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Chapter

Effect of Casting Processes, Rare
Earth Metals, and Sr Addition on
Porosity Formation in Al-Si Cast
Alloys

Ehab Samuel, Agnes M. Samuel, Victor Songmene
and Fawszy H. Samuel

Abstract

The present work was carried out on A413.1cast alloy that was characterized by
short freezing temperature range. Measured amounts of high purity (99.99%) rare
earth metals (Ce, La, La + Ce) were added to the non-modified and Sr-modified
molten metal. Three casting molds were used viz., graphite mold heated at 600°C
for the purpose of obtaining solidification curves, metallic mold with three variable
opening angles heated at 350°C, and a step-like metallic mold heated at 200 and
400°C. The main results are earth metals (RE) would lead to porosity formation in all
molds with increase in its percentage in Sr-modified alloys. Since the maximum a-Al
network formation temperature is in the range of 575-580°C, some of the RE may pre-
cipitate in the liquid state leading to blocking the flow of the liquid metal. However,
considering the metal was degassed using high purity argon gas, most of the observed
porosities are of shrinkage type. In addition, increasing the amount of used RE, and
hence percentage of unsoluble intermetallics results in marked decrease in the alloy
strength. The only observed advantage is the effectiveness of La is reducing the alloy
grain size due to its low affinity to react with Ti.

Keywords: casting process, rare earth metals, porosity formation, mold type, tensile
properties

1. Introduction

The rare earth elements (REE) represent the 17 metallic elements in the periodic
table with high atomic numbers (57-71). This series is composed of the 15 lanthanides
on the periodic table in addition to Sc (21) and Y (39), which exist in the same ores
containing the oxides of the REE/RE [1-4]. Most of the RE elements were named
after the places where they were found or after the names of the scientists who dis-
covered them. The term ‘are’ was used since these types of ores were never previously
reported [5]. Although there are several extraction methods to produce individual
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rare earth metal that have been described in the literature [6-9], little is published on
their purity. It is stated that the purity of produced RE from their oxides falls between
88.5 [10] and 96.5% [11]. Also, the purity of RE depends on their prices due to the
high cost of production [12].

During the past two decades, a fairly large number of articles have been pub-
lished on the application of the rare earth metals La and Ce in Al-Si alloys. The
authors claim that the addition of 0.2% of La or Ce produces significant modifica-
tion of the eutectic Si particles [13-18], grain refining [19-21], and improvement
in the alloy mechanical properties [22-24], which make RE very attractive for
automotive industries. However, using high purity 99.99% La and Ce, Samuel and
coworkers attributed the reported observations to the presence of tramp elements
associated with the original ores and, thus, not necessarily caused by the added
RE. In addition, the presence of a large volume fraction of RE-based intermetallics
leads to severe deterioration of the alloy’s mechanical properties [25-27]. Most
of these studies were carried out on 356 alloys that were characterized by their
long freezing range (6.5%8Si). Figure 1 shows a clear depression in the eutectic
temperature of 356 alloys (like that reported for Sr addition [28]). However, the
microstructure did not reveal a significant modification [29, 30] of the eutectic Si
as claimed by the other authors.

The present work was carried out on A413.1 alloy to investigate the effect of the
addition of different concentrations of La and Ce with and without Sr. This class of
alloys is used for intricate thin-walled castings requiring pressure tightness, tough-
ness, and good resistance to corrosion. The alloys have good machinability with
carbide tooling. Aluminum A413. Zero is similar to Aluminum 413.0 except its iron
content is lower than in A380 alloy. The 413 alloy is characterized by its short freez-
ing range (~5°C at 0.8°C/s)). Hence, if the metal is well degassed, the only source of
porosity is shrinkage porosity caused by mold geometry and temperature. To elabo-
rate on this statement, three types of molds were used: a graphite mold (heated at
600°C), a variable angle metallic mold (heated at 350°C), and a step-like mold heated
at 200°C and 400°C.

