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Abstract

In the current study, a series of forty-two cast Al-Si—Cu—
Mg -based alloys with additions of transition metals (V, Cr,
Ni) and rare earth (RE) metals (La, Ce) were prepared and
mechanically tested in the as-cast, TS5, T6 and T7 heat
treatment conditions. The microstructures were investi-
gated using optical microscopy, scanning electron micro-
scopy (SEM) and electron probe microanalysis (EPMA).
The volume fraction, aspect ratio, and roundness of second
phase constituents were determined by Imagel analysis
software. The microstructural observations show that the
RE elements have a greater impact on the microstructure
of cast alloys, resulting in the formation of new types of
intermetallic phases containing RE, Al-Si-Cu—RE and Al-
Ti—RE. With regard to the mechanical properties, it was

found that the highest strength of the casting alloys was
found with 0-0.2 wt% addition of Ce/La. However, the
addition of more than 0.2 wt% induced a detrimental effect
on the mechanical properties due to precipitation of a high
volume fraction of insoluble intermetallic compounds
containing RE. Excessive addition of RE elements leads to
the formation of a coarse intermetallic compound along the
grain boundary. Besides, RE elements have a marginal
modification effect in terms of changing the morphology of
the eutectic Si particles.

Keywords: Al alloys, rare earth metals, transition metals,
microstructure, tensile properties

Introduction

A number of scientific investigations are reported in the
literature on the effects of rare earth elements and mis-
chmetal (MM), which is a mixture of RE elements found in
abundance in nature with cerium (Ce) and lanthanum (La)
together comprising approximately 90% of mischmetal.
The RE metals investigated include yttrium (Y), erbium
(Er), neodymium (Nd), ytterbium (Yb), samarium (Sm),
scandium (Sc), europium (Eu) and gadolinium (Gd).H‘2
Among these, studies on the effects of MM, Ce, La and
mixture additions of Ce and La were included in the pre-
sent work.** >

The influence of mischmetal, cooling rate and heat treat-

ment on the hardness and microstructural observation of
unmodified and Sr-modified A319.1, A356.2 and A413.1
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Al-Si casting alloys was investigated by El Sebaie
et al.>>® From these studies, the authors noted the fol-
lowing: in general, the hardness measurements revealed
that the hardness values of the as-cast alloys were higher at
high cooling rates than at low cooling rates. With addition
of MM, the hardness decreased at both cooling rates.”® The
addition of MM to the non-modified as-cast alloys partially
modified the eutectic silicon particles. This effect was more
pronounced in the A413.1 and A319.1 alloys, compared to
A356.2 alloy.®® The effect of MM as a modifier is more
effective at high cooling rate (corresponding to dendrite
arm spacing (DAS) ~ 40 pm) than at the low cooling rate
(DAS ~ 120 pm) for all the as-cast non-modified alloys.60
MM-containing intermetallic phases were observed at high
and low cooling rates, each exhibiting a specific Ce/La
ratio and morphology. In Sr-modified alloys, many of these

535


http://orcid.org/0000-0001-8873-8605
http://crossmark.crossref.org/dialog/?doi=10.1007/s40962-021-00640-5&amp;domain=pdf

MM-containing intermetallic phases were found to contain
Sr, which confirmed the interaction of MM with Sr.°!

Effects of different levels of additions (0.0-1.0 wt%) of
La-based MM and heat treatment on the microstructure and
tensile properties of two different sections of Al-Si casting
alloy A357 were examined by Mousavi et al.®* The results
showed that optimum levels of MM additions are 0.1 wt%
and 0.3 wt% for thin and thick sections of the casting,
respectively. Examination of the microstructure character-
ization showed that at high level of addition, a new AlSiLa
intermetallic phase was detected. In addition, the results
demonstrated that T6 heat treatment improved the tensile
properties of the Sr-modified alloys.

The cooling rate sensitivity of AlTiB grain refiner, MM and
AITiB-MM additions and the resultant effects on the
microstructure and mechanical properties of A356 alloy
were studied by Zhang et al.®®> Their results demonstrated
that the AITiB-MM addition provided the most effective
and synergetic refinement compared to the individual
AITiB or MM additions. In addition, the properties of
A356 alloy wheel refined by the AITiB-MM addition were
improved significantly. The tensile strength, yield strength
and elongation of the wheel spokes improved by approxi-
mately 11.3%, 10.8% and 44.1%, respectively.

