic-
tions of this model using an Al-10 pct Si aloy. The
microstructural basis for this hypothesis is discussed
elsewhere.[®

[I. A SOLIDIFICATION MODEL

Equilibrium solidification is based on the assumption that
diffusion in both the liquid and solid phases isinfinitely fast
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and that equilibrium concentrations are maintained in both
phases at all times.!”! It requires the following condition to
be maintained for each element:

Co

R ) .

where Cg and C, are the concentrations of each element in
the original melt and in the decreasing liquid phase, respec-
tively; fs is the instantaneous fraction solid; and k is the
partitioning coefficient for the element.

Solidification based on the nonequilibrium lever rule fol-
lows the Scheil equation!” and isfounded on the assumption
that there is complete diffusion within the liquid phase but
that no diffusion occursin the solid phase. The concentration
of each element in the liquid is then

C. = Co( — 19D 2

A third solidification model assumes full diffusion within
the liquid but only partia diffusion within the solid. The
modified equations of Clyne and Kurz® give the concentra-
tions as

CL = Co{l — (1 — 2a' K)fgk Da-20k) (3]
where o is the back-diffusion parameter, defined by
a = ol — e Y*)—0.6e V2« (4]

where a = D4;/L?, Dsis the solid-state diffusion coefficient
of the element, t; is the local solidification time, and L is
the size of the solidifying system. For equiaxed microstruc-
tures, L = SDAS/2, where SDAS is the secondary dendrite
arm spacing. The values of these parameters for the experi-
mental conditions used here are

kee = 0.02 and kg = 0.11,

Dre = 5.3 X 1073 exp (—183.4 kJ mol ~YRT) (measured
in m?/sc),

Dg = 2.0 X 107* exp (—133.5 kJ mol"Y/RT) (measured
in m?/sc),

R = 8.31 X 103 (the universal gas constant, measured
inkJmol~1 K1),

T = 873 K (a constant value chosen to best represent
avariable),

ty = 360 seconds (approximate solidification time of the
extended-defect region in the experimenta castings
described elsewherd®), and
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Fig. 1—The segregation lines (i.e., freezing/solidification paths) across the
liquidus surface of the Al-Fe-Si ternary phase diagram, cal culated according
to three solidification models for AA309 alloy with various iron contents.
The values of fraction solid at the intersections with the eutectic troughs
a pointsa, b, ¢, and d are approximately 35, 46, 57, and 61 pct, respectively.
The precise position of the ternary eutectic point, T, is disputed.

SDAS = 80 um (value obtained at B7 for the one riser
without chill (1RNC) casting, AA309, 0.40 pct Fe)

Using thesevaluesin Eq. [1] through [3] allowsthe calcu-
lation of segregation lines. These are superimposed over
the liquidus projection of an abridged Al-Fe-Si ternary
equilibrium-phase diagram in Figure 1. It is evident from
this figure that there is very little difference between the
different solidification paths obtained by the three methods.
This validates the method of Backerud et al.,!® who used
the ternary Al-Fe-Si phase diagram and a set of segregation
lines derived from the Scheil equation to represent the solidi-
fication paths for al iron-containing hypoeutectic Al-Si—
based 300-series dloys, regardless of the copper or
magnesium content. Their approach is, therefore, followed
here.

The critical defect-prone region in the castings prepared
during the previous experimental work!® experienced rela-
tively slow cooling rates, e.g., 0.3 °C/sto 0.4 °C/s. The use
of the equilibrium-phase diagram is, therefore, a reasonable
approximation. Nevertheless, a few limiting factors remain.

(1) The precise composition of the ternary eutectic point of
the Al-Fe-Si system is disputed, with ranges from 0.4
to 1.0 pct Fe and 11.3 to 12.0 pet Si.l*% The value of
11.5 pct Si and 0.80 pct Fe, as proposed by Phillips and
Varley™ and favored by others[®'% is used in this
article.

(2) The position of the binary Al-Si eutectic line is affected
by both the cooling rate and the presence of small
amounts of chemical-modifying elements and is, there-
fore, poorly defined.

(3) The position of the triple point between the aluminum,
a-AlgFe,Si, and B-AlsFeS phase fields is sensitive to
the cooling rate and to the presence of impurities such
as Mn.

(4) Elements such as Cu and Mg, present in the AA309
aloy, are known to ater the ternary eutectic tempera-
ture.l' Whether they also displace the composition of
any of these critical pointsisunclear, athough Backerud
et al.[¥ ignore any effect.
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Fig. 2—The segregation lines (solidification paths) across the liquidus sur-
face of the equilibrium Al-Fe-Si ternary phase diagram for a 10 pct silicon
alloy with variousiron contents, cal culated according to the Scheil equation.
Thefraction solid values at theintersectionswith the binary eutectic troughs,
designated points a, b, ¢, and d are approximately 8, 14, 15, and 16
pct, respectively.