Temperature (*C)

Time (s)
— (1)0.2% La (7) 1% Ce
— (2)0.5% La — (8) 1.5% Ce
(3)1% La (9) 0.5% La + 0.5% Ce
— (4) 1.5% La — (10) 1% La + 1% Ce
(a) — (5)0.2% Ce — (11) 1.5% La + 1.5% Ce
— (6)0.5% Ce

Figure 1.
Effect of addition of high purity La and Ce on the thermal behavior of 356 alloys (solidification rate of about
0.8°C/s), (b) alloy #1, (c) alloy #11. Note the absence of modification [28].
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2. Experimental procedure

Table 1 lists the chemical analysis of the as-received 413 alloy. To obtain the
solidification curves and to identify the main reactions and corresponding tem-
peratures occurring during the solidification of the A413.1 alloy, thermal analysis
was conducted for all the needed compositions to be prepared. The molten metal
(using a 2-kg SiC crucible, heated to 750°C using an electrical furnace) for each
composition was cast into a graphite mold preheated to 600°C to obtain a slow
solidification rate resembling equilibrium conditions. A high-sensitivity Type-K
(chromel-alumel) thermocouple was attached to the center of the graphite mold—
Figure 2(a); the temperature-time data was collected using a high-speed data
acquisition system.

The ingots were melted in a 40 kg capacity SiC crucible using an electrical resis-
tance furnace. The molten metal was degassed using pure, dry argon, and introduced
into the melt using a graphite rotary impeller (at a speed of 130 rpm). Prior to
degassing, measured amounts of Sr, La, and Ce were added. The three elements were
introduced into the molten alloy in the form of Al-10%Sr, Al-20%La, and Al-20%Ce
master alloys. At the end of the degassing period, the molten alloy was cast into two
different molds, which provided different solidification rates:

1. A variable angle metallic mold (0e, 5¢, and 15¢) heated at 350°C (Figure 2(b) and
(c)).

2. A step-like metallic mold heated at either 200°C or 400°C (Figures 2(d) and
(e)).

The melt was also poured into an ASTM B-108 permanent mold (preheated at
450°C to drive out moisture) for preparing the tensile test bar castings (gauge length
of 70 mm and a crosssectional diameter of 12.7 mm). Tensile bars were solutionized
at 510°C for 8 h, quenched in warm water at 60°C, and thereafter aged at 180°C for
2, 8,20, and 50 h, followed by air cooling. All tensile bars were pulled to fracture
using an MTS servo-hydraulic tensile testing machine at a strain rate of 4 x 10™*s™.
All bars were tested at 25°C, and each value represents the average of 10 tensile bars.
The volume fraction of the precipitated intermetallics was determined using a JEOL
JSM-6480LV scanning electron microscope coupled with an energy dispersive X-ray
spectrometer (EDS) was used for examining the microstructures and semiquantita-
tive analysis of the phases observed.

Table 2 summarizes the measured SDAS values obtained from the examined
samples. Phase identification was carried out using an electron probe microanalyzer
(EPMA) in conjunction with energy dispersive X-ray (EDX/EDS) analysis and
wavelength dispersive spectroscopic (WDS) analysis where required, integrating a
combined JEOL JXA-8900IWD/ED microanalyzer operating at 20 kV and 30 nA,

Alloy Si Mg Mn Cu Fe Sr Ti B
A4131 1117 0.14 0.218 0.71 0.344 0.0000 0.052 0.0003
Table 1.

Chemical composition of A413.1 alloy (% weight).
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(a) Schematic of the thermal analysis setup. (b) Schematic of the metallic variable mold—all dimensions are in
mm. (c) Sections from actual castings—arrows indicate samples position for metallographic examination. (d)
Schematic of the step-like metallic mold (small 5 mm and large 20 mm) all dimensions in mm. (e) Actual mold
and casting.



Effect of Casting Processes, Rare Earth Metals, and Sr Addition on Porosity Formation in Al-Si...
DOI: http://dx.doi.org/10.5772/intechopen.1001818

Mold Mold temp. (°C) Mold section SDAS (pum)
Average SD
Graphite 600 Center 68.63 5.49
200 Large 31.56 292
Step-like 200 Small 16.17 1.89
400 Large 41.66 3.02
400 Small 22.46 3.96
Variable angle 325 Large 53.62 5.7
325 Small 25.04 3.0

Table 2.