Tsai et al.°” analyzed the modification effect of different
levels of Ce on the microstructure, thermal analysis and
mechanical properties of cast A356 aluminum alloys. They
reported that A356 alloy modified with 1.0 wt% Ce greatly

improved eutectic silicon modification; however, the ther-
mal analysis revealed that there is no direct relation
between the eutectic growth temperature and silicon
modification. The microstructural characterization showed
that two kinds of Ce-containing intermetallic phases were
found, including Ce-23A1-22Si and Al-17Ce-12Ti-2Si—
2Mg (in wt%). While the ductility of the Ce-modified
alloys was enhanced for Ce additions of 0.4 wt% and
above, there was no positive effect on the ultimate tensile
strength, which was attributed to the formation of the Al-
17Ce—12Ti-2Si—2Mg phase which reduced the amount of
free Mg available for precipitation of the Mg,Si strength-
ening phase.

According to Ouyang et al.,®’ addition of La to hypereu-
tectic Al-Si alloys can enhance the effect of phosphorus on
the modification of the primary Si phase, and the higher the
La content at the Al-Si interface, the smaller the primary Si
particle size obtained. In another research, the influence of
different amounts of La on the microstructure and
mechanical properties of A356 alloys was investigated by
Tsai et al.®* Their findings indicated that the modification
efficiency with respect to the microstructures and
mechanical properties obtained with 1.0 wt% La is similar
to those observed with the use of 0.01 wt% Sr. Further-
more, the results of thermal analysis revealed that there is
no direct relationship between eutectic growth temperature
and silicon morphology/modification rating.

Previous studies carried out by the TAMLA research group
at UQAC have investigated the influence of rare earth

Table 1. Nominal Compositions of the Present Alloys

Alloy Composition (Wt%)

Cu Si Mg Fe Mn Ti Zr Vv Ni Sr Cr
D0O0* 21 7.8 0.43 0.45 0.43 0.15 0 0 0 0 0
D11* 2.6 8.4 0.38 0.42 0.42 0.12 0.15 0.2 0.32 0 0
D22* 2.2 7.6 0.37 0.43 0.38 0.17 0.15 0.2 1.03 0.015 0.2
B0OO** 24 1.2 0.37 04 0.37 0.15 0 0 0 0 0

*Base alloys (high Si%), **low Si%—reference alloy

(a)
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Figure 1. Porosity distribution: (a) before degassing, (b) after degassing.
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Table 2. Heat Treatments for the Cast Alloys Tested

Heat treatment Solution temperature, ST holding time,  Quenching temperature  Aging temperature ~ Aging time
condition (°C) (h) (°C) (°C) (h)

SHT 510 8 70 None None

T5 None None None 180 8

T6 510 8 70 180 8

T7 510 8 70 240 4

As-Cast —— SHT@495_5h —— SHT@510_8h|

Normalized Heat Flow
Exoth. Down (W/g)

Normalized Heat Flow
Exoth. Down (W/g)
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Figure 2. (a) DSC melting curves of D00 alloy in the as-cast and different solution
heat-treated (SHT) conditions, (b, c) enlarged portions of (Al-Cu) reaction in

(a) marked X2 and X1, respectively.

elements and mischmetal on the performance of A356,
A413.1 and other Al-Si alloys.®”~"! With the more recent
focus on the development of new Al-Cu-based alloys for
high-temperature performance of automotive components,
it was considered worthwhile to also investigate the effects
of Ce and La rare earth metal additions to these alloys,
taking into consideration low 1.2% Si alloy (coded B0O
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reference alloy for Si effect) and relatively high Si (8%Si
coded DO00) levels.