Figure 1 suggests by interpolation that, at approxi-
mately 0.35 pct Fe in AA309, solidification proceeds from
the primary aluminum phase field directly to the ternary Al-
Si-BAlsFeS point. At lower iron concentrations, solidifica-
tion occurs via the Al-Si binary eutectic valley, whereas, at
higher iron concentrations, solidification occurs via the Al-
BAIlsFeSi binary eutectic valley. The possible solidification
sequences are

Fe < 0.35 pct: Liquid - Al - AI-S binary - Al-Si-
AlsFeS ternary,

Fe = 0.35pct: Liquid - Al - Al-Si-AlsFeSi ternary, and

Fe > 0.35 pct: Liquid - Al - Al-AlgFeS binary —
Al-Si-AlsFeSi ternary.

The iron concentration at which the solidification
sequence changes is, therefore, defined as the critical
point (Fei).

The previous experimental work!™ indicated that the low-
est level of porosity formed at 0.4 pct Fe. The proximity of
this empirical value to Fe.;; suggests that porosity may be
minimized when solidification proceeds from primary den-
drite formation directly to theternary eutectic. Any deviation
from this solidification path encourages porosity formation.
Although deviations arising from lower iron contents result
in increased total porosity, it is the deviations at higher iron
contents that are of greatest concern. The severity of the
resultant shrinkage defects is dependent on the distance of
theintersection point (i.e., wherethe solidification path inter-
sects a eutectic valley and changes direction) from the ter-
nary eutectic point. The further the intersection point from
the ternary eutectic, the more pronounced are the defect-
forming effects.

Given that the segregation lines are alloy dependent, it
should be possibleto usethismodel to predict porosity-prone
solidification paths in Al-Si—based aloys. Furthermore, it
should also be possible to predict the actual critical iron
level for different base alloy compositions. Thiswould allow
the model to be experimentally tested. To this end, segrega-
tion lines are superimposed in Figure 2 on the liquidus
projection of the Al-Fe-Si phase diagram for an Al-10 pct
Si alloy. Because there is no significant difference between
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Fig. 3—Extended-defect size vs nominal iron content for IRNC castings
produced with the 10 pct silicon-containing alloy. The scatterbands (dotted
lines) are not statistically derived and have been drawn assuming that the
three circled points are abnormal in some respect. See text for details.

the three segregation models in this system, only the Scheil
lines are plotted in this figure. From this construction, the
critical iron level for an Al-10 pct Si alloy should be 0.7
pct. Theimplication isthat aporosity minimum should occur
at 0.7 pct Fe and that extended-defect formation should only
become apparent at richer iron levels.

1. EXPERIMENTAL

Alloy preparation, casting procedures, and analytical test-
ing methods have been described in detail in Part | of this
article.!® However, conditions specific to this article are
described subsequently.

The 10 pct silicon-containing alloy was prepared from
the base AA309 ingot with an addition of low-impurity
metallurgical-grade silicon metal, such that the final alloy
composition was approximately Al-10 pct Si-1.15 pct Cu-
0.5 pct Mg-0.1 pct Fe. The crushed silicon and the ingot
charge were melted together in a clay-bonded graphite cruci-
blein a20 kV induction furnace. Complete dissolution was
accomplished by holding the melt for 10 minutes at 740 °C
(the same period in which any iron additions were also
made). After following the standard thermal regime, the
alloy was cast at 715 °C (the pouring temperature that
allowed a melt of near-liquidus temperature, i.e. 580 °C,
to reach the “chill” end of the casting before inversion of
the mold).

A total of 28 cylindrical castings were produced in the
1RNC configuration (using a variant of the improved low-
pressure casting technique described in Part | of this arti-
cle®) at iron contents of 0.1, 0.4, 0.55, 0.7, 0.85, 1.0, and
1.2 pct. In addition, a further six castings were made in the
two riser without chill (2RNC) configuration at iron contents
of 0.1 pct (four castings) and 1.0 pct (two castings).

Porosity profile determination, optical metallography
(both qualitative and quantitative), and cooling-curve analy-
sis were carried out in a similar manner to that described
previously.[®!