Average secondary dendrite arm spacing of the examined A356 alloy samples.

Aimed concentration (wt%) Actual concentration (wt%)

La Ce La Ce

0.2 0 0.187 0

0.5 0 0.384 0

1 0 0.717 0

1.5 0 0.94 0

0 0.2 0.022 0.083

0 0.5 0.237 0.308

0 1 0.067 0.82

0 15 0.078 1.288
Table 3.

Aimed and actual La and Ce concentrations (weight%).

where the size of the spot examined was ~2 pm. Table 3 summarizes the actual La
and Ce concentrations using spectroscopic analysis. Average concentration of added
Sr was in the range 150-180 ppm.

3. Results and discussion
3.1 Thermal analysis: graphite mold

Figure 3(a) depicts the solidification curve and its first derivative obtained from
the base A413.1 alloy solidified at 0.8°C/s revealing a narrow solidification range of
approximately 5°C compared to 43°C reported for the commercial A356.1 alloy as
listed in Table 4. With the addition of 180 ppm Sr, the eutectic temperature in both
alloys was dropped by about 7-8°C. In the absence of Sr, with the addition of La or
Ce up to 1.5% (actual concentrations are reported in Table 3) the maximum drop in
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Figure 3.

Solidification curves and their first devivatives in: (a) base A413.1 alloy, (b) A413.1 alloy +180 ppm Sr, and (c)
A356.1 alloy for comparison.
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RE a-Al Al + Si(°C) Freezing AT (°C) AT (°C)
(°C) zone increase in decrease in

o-Al Al + Si

0 577 573 4-5 0 0

Sr (180 ppm) 574 564 10 — 8

15La 577 570 7 0 2

15Ce 580 569 10 3 2

1.5La +180 ppm Sr 574 565 9 — 7

1.5 Ce +180 ppm Sr 580 565 15 3 S

356 alloy 612 569 43

356 allov+Sr 609 561 48 8

Table 4.

Effect of RE and Sr on the solidification chavacteristics of A413.1 alloy.

the eutectic temperature of A413.1 alloy is less than 2°C, taking into consideration
that fluctuation in the solidification rate becomes more pronounced when the alloy
is modified with Sr in addition to RE. According to Mahmoud et al. [28], the eutectic
temperature can be expressed as:

Ty (oC) =577 —12.5wSi- (4.59-wMg + 1.37-wFe + 1.65wCu + 0.35wZn
+2.54-wMn + 3.52-wNi) (1)

As can be seen, Sr was not taken into consideration. Based on this equation for the
present alloy, Tg for A413.1 is about 574°C as reported in Table 4.

According to [31], both Al-La and Al-Ce reveal a eutectic reaction at low RE
concentration as depicted in Figure 4. From Table 4, the addition of La or Ce up to
1.5% seems to have a marginal effect (3—4°C) on the two main reactions in A413.1
alloy, that is, precipitation of a-Al and (Al + Si) eutectic, increasing the freezing zone
to 10°C. Figure 5(a) exhibits the effect of gradual addition of Ce on the temperature
of the (Al + Si) eutectic reaction, reaching maximum 2-3°C at 1.5%Ce, which is due
to the change in the alloy composition. The addition of 180 ppm Sr was proven to be
more effective in reducing the (Al + Si) eutectic reaction by about 8-10°C as shown
in Figure 5(b), leading the total increase in the in the freezing zone to be 15-17°C
compared to 45°C in the case of A356.1 alloy. Another point to be considered from
Figure 5(c) is the appearance of undercooling for (Al + Si) curves treated with Sr
(about 2-3°C) with no effect on undercooling associated with the precipitation of
a-Al phase, which is apparently controlled by addition of grain refiners [32]. Also,
increasing the Ce content between 0.5 and 1.5% has no independent effect as shown
in Figure 5(c).