The present article focuses on the addition of individual
role of high-purity La and Ce, up to 1% each, on the
microstructure and room temperature tensile properties of
transition metals-containing Al-Si—Cu—Mg—X-based alloy,
where X = Ti, V, Mn, Fe, Ni, Sr. It is worth mentioning
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Figure 3. Temperature-time curves obtained from:
(a) D00, (b) DOO + 5%Ce, (c) DOO + 5%La.

here that the present DOO alloy is a modified version of
B319 alloy with 2.5% higher Si, 1% lower Cu and a high
Mn content (0.6%) to insure the precipitation of all Fe-
intermetallics in the form of a-Al;5(Fe, Mn);Si, Chinese
script instead of B-AlsFeSi. As a result, the new alloy
should have a better fluidity than the B319 alloy and hence
provide sounder castings. In other words, it falls between
B319 and 332 alloys.

Experimental Procedure
The as-received alloy was grain-refined using Al-5%Ti—

1%B master alloy to achieve a Ti level of 0.15 wt%. Other
alloys were prepared from this grain-refined alloy,
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considered as the base alloy, by adding Sr, Ni, Zr, V, Cr, La
and Ce to the base Al-8%S-2.5%Cu-0.45%Mg—0.45%Fe—
0.65%Mn alloy melt. Table 1 shows the details of the
additions made in each case. Both La and Ce were added to
each alloy (D00, D11, and D22) at three different con-
centrations, viz. 0.2%, 0.5% and 1%. All of the alloys were
mechanically tested in order to acquire an understanding of
the effects of these additives on their tensile properties.
Rare earth elements Ce and La of high purity (99.7%) were
supplied by Stanford Advanced Materials, USA.”* As for
the other elements, they were added in the form of com-
mercial master alloys, i.e., Al-10% Sr, Al-20% Ni, Al-
15% Zr, Al-25% V, Al-25% Cr. Alloys so prepared were
classified based on the Si content, and the Ce and La
addition levels made as listed in Table 1.

The raw material ingots were cut into smaller pieces and
melted in a 40-Kg-capacity SiC crucible, using an electri-
cal resistance furnace. The melting temperature was
maintained at 750 & 5 °C. All alloys prepared were grain-
refined using Al-5% Ti—1% B to obtain levels of 0.15 wt%
Ti. Additions of La and Ce rare earth metals were made in
amounts of 0.2, 0.5 and 1.0 wt% using Al-15% La and Al-
15%Ce master alloys. For purposes of comparison with
modification with RE, individual addition of 150 ppm Sr
was also made to one of the base alloys (coded D22). In
each case, the melts were degassed for 15-20 min
employing a graphite impeller rotating at 130 rpm, using
pure dry argon, and then the melt was carefully skimmed to
remove oxide layers from the surface before casting-hu-
midity was less than 15%. Strontium was added only 5 min
before the end of degassing to reduce the possibility to its
oxidation. Prior to pouring, samples were examined using
reduced pressure test (RPT) for porosity formation, as
shown in Figure 1.

The melt was poured into an ASTM B-108 permanent
mold (coated with boron nitride and preheated at 450 °C to
drive out moisture), for preparing the tensile test bar
castings. Each casting provides two test bars, with a gauge
length of 70 mm and a cross-sectional diameter of
12.7 mm. Three samplings for chemical analysis were also
taken simultaneously at the time of the casting; this was
done at the beginning, in the middle, and at the end of the
casting process to ascertain the exact chemical composition
of each alloy. The chemical analysis was carried out using
a Spectrolab-JrCCD Spark Analyzer.

For the purpose of determining the reactions taking place
during solidification, part of the molten metal was also
poured into an 800-g-capacity graphite mold preheated to
650 °C so as to obtain close-to-equilibrium solidification
conditions at a solidification rate of 0.35°C/s. A high sen-
sitivity Type-K (chromel-alumel) thermocouple, which has
to be insulated using a double-holed ceramic tube, is
attached to the center of the graphite mold. The tempera-
ture-time data are collected using a high-speed data
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Table 3. Description of Phases Deduced from Figure 2