IV. RESULTS

Porosity profileswere determined for each of the castings,
and the average values of total porosity, background porosity,
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Fig. 4—The average contributions of both the extended-defect and the
background porosity to thetotal casting porosity vsthe nominal iron content
for the IRNC 10 pct Si aloy castings (including the three possible outlying
points shown in Fig. 3).

and extended-defect size were calculated for each of the
experimental iron contents. The definition of the extended
defect is described elsewhere It is essentialy the size
of the localized defect peak (over severa adjacent casting
segments) above ahypothetical smooth background-porosity
profile that would have been evident in its absence.

The effect of iron is manifest in the size of this extended
defect. It is plotted in Figure 3 as a function of the iron
content for the poorest casting condition tested (1RNC). All
the data collected, including three possible outlying points,
areindicated in thisfigure. The sum of the average extended-
defect size and the average background porosity is plotted
as afunction of iron content in Figure 4 (for all data points)
and in Figure 5 (outlying data points omitted). It is apparent
from these figures that the least porosity occurs at either
0.85 pct Fe (Figure 4) or 0.7 pct Fe (Figure 5) and that,
when the outlying points are ignored, the extended defect
only occursat iron contents greater than 0.7 pct. Thesetrends
and valuesare aspredicted. Thejustification for the omission
of the outlying points is discussed later.

The extended defect in the high-silicon alloy was not as
precisely located in the B7 region as it was in the lower
silicon AA309 alloy. Rather, the extended defect was more
often spread over a wider area, with a dlightly offset focus
around segment C6. This is illustrated in Figure 6.

127 B Extended-Defect
Background

Porosity (%)

0.10 025 040 055 070 085 1.00 1.20
Nominal Iron Content (%)

Fig. 5—The average corrected contributions of both the extended-defect
and the background porosity to the total casting porosity vs the nominal
iron content for the IRNC 10 pct Si aloy castings. The corrections are
obtained by neglecting the three outlying points shown in Fig. 3.
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Fig. 6—Porosity profiles of two individual casts: (a) 10 pct Si aloy with
1.20 pct Fe and (b) AA309 aloy with 1.00 pct Fe. The example in (a)
shows a broad defect shifted toward segment C6, while (b) shows atighter
defect located around B7.

150

The background porosity and the size of the extended
defect for the 2RNC configuration was also evaluated for
0.1 and 1.0 pct Fe levels in the AI-10 pct Si alloy. These
results are presented in Figure 7. Adding a second riser
decreases the total porosity observed, although it does not
prevent the formation of the extended defect at the highest
iron level. In the 2RNC castings with 0.1 pct Fe, there was
no evidence of extended-defect formation. By contrast, an
observable extended defect did form at even thislowest iron
level in the IRNC configuration.

Optica metallography revealed that the porosity in the
defect-prone segments was predominantly of the spongy
interdendritic type. The discrete, individual pores of
rounded-to-elongated shape, observed previously in aloy
AA309 with 0.1 pct Fe content,™ were not so obviously
present in the 10 pct silicon aloy with 0.1 pct Fe, although
there was indication of a mixture of discrete and intercon-
nected pore types. The wide range of porosity levels
observed at the subcritical iron contents (i.e., including outly-
ing points) makes categorization of iron-related morphol ogi-
cal changes difficult (cf the AA309 alloy). However, it is
evident that extensive interconnection of sponge porosity
regions does occur at the super critical iron contents of 1.0
and 1.2 pct.
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Fig. 7—The average contributions of background porosity and extended-
defect size to the total casting porosity in 10 pct silicon aloy castings at
two different iron contents in two different casting configurations.

Quantitative metallography of the iron-containing 8 and
arintermetallic particle sizes and numerical density revealed
an approximately linear increase in both of these parameters
with increasing iron content.

Cooling-curve analysis of a solidifying casting (Al-10
pct Si containing 0.85 pct Fe) indicated that directional
solidification occurs from the chill end toward the riser in
the 1IRNC configuration. The range of local cooling rates
measured was from 0.40 °C/s to 0.21 °C/s at B1 and B8,
respectively. However, because of the greatly extended
period of eutectic solidification in the 10 pct silicon aloy
(240 secondsat B7 (cf that of 110 secondsat B7 for AA309)),
thethermal gradientseffectively drop to zeroin many regions
of the casting for prolonged periods.

V. DISCUSSION

The observation that increasing the silicon content from
5 to 10 pct changes the onset of the iron-related shrinkage
defect from 0.4 to 0.7 pct serves to validate the hypothesis
that the solidification sequence controls the formation of
porosity. Porosity is minimized if solidification proceeds
directly from primary dendrite formation to the ternary Al-
Si-BAlsFeSi eutectic point. Furthermore, a highly localized
defect can occur when solidification proceeds via the binary
Al-BAlsFeSi eutectic. As presented in Figures 3 through 5,
however, this trend is most apparent in the Al-10 pct Si
alloy when certain outlying points are omitted from the
analysis. This approach is valid, because there is strong
evidence that the outlying points arise as a consequence of
the porosity formation becoming dominated by poor casting
conditions rather than by alloy chemistry.