Another important aspect to be discussed is RE-grain refiner interaction.
According to the Hall-Petch relationship,

o=K+1/d"? (2)
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Sections from (a) Al-La and (b) Al-Ce binary diagrams.

where ¢ = alloy strength, K is constant, and d is the average grain diameter. To
emphasize this concept, the base alloy was grain refined with 0.12%Ti in the form of
Al-5%Ti-1%B mater alloy added to the molten metal prior to degassing. Although the
alloy originally contains 0.05%T1 in the form of TiBor, however, during remelting, the
TiBor loses its effectiveness. The Ce-rich phase occurs in the form of gray compacted
slugde or in star-like form (Figure 6(a) and (b)). Some authors [33-35] have defined
an empirical factor (the “sludge factor”), given by:

Sludge Factor = (1 X%Fe) + (2 X%Mn) + (3 X%Cr) (3)

When this factor becomes larger than a certain critical value, “sludge” may occur.
All the elements are known as transition elements, which include Ti as well.

The X-ray distribution of Ce and Ti in one of the particles in Figure 6(a) are
illustrated in Figure 7(a) and (b), respectively, revealing strong intensity of Ti as
confirmed by the associated EDS presented in Figure 7(c), where the ratio of Ti/Ce is
about 11.3/17.6 in weight % (approximately 65%). Figure 6(c) displays the precipita-
tion of La-rich particles that are characterized by their shiny appearance and flat
surface. As in the case of Ce, Figure 8 reveals the X-ray distribution of La and Ti in
one of the platelets in Figure 6(c), where the white arrow is near the bottom of the
intensity bar. The EDS pattern exhibited in Figure 8(c) reveals that the Ti concentra-
tion is almost 2% compared to La, which is about 40 (wt.%), that is, Ti/La is approxi-
mately 0.05%, which explains the absence of a Ti peak in the EDS spectrum.
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(a) Effect of addition of Ce, (b) Ce + Sr on the solidification characteristics of A413.1 alloy, and (c) enlarged
portions of (Al + Si) reactions in (b).
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Figure 6.
Precipitation of RE intermetallics in A413.1 alloy containing: (a) 1.5%Ce; (b) high magnification image of (a);
(c) 1.5%La.

Figure7.
X-ray images of (a) Ce, (b) Ti, (c) EDS spectrum showing the.

Figure 8.
X-ray images of (a) La, (b) Ti, (c) EDS spectrum showing the Ti and La concentrations.

Figure 9 shows a series of macrostructures revealing the variation in the grain
size of A413.1 alloy as a function of the added Ti, La, and Ce. The average grain size
of the as-received alloy was about 1850 pm (based on measuring about 100 grains
using the line intercept method)—Figure 9(a). Once the grain refiner was added,
the average grain size was reduced to 750 pm (Figure 9(b)) indicating that 0.12%Ti
is sufficient to refine the alloy grains. Figure 9(c) clearly shows the effect of Ce-Ti
interaction; although the grain size was further reduced to 500 pm (Figure 9(c)), the
combined addition of (La + Ti) resulted in a much finer grain size of about 370 pm
(Figure 9(d)), representing 20% of the original grain size. The difference between
grain size in Figure 9(c) and (d) represents the amount of Ti lost in interacting with
Ce in the form of non-dissolvable intermetallics, which have a negative effect on
the alloy mechanical properties, as depicted in Figure 10 for Ce-rich intermetallics.
Figure 11 reveals a series of backscattered electron micrographs taken from the tested
bars demonstrating the change in the size and distribution of the precipitated Al,Cu
phase particles, on going from fine rounded particles (Figure 11(a)), to short platelets
(Figure 11(b)), to a mixture of thick platelets and spherical particles (Figure 11(c))

10
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Figure 9.
Effect of grain vefiner, Ce, and La addition on the alloy average grain size: (a) as-received alloy, (b) after
addition of 0.12%Ti, and (c) Ti + Ce, (d) Ti + La.

indicating the beginning of incoherent precipitation. The EDS spectrum displayed in
Figure 11(d) shows in addition to Al,Cu particles, presence of Ce-rich intermetallics
(gray phase in Figure 11(c)—orange arrows.