Figure # Reaction # Temperature (°C) Suggested phase” Freezing zone (°C)
2a 1 600 Formation of a-Al dendritic network 32
2 570 Eutectic reaction (eutectic Si + a-Fe)
3 538 Precipitation of Mg,Si + & phase
4 515 Precipitation of Q-AlsMggSigCus
5 500 Precipitation of 6-Al,Cu and Q-AlsMggSisCu,
2b 1 600 Formation of o-Al dendritic network 42
2 585 Precipitation of a-Fe
3 569 Ce-rich phase
4 558 Eutectic reaction (eutectic Si + o-Fe)
5 538 Precipitation of Mg,Si + © phase
6 497 Precipitation of 6-Al,Cu and Q-AlsMggSigCus
2c 1 596 Formation of a-Al dendritic network 46
2 575 La-rich phase
3 550 Eutectic reaction (eutectic Si + a-Fe)
4 537 Precipitation of Mg,Si + n phase
5 500 Precipitation of 6-Al,Cu and Q-AlsMggSisCu,

acquisition system linked to a computer system to record
the temperature—time data every 0.1 second. From these
data, the cooling curves and the corresponding first
derivative curves for a number of selected alloys were
plotted so as to identify the main reactions occurring during
solidification with the corresponding temperatures, and the
various phases which constitute the microstructure of each
alloy are expected to be revealed as well.

A PerkinElmer DSC8000 differential scanning calorimeter
operating under a protective atmosphere of pure argon was
used to study the solidification behavior of the alloys used
in the current study. The mass of the DSC sample was
approximately 20 mg. The scans were performed in three
stages as follows: (1) heating from 400 to 700 °C at a
heating rate of 10 °C/min, (2) holding at 700 °C for 1 min
and (3) cooling from 700 to 400 °C at a cooling rate of
10 °C/min. Three samples were tested for each alloy con-
dition, and the results were found to be almost identical.
The corrected DSC curve of each sample was determined
by subtracting the two DSC scans. The first scan was
conducted with the sample, while the second one was
conducted without the sample under the same testing
conditions of the sample scan. The purpose of this proce-
dure was to obtain baseline-corrected thermogram data.
The DSC curve of each alloy condition was subsequently
obtained by averaging the three corrected curves of the
three respective samples where the uncertainty in deter-
mining the peak temperatures did not exceed £ 2 °C. The
peaks reported in the DSC runs were supported by thermal
analysis at a very slow solidification rate (~ 0.8 °C/s).
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The tensile test bars were subjected to solution heat treat-
ment (SHT), as well as TS5, T6 and T7 heat treatments (see
Table 2). Tensile bars were tested at ambient temperature
(25 °C) in the as-cast, solution heat-treated (SHT), and T5,
T6 and T7 heat-treated conditions using an MTS Servo-
hydraulic mechanical testing machine, at a strain rate of
4 x 107 s

A JEOL JSM-6480LV scanning electron microscope cou-
pled with an energy-dispersive X-ray spectrometer (EDS)
was used for examining the microstructures and semi-
quantitative analysis of the phases observed using EDS,
measuring the volume fraction of intermetallic phases
formed, as well as examining the fracture surfaces of the
tensile-tested alloy samples. A JEOL JXA-8900 electron
probe microanalyzer (EPMA), equipped with a wave-
length-dispersive spectrometer (WDS), was also employed
for examining the microstructures and identification of the
new intermetallic phases formed.

Results and Discussion

Solidification and Microstructural
Characterization

The main objective of this step was to examine the effect of
different solution heat treatments on the dissolution of the
low-melting-point Cu-rich phases. As it may be noted from
Figure 2, after solutionizing at 495 °C, the disappearance
of peak A indicates the dissolution of the eutectic Al,Cu
and Q-AlsMggSigCu, phases. The height of peak B was
also decreased compared to the as-cast condition,
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Figure 5. Backscattered electron image of as-cast D00 alloy with 1.0 wt% La addition and
corresponding X-ray images of Al, La, Cu, Fe, Si and Ti.
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Figure 6. EDS spectra of locations marked A and B in Figure 5 corresponding to:
(a) gray phase and (b) white phase.

indicating that the blocky Al,Cu phase was partially dis-
solved. Increasing the temperature or the time of the
solution treatment further decreased the height of peak B.
Based on these observations, after solution heat treatment
at 510 °C for 8 h, peak A was completely dissolved for
D00 alloy (X; in Figure 2c).