Porosity resultsfrom the 10 pct silicon all oy castings made
using theimproved feeding conditions (2RNC) show amore
distinct influence of iron additions than was observed in the
1RNC condition. In the 2RNC case, the 0.1 pct Fe aloy
showed a reduced tendency toward significant extended-
defect formation (Figure 7). This suggests that the outlying
extended-defect formationinthe Al-10pct Si alloy at subcriti-
cal iron contents, in the IRNC configuration, is the result of
insufficient feeding capacity for this particular alloy (cf
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Fig. 8—A portion of the liquidus projection of the Al-Fe-Si ternary phase
diagram showing the calculated line (bold) that defines the compositions
a which the solidification sequence, according to the Scheil equation,
proceeds directly from aluminum dendrite formation to the ternary eutectic
formation (at point T) without traveling along one of the binary eutectic
troughs (either AT or BT). To ensure that serious iron-related shrinkage
porosity defects do not occur, it is suggested that compositions below the
bold line be chosen.

AA309in IRNC) rather than aconsequenceof iron content.
Thisisprobably dueto theflatter thermal gradientsinthe Al-
10 pct Si aloy that arise from the greatly extended period of
eutectic solidification. Thelack of adistinct transitionin pore
morphology inthe 10 pct silicon aloy (in contrast to that pre-
viously observed in AA309) may also be rationalized on the
basis of this poorer feeding response.

It is apparent that the casting conditions in the 1IRNC
configuration are so poor for the 10 pct silicon aloy that
the iron effect is masked, unless statistically anomalous
points are omitted from the analysis. Adding a second riser
improves the casting performance of the alloy, which makes
thetest more sensitiveto theiron level. Given that no anoma-
lous points arose when the second riser was used, this sug-
gests that it may have been preferable to employ the 2RNC
configuration throughout this stage of the program, rather
than the 1RNC configuration. The latter configuration had
been chosen because it had clearly highlighted the iron-
porosity effect in the AA309 alloy.

As for AA309, the linearly increasing sizes and number
density of iron-containing intermetallic particles observed
in the microstructure of the Al-10 pct Si aloy continue to
suggest that it is not the presence of the 8 phase per se, but
rather the point at which it forms during solidification, that
isthecrucial issuein determining porosity-forming behavior.
The reason why this should occur is the subject of an addi-
tional article.®!

The experimental success of using the model based on
the Al-Fe-Si phase diagram as a predictive tool for the 10
pct silicon alloy suggeststhat it may also have wider applica-
bility. To this end, a diagram has been constructed which
plots the line of starting alloy compositions (Si and Fe)
for which a Scheil-type solidification path results in the
formation of the Al-Si-BAlsFeSi ternary eutectic directly
after aluminum dendrite formation, without the formation
of any other intervening phase (Figure 8). For compositions
below the line, the Al-Si binary eutectic will form as an
intermediate phase, and iron-related shrinkage-porosity
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defects do not form. However, similar extended defects may
form regardless of iron content if the casting conditions are
sufficiently poor that they dominate porosity formation. For
compositionsabovetheline, the Al-BAlsFeSi binary eutectic
forms as the intermediate phase, and iron-related shrinkage-
porosity defects are likely to form under poor casting condi-
tions. This line alows the prediction of the critical iron
content for any given silicon content through the rel ationship

Feyi ~ 0.075 X pct Si — 0.05 [5]

It should be noted that both the original AA309 aloy and
the present Al-10 pct Si aloy are unmodified, nongrain-
refined, and contain approximately 1.2 pct Cuand 0.5 pct Mg.
Caution should, therefore, be exercised in the indiscriminate
extension of this predictive model to other alloy conditions.

VI. CONCLUSIONS

The onset of highly localized porosity formation during
the solidification of an Al-5 pct Si aloy (AA309) only occurs
at iron contents greater than 0.4 pct. For an aloy with a
silicon content of 10 pct, this defect-onset composition is
shifted to 0.7 pct Fe. This is explained in terms of the
solidification sequence, based on segregation lines calcu-
lated using the Scheil equation. Casting is optimized when
solidification proceeds directly to the ternary Al-Si-AlsFeSi
eutectic point, whereas the casting outcome is poor when
solidification proceeds via the binary Al-AlsFeS eutectic
valley. The critical iron content at which the porosity is
minimized is a function of the silicon content of the alloy.
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