As mentioned in the experimental section, alloys for thermal analysis were not
degassed due to the size of the used crucible, which reflected on porosity formation
in the base alloy when RE was added. Since Ce-based phase particles precipitate in
the form of star-like particles, their dendrite arms can be seen passing through the
o- Al dendrite network as illustrated in Figure 12(a), whereas La-rich platelets are
observed lining the inner walls of the gas pores as demonstrated in Figure 12(b).

3.2 Metallic variable mold

In this part, La, Ce, and La + Ce were added to the molten metal with and without
Sr. Figure 13(a) demonstrates the occurrence of a hot zone in a small section toward
the bottom of the mold (the first part to be filled with liquid metal). These zones are

11
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Figure 12.
Effect of RE-based intermetallics on porosity formation: (a) Ce and (b) La.

Figure 13.
(a) Radigraphs of castings made using variable metallic mold heated at 350°C. (b) Shrinkage cavities that
resulted from the solidification of a hot zone.

pockets of liquid metal surrounded by solidified materials. As a result, during the
solidification of these pockets, severe shrinkage cavities are formed, exemplified in
Figure 13(b).

Since the mold is open-face, severe shrinkage cavities would occur at the top of
each casting as highlighted by the inset micrograph in Figure 13(a). Also, oxide films
may get trapped in the castings (SrO films), which would contribute to porosity
concentration [36]. Thus, to minimize the error in evaluating porosity mainly due to
RE, samples were sectioned from the middle of each casting as shown in Figure 2(c).
Figure 14 depicts the effect of RE and (RE + Sr) on porosity percentage in castings
at different titling angles. It should be mentioned here that the term (Ce + La) means
addition of equal amounts of both elements, that is, double the amount of an indi-
vidual element addition.

According to Mahmoud et al. [37-40], Ce reacts with La and other alloying
elements mainly Al, Fe, Sr, and Cu. Although the added amount of RE is double that

13
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Figure 14.

Effect of RE on porvosity percentage: (a) Ce, (b) La, (c) Ce + La, and (d) RE + Sr—arrows point to a large
section (maximum % of porosity).

of a single element addition, the resulting volume fraction of intermetallics is higher
than that obtained from individual elements but not necessarily double the volume
fraction shown in Figure 10. Figure 14(a) and (b) display the variation in % of total
porosity as a function of casting section and added RE. Both Ce and La addition in the
same quantity produces the same pattern except for the addition of La, where it may
result in a slightly higher value (0.28%) than that reported for Ce (0.22%) due to the
difference in the morphology of the precipitated intermetallics, that is, platelets vs.
star-like. Doubling the concentration—(La + Ce)—Figure 14(c) increased the % of
porosity to about 0.42% (large sections). As shown in Figure 14(d), treating the alloy
with 150 ppm Sr led to a noticeable increase in % porosity, up to 0.5%, representing a
mixture of porosity caused by RE and Sr.

In order to gain a better understanding of the data presented in Figure 14, a series
of backscattered electron taken from large section samples is shown in Figure 15
demonstrating the progressive increase in % porosity with the added elements.
Figure 15(a) represents the base alloy revealing the absence of porosity, whereas
Figure 15(b) of A413.1 alloy containing 1.5%La exhibits the appearance of scattered
shrinkage cavities shown in areas marked A, B, and C. As presented in Figure 5, the
maximum melting point of the present alloy containing 1.5%La is in the range of 575-
580°C, which is much lower than the eutectic reactions depicted in Figure 4. Thus, it
is reasonable to assume that La- and Ce-rich intermetallics may be precipitated prior

14
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Figure 15.