In order to identify the precipitation temperature of RE-
phases, the amounts of added Ce and La were increased to
5% each. Figure 3 shows a series of solidification curves
and their first derivatives obtained from thermal analysis,
whereas Table 3 summarizes the expected reactions.

Table 3 reveals that the RE-rich intermetallics precipitate
in the mushy zone at temperatures of 569 °C and 575 °C,
for Ce- and La-containing intermetallic phases, respec-
tively. Apparently the addition of 5% of Ce or La resulted
in increasing the freezing zone from 30 °C (base alloy
D00) to 42 °C (alloy D00 + 5%Ce) or 46 °C (alloy
D00 + 5%La). The presence of Al;Ti particles in the melt
enhanced the precipitation of RE-based intermetallics as
shown in Figure 4 where the Al;Ti particle is seen at the
center of the precipitated Ce-rich particles. As mentioned
previously, the depression in the eutectic temperature from
570 °C (base alloy) to 550 °C (base alloy + 5%La) has no
reflection on the morphology of the eutectic Si particles.

The addition of RE to alloy D0O resulted in the formation
of two different intermetallic phases, colored white and
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gray in the backscattered electron (BSE) images shown in
Figure 5. Based on the EDS analysis, these phases are Al-
Si—Cu-RE (Ce/La) and AI-Ti-RE (Ce/La), respectively—
Figure 6. This observation is ascribed to the high Si level
(8.0 wt%) in DOO alloy in addition to the high RE additions
(1.0 wt%), where the Si, Al, and Cu interact with the RE
(Ce/La) to form the white phase with different chemical
compositions.®’

The BSE images obtained from as-cast samples of D00
alloys containing 1.0 wt% La and Ce additions are shown
in Figure 7. The results show that both La and Ce are found
to have the same effect on the microstructures, with the La-
and Ce-containing intermetallics also displaying similar
morphologies. Figure 7 reveals that RE(Ce/La) addition of
1.0 wt%, increases the relative amount of intermetallic
particles. In addition, these images also reveal that these
RE intermetallic compounds were observed to precipitate
within the inter-dendritic regions.

With regard to the La-containing alloys, Figure 8§ compares
the optical micrographs of D00 alloy containing 0.2 wt%
La in as-cast and solution heat-treated (SHT) conditions. It
can be observed that the acicular eutectic silicon particles
in DOO base alloy in Figure 8a partially transform into finer
and more spherical particles with the addition of 0.2 wt%
La (white circle). This observation is in contrast to the
results reported by Yi and Zhang”* who noted simultaneous
modification of both primary and eutectic Si particles is

541



Y Xee 188mm -

/
¥

74 \
{4 ZB X188 _13EMp 1@ SB-.B
" J’a&@? \ o i\q e (A

>

Figure 7. Backscattered electron images of as-cast D00 alloys containing (a) 0.0 wt% RE, (b) 1.0 wt%

Ce and (c) 1.0 wt% La.

obtained with the addition of pure La to hypereutectic Al—
17% Si alloys and that the optimal modification effect is
achieved at 3.3 wt% La. As in the case of La addition, the
La-rich intermetallic phases are also observed in both the
as-cast and solution heat-treated DOO alloy samples, as seen
in Figure 8a, b, ¢ indicating the insoluble nature of the La-
based intermetallic phase. However, the high magnification
image presented in Figure 8b reveals the possibility of
fragmentation of RE-based intermetallics as indicated by
the perforated platelet (arrowed). Figure 8d obtained from
D22 alloy in the as-cast condition reveals complete modi-
fication of the eutectic Si particles. Figure 8e, f shows the
precipitation of dense amount of Al,Cu when the D00 alloy
was heat-treated in T6 condition, whereas Figure 8f reveals
the size of the precipitated particles varies between 10 and
40 nm.

Tensile Properties
Tensile tests were carried out on test bars of the BOO and
D00 alloys to study the effect of solution heat treatment

parameters (temperature and time) on the tensile properties
(UTS, YS and %El), in order to support the DSC results. It
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may be seen from Figure 9 that the results obtained from
the tensile tests are in accordance with the DSC results,
where the alloys solution-treated at 510 °C for 8 h exhib-
ited better properties than those that were solution-treated
at 495 °C for 5 h. When the solution treatment changes
from 510 °C for 8 h to 495 °C for 5 h, this leads to an
increase in the UTS and YS of B0OO alloy from 324 to
349 MPa and 278 to 348 MPa, respectively, with a negli-
gible drop in ductility from 2.28 to 2.17%, as shown in
Figure 9, whereas for D00 alloy, the strength values
increase from 357 to 382 MPa (UTS) and from 346 to 361
MPa (YS), with a small increase in the %El from 0.85 to
0.97%. Based on these results, the solution heat treatment
of 510 °C for 8 h was applied to all the samples tested in
the current study.

Figures 10 and 11 show the effects of the addition of
various amounts of Ce and La on the room temperature
tensile properties (UTS, YS and %El) of the base alloys
corresponding to various heat treatment conditions. It is
inferred from Figure 10 that the values of UTS, YS and %
El of the as-cast DOO base alloy are 300 MPa, 224 MPa
and 1.7%, respectively. In addition, Figure 10 reveals that
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Figure 8. Typical optical microstructures of D00 alloys containing 0.2 wt% La in the:
(a) as-cast, (b, c) SHT, (d) alloy D22 modified with 150 ppm Sr-as-cast condition,
(e) alloy D22 modified with 150ppm Sr-SHT condition, (f) alloy D00 in the T6 condition,
(g) an enlarged area of (f). Note the precipitation of a-Fe within «-Al network in (e). The
black arrows in (d) point to the roundness of a-dendrites due to grain refining.

modification with 150 ppm Sr (alloy D22) leads to low-
ering the UTS, and YS values to 278 MPa and 199 MPa,
respectively, with a corresponding increase in ductility
from 1.7 to 2.0%. Addition of Ce or La reduces the tensile
strength further, to about 210 MPa in the as-cast case, for
the different levels of RE addition, whereas the YS level is
around 149 MPa. For the 0.2 wt% La addition; however,
the reduction in UTS and YS values is approximately
43 MPa and 36 MPa, as demonstrated in Figure 11.

International Journal of Metalcasting/V olume 16, Issue 2, 2022

The presence of 0.2 wt% of Ce in the T6-treated DOO alloy
leads to enhancing the UTS and YS values of the as-cast
D00 base alloy from 300 to 320 MPa and from 240 to
275 MPa, respectively, accompanied by a decrease in the
percent elongation from 1.7 to 0.7% as shown in Figure 10.
In comparison, Figure 11 reveals that 0.2 wt% addition of
La results in UTS and YS values of 374 and 368 MPa,
respectively, in the T6-heat-treated alloy, and a ductility of
0.9%. Thus, in T6-treated condition, addition of 0.2 wt%
La is much more effective in enhancing the alloy strength
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Figure 10. Average values of ultimate tensile strength (UTS), yield strength (YS) and percent elongation (EL%)
obtained from D00 to D22 alloys in the as-cast (AC), T5, T6 and T7 heat-treated conditions (at ambient temperature)
with (a) 0.0 wt%, (b) 0.2 wt%, (c) 0.5 wt% and (d) 1.0 wt% addition of Ce.

compared to 150 ppm Sr addition, while maintaining
almost the same ductility at the same time.

Mathematical Analysis

Table 4 lists the tensile properties of the three base alloys
in the as-cast condition. Figure 12 exhibits the contribution
of the added Ce to the alloy tensile properties in the form of
AP (P — Pugas) plots where P = UTS, YS or %El (using
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the tensile properties of the base alloys in the as-cast
condition as a reference), as a function of the applied heat
treatment. In this section, the term negative refers to
reduction in a certain tensile parameter. It is evident from
Figure 12a that addition of RE metals has a negative effect
(i.e., reduction) on all alloys in the as-cast condition
reaching — 80 MPa at 1% RE addition (D00 alloy).
Apparently, the presence of other alloying elements in D11
and D22 alloys (Zr, V, Ni, Sr—Table 1) resulted in
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Table 4. Tensile Properties of the Three Base Alloys—

Table 1
Alloy code UTS, MPa YS, MPa Y%EI
D00 300 240 1.75
D11 310 250 1.25
D22 250 180 1.3

compromising the negative effect of Ce addition to some
extent. Similar observations are noted for the alloys in the
TS5 condition.