Variation in porosity as a function of added RE (large sections): (a) no addition (b) 1.5% La, (c and d) 1.5%

La + 1.5% Ce, (e) backscattered electron image of Sr addition, and (f) X-ray image of Srin (e)(g) porosity
associated with a long chain of oxide films-white arrow (f) morphology of an eutectic Si particle in a Sr-modified
alloy—blue arrow.

to the formation of the a-Al network, leading to blocking the flow of liquid metal and
hence explaining the large pore shown in Figures 15(c) and (d). Figure 15(e) and (f)
are good examples of precipitation of Sr-rich components in the aluminum matrix in

15
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Variation of density of porosity as a function of added RE and Sr.

the vicinity of large shrinkage cavities. Since there was no filtering, oxides can easily
slip into the melt and create fine pores along their lengths as displayed in Figure
15(g). An example of a modified Si particle in Sr treated alloy is given in Figure 15(f).

Another parameter to be considered is the density of porosity caused by addi-
tion of the above elements as illustrated in Figure 16. The curve is divided into
three blocks separated by thin broken lines. In each case, the density systematically
increases as the mold angle increases, and the total amount of the added RE (no
modification was used) reaching a maximum of 420 pores/mm?* (1.5%La + 1.5%Ce,
large angle). With the addition of 150 ppm Sr into the molten metal, a significant
steady increase took place with the increase in the added materials reaching almost
1100 pores/mm’—Figure 17, which is almost three times what was observed in
Figure 16.

16
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Variation of pore density as a function of mold temperature, sample section, and RE.

3.3 Step-like metallic mold

As shown in Figure 2(d), the step-like mold is made of thick walls (10 mm) with
a pore cavity almost half the weight of the total casting to minimize occurrence of
shrinkage cavities within the casting itself. Also, 1 mm from the top of sectioned
samples was removed to avoid any possibility of interfering with casting shrinkage
cavities with those resulting from the addition of RE (La + Ce). Both Figures 18 and
19 reveal that aside from the increase of the parameter with the amount of introduced
materials, a marked observation is that the slope of the curve is divided into two
distinct angles when the melt was modified with Sr (150-180 ppm), in large sections,
similar to those exhibited in Figure 17. The black circle in Figure 18 shows a relatively
high % porosity in small sections heated at 200°C, which may in part be due to reduc-
tion in the fluidity of molten metal in the non-modified alloys.
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Figure 20.

Optical micrographs of RE and Porosity in large sections at 400°C: (a) precipitation of RE intermetallics in
non-modified alloy, (b) precipitation of RE intermetallics in Sr-modified alloy, (c) porosity formation in non-
modified alloy, and (d) porosity formation in Sr-modified alloy.

Figure 20 exhibits optical micrographs taken from large sections (400°C).
Figure 20(a) and (b) show the precipitation of RE in non-modified and Sr-modified
alloys, respectively-light gray phases (1.5%La +1.5%Ce). Since the molten metal was
degassed prior pouring into the mold, most of the porosity is caused due to shrinkage.
The pore size is small due to the use of a large filling cavity. Since no filtration was
applied, some oxide films were able to pass through as shown in Figure 20(c).

4. Conclusion

Based on the present results on the effect of additives and casting process on
porosity formation in A413.1, the following conclusions may be drawn:

1. The addition of 1.5% rare earth metals (RE) largely increases the melting point
of A413.1 alloy by 5-7 degrees due to the presence of new alloying elements,
which is independent of Sr-modification.

2. RE reduces the eutectic temperature by about 3-4 degrees in non-modified alloys and
9°C in Sr-modified ones. There is no difference between 0.5% and 1.5% RE addition.
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3.Increasing %RE has a marked deterioration on the alloy strength due to large
volume fraction of insoluble intermetallics.

4.Due to the high affinity of Ce to react with Ti, the addition of 1.5%Ce would poi-
son the grain refining. On the other hand, La has no reaction with Ti, and hence
addition of 0.12%T1i + 1.5%La would lead to about 80% reduction in the alloy
grain size.

5.Most of the observed porosities are caused by shrinkage, especially in Sr-treated
alloys, regardless of the mold type.

6. The observation that some of the round pores are lined by layers of RE
intermetallics may suggest that these intermetallics were precipitated in the
liquid state blocking the flow of the liquid metals (maximum alloy melting point
is about 580°C).
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