Solutionizing the alloys at 510 °C for 8 h led to marked
improvement in the contribution of Ce when added in small
amounts (~ 0.2%). A part of the observed increase in the
UTS levels may be attributed to fragmentation of the
eutectic Si particles and hence hardening by the fragments
of Si instead of the long sharp edged ones.”> As shown in
Figure 8e, aging the alloys at 180 °C/8 h caused decom-
position of the supersaturated matrix resulting in dense
precipitation of Al,Cu particles (1040 nm) and hence a
significant increase in the alloy UTS value without or with
0.2% Ce. Beyond this concentration, the precipitation of
RE-based intermetallics negates the beneficial role of
precipitation hardening reaching almost nil at 0.5%Ce and
— 40MPa at 1%Ce. Increasing the aging temperature to
240 °C (over-aging) with the associated increase in particle
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size would lead to improvement in the alloy %EI at the cost
lowering its YS and UTS levels. In this case, only alloys
with Ce up to 0.2% could retain some hardening (40 MPa)
with a gradual decrease into the negative side with Ce as
high as 1%.

As in the case of UTS, the contribution of Ce to the alloy
YS was significantly negative (reduction) in the as-cast
condition, with improvement when the alloys were solu-
tionized or treated in TS5 condition (as cast + 180 °C/
8 h)—Figure 12b. The maximum improvement took place
after T6 aging for alloys with minimum amount of Ce
(0.2%)—almost 150 MPa for D22 alloy that was modified
with 150 ppm Sr. Similar observation was made for the T7-
treated alloys reaching about 75 MPa in alloys with no Ce.
Considering the changes in the alloy ductility, all addi-
tions—Ce or transition elements—resulted in decreasing
%El except when the alloys with no Ce were solutionized
at 510 °C/8 h as shown in Figure 12c.

Figure 13 shows the contribution of La to the strength
parameters of the three base alloys. As in case of Ce,
addition of RE and the consequent increase in the volume
fraction of all types of intermetallics resulted in a marked
decrease in the alloys UTS levels in the as-cast and T5
conditions—Figure 13a. Maximum contribution is attributed
to either transition metals (0% RE) or with 0.2%La, 80 MPa
for SHT and T6 conditions. Beyond this limit, the UTS
suffers a significant reduction reaching — 60 MPa with the
addition of 1%La. Addition of 0.5% La resulted in almost
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Figure 13. Contribution of added La to: (a) UTS, (b) YS,
(c) %EIl. Legends as in (a). Black and red broken lines
indicate 0% La and 1% La, respectively.
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Figure 14. Tensile fractured microstructures of T6-B00 alloys (a, b) without rare earth
addition, (c, d) with 1.0 wt% Ce, and (d, e) with 1.0 wt% La addition, which were
observed (a, c, e) perpendicular, and (b, d, f) parallel to the tensile direction. Note the
change in the fracture angle in (c) and (e). Note the presence of cleavage in the white
circled area in (e).

complete elimination of the hardening due to precipitation of
AL Cu particles. Yield strength (Figure 13b) revealed a
better response to all alloying elements including La in the
TS5 and T6 conditions compared to that displayed by the
UTS levels. In the T6 condition, alloy DO0O achieved
150 MPa increase in the YS level (0 and 0.2%La). Appar-
ently, the use of RE has practically no influence on the alloy
strength, in particular in the T6 condition. Figure 13c
exhibits the effect of all added elements on their contribution
to the alloy ductility. As can be seen, maximum contribution
was achieved when D00 and D22 (containing 150 ppm Sr)
alloys were solutionized at 510 °C/8 h. With respect to the
ductility, all alloys revealed clear reduction in their %
elongation values (Figure 13c). Note the similarity between
Figures 12c¢ and 13c.
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Fractography

Figure 14a exhibits the details of the fracture surface of
BOO alloy in the T6 condition where a noticeable void can
be seen at the center of the tensile bar (white arrow) sur-
rounded by a network of fine dimples. The inset in the
upper left corner of Figure 14a shows the actual fracture
angle with respect to the loading axis — 45° shear angle.
Due to the absence of both RE and Si, the section beneath
Figure 14a reveals stretching of the dendrites in the loading
direction (Figure 14b—black arrow). Although the addition
of 1% Ce or La did not cause noticeable change in the
fracture behavior of the BOO alloy due to the relatively high
ductility of the alloy (Figure l4c, e), the longitudinal sec-
tion beneath the fracture surface revealed a clear decrease
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Figure 15. Tensile fractured microstructures of T6-D00 alloy (a, b) without rare earth
addition, (c, d) with 1.0 wt% Ce, and (d, e) with 1.0 wt% La addition, which were
observed (a, c, e) perpendicular, and (b, d, f) parallel to the tensile direction.

in the stretched dendrites as indicated by broken arrows in
Figure 14d, f caused by the decrease in the alloy ductility.

Figure 15 presents the fracture behavior of DOO alloy in the
T6 condition and the effect of addition of 1% Ce or La. In
all cases, the cracks were confined to the interior on the
eutectic Si particles coupled with the presence of a cleav-
age area in RE-containing alloys (white circled area in
Figure 15e), compared to a uniform dimple structure in the
base alloy (Figure 15a). Both RE-intermetallics and Si
particles acted as crack openers as indicated by the white
arrows in Figure 15d, f. As in the case of BOO alloy, the
angle between the fracture direction (inset micrographs)
and the loading axis changed from 45° to almost 90°, with
the increase in the amount of RE-intermetallics.

Figure 16 exhibits a series of backscattered electron images
representing the fracture surface of DOO alloy in the T6
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condition with 1% of Ce or 1% of La. Ultra-fine particles
(similar to those shown in Figure 8d) are visible in all
micrographs, in particular as shown in Figure 16a (see red
dashed circles), in addition to either Fe-based inter-
metallics (white circled area in Figure 16a) or RE-based
intermetallics as shown in Figure 16b, c. Since Ce and La
are having close atomic numbers (57 and 58), it is difficult
to distinguish between the micro-constituents in these two
figures. Figure 16d is a high-magnification image of the
white area in Figure 16a, showing the morphology of the
precipitated particles (< 200 nm) that was identified as
Al,Cu from the associated EDS spectrum presented in
Figure 16e. As the EDS was generated from a fracture
surface, the Cu/Al ratio is not 1/2.
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Figure 16. BSE images of the fracture surface of T6-treated D00 alloy with addition of
(a) 0.0 wt% RE, (b) 1.0 wt% Ce, and (c) 1.0 wt% La, (d) Enlarged BSE image of the
circled area, (e) EDS spectrum from particle A in (d), corresponding Al,Cu

precipitation.

Conclusions

Based on the findings documented in the present work, the
following conclusions may be drawn:

1.

Addition of RE metals (La or Ce) leads to the
appearance of exothermic peaks in the solidifica-
tion and heating curves between the precipitation
of the primary o-Al phase and the (Al-Si)
eutectic reaction.

The magnitude of the exothermic peak corre-
sponding to the Al,Cu and Q-phases is noticeably
larger in the base alloy DOO compared to the alloy
with 1.0 wt% RE (La/Ce) addition, and is totally
absent in the DOO alloy containing 5.0 wt% RE.
The morphology of the RE intermetallic phases is
based on the RE level of addition, as they appear
in the form of spot-type particles in the

International Journal of Metalcasting/V olume 16, Issue 2, 2022

microstructure with a small amount of RE
addition (0.2 wt%), but with coarse block-like
and lath-like morphologies when the RE addition
increases to 1.0 wt%.

Addition of 0.2% RE has a more pronounced
effect on the alloy yield strength (15%) than on
the ultimate tensile strength (6%) in the as-cast
condition.

The fracture surface of T6-treated D00 alloy
containing 1.0 wt% Ce/La is covered by cleavage
planes.
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