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Abstract: The effect of RE addition on solidification process and high-temperature strength of Al-12%Si—4%Cu—1.6%Mn (in wt.%)
heat-resistant alloy was investigated by microstructure observation and tensile test. A great number of fine needle-like RE-rich phases
are observed in the alloys with RE addition. Solutionizing treatment does not change their morphologies and sizes, indicating that
they have good thermal stability. The addition of RE totally alters the solidification process of eutectic CuAl, phase, from
network-like phase in the form of segregation at the final eutectic grain boundaries to discretely blocky phase growing on the
hair-filamentous RE-rich needles. In the alloys with Ce addition, blocky CuAl,, particulate Al;sMn;Si, and needle-like RE-rich
needle phases grow together, but they did not occur in the alloy with only La addition. The addition of RE does not considerably
improve the strength of the alloy at high temperatures. The formation of RE-rich phases also does not significantly alter the
originating and propagating of micro-cracks in the alloy during tensile test.
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1 Introduction

The cylinder block and cover are the most important
and key components of an engine. Due to their complex
shape, casting is actually the sole manufacturing method.
High power density engines, such as aluminum diesel
engines that are gaining more attention, are required to
work at a temperature above 300 °C. The development of
heat-resistant casting aluminum alloys offers great
challenging opportunities.

Al-Si—Cu—Mg heat-resistant alloys have been
widely used to manufacture engines for small passenger
cars. Some examples are A380, A319 and ZL702A
aluminum alloys [1-3]. In these alloys, CuAl, phase acts
as the main heat-resistant strengthening phase along with
Al,CuMgsSi, (W-phase), AlsMgsSisCu, (Q-phase) and/or
other complex intermetallic compound phases from
alloying. Alloying (such as Ni, Cr, Fe, Li) [3—5] and
micro-alloying (for example, Ti, Zr, B, Y, Hf, Nb, Ta, Cr
and Mo) [6,7] have been used to improve the high-
temperature strength of Al-Si—Cu—Mg heat-resistant

alloys. Manganese is an important alloying element in
Al-Cu—Mn heat-resistant alloys [8,9]. Manganese
addition in Al-Si—Cu alloys, generally with a low
content less than 0.5 wt.%, is usually used to neutralize
the detrimental effects of f-AlsFeSi by transforming it to
a-Aljs(Mn,Fe);Si, phase [10—12]. LIAO et al [13]
developed a novel heat-resistant aluminum alloy by
introducing high content of Mn in near-eutectic
Al-12%Si—4%Cu (wt.%) alloy, in which the primary
and eutectic Al;sMn3Si, phase has much better thermal
stability than CuAl, phase. Combined addition of Mn
and Cr into near-eutectic Al-Si—Cu alloy could
significantly alter the morphology of the primary
Al;sMn;Si, phase, thus remarkably improving the high-
temperature strength, more than 100 MPa at 350 °C [14].

RE elements have been widely used in aluminum
alloys, mainly to refine the microstructure and hence to
improve the mechanical properties of the alloys at room
temperature [15,16]. LI et al [17] investigated the effect
of La addition on the high temperature properties of
Z1.702 alloy. ZHANG et al [7] investigated the influence
of Y addition (0.05%, 0.1%, 0.15%, 0.2%, 0.25%, 0.5%
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and 0.8%, in wt.%) on mechanical properties at 250 °C
and reported that the alloy with 0.1% Y had the highest
strength due to the refining effect of trace Y addition on
eutectic Si phase. FAN et al [18] reported that the
addition of Ce could lead to a morphology change of
o-Al;5(Fe,Mn);Si, from coarse Chinese-script into small
and discrete block. In 2A14 aluminum alloy with
addition of Ce-rich mish-metal, CeAl,, LaAl, and
AlgCuyCe phases were observed at grain boundary [19].

However, the role of RE addition in heat-resistant
aluminum alloys was not well investigated, especially on
solidification process and high-temperature strength. In
this study, the effects of mish-metal, La and Ce on the
solidification process and high-temperature strength of
the Al-12%Si—4%Cu—1.6%Mn alloy were discussed by
microstructure observation, phase structure analysis and
tensile test at different temperatures.

2 Experimental

The studied alloys were prepared in a graphite
crucible of 3 kg capacity using a melting/vacuum
holding furnace with Al-12.5wt.%Si, Al—10wt.%Sr,
Al-10wt.%Mn, Al-5wt.%Ce and Al-5wt.%La master
alloys, and commercial purity Cu (99.8 wt.%) ingot, Si
(98 wt.%) blocky-shaped particles, and Ce-rich misch
metal (MM, the mass fraction of La+Ce more than 80%).
After processing, the melt was poured at 993 K (720 °C)
into a cast iron mold (with a plate-like cavity of
170 mm % 100 mm X 20 mm, preheated at 523 K (250 °C)
for 5 h). The final chemical composition of the alloys
was analyzed using MAXx LMF15 spark emission
spectrometer, as listed in Table 1. However, MM, La and
Ce are marked as the addition levels because of no
corresponding  detection channels. Metallographic
samples were cut from the castings, and etched with a
mixed acid reagent (20 mL HCl + 20 mL HNO; +
S5SmLHF + 55mL H,0) for 15s. Microstructural
observation was carried out using an OLYMPUS
BX60M metallographic microscope and a scanning
electron microscope (SEM) equipped with EDS. The
X-ray diffraction (XRD, D8-Discover equipped with Cu
K, radiation) was used to analyze phase constituents with
26=10°-55° and a scanning step of 0.02 (°)/step.

Table 1 Compositions of studied alloys (wt.%)
Alloy Si Cu Mn Sr RE*

S4 1231  4.02 1.71 0.0258 0
S4-1 11.94 412 159 0.0243 0.5 MM
S4-2 11.86 3.84 1.63 0.0263 1.0 MM
S4-3 1241 419 1.60 0.0253 0.5La
S4-4 1224 409 1.57 0.0262 0.5Ce

* Addition level

In order to estimate the RE addition effect on high-
temperature  strength, the castings were firstly
solutionized at 510 °C for 5 h and further aged at 165 °C
for 6 h [13], and then machined into standard tensile
samples (GB6397-86) with a gauge size of 35 mm X
10 mm X 3 mm. High-temperature tensile tests (at 200
and 300 °C) were carried out on a CMTS5105 electronic
universal testing machine with a rate of 1 mm/min. This
provided a strain with the order of 10™*s™". The ultimate
tensile strength was taken as an average of 3 replicates.

3 Results and discussion

3.1 Microstructure and solidification process

Figure 1 shows the microstructures of the as-cast
alloys with or without RE addition. The addition of RE is
expected, to some extent, to afford heterogeneous
nucleation sites for the primary Al;sMn;Si, phase in
Al-12Si—4Cu—1.6Mn alloy. However, RE addition has
almost no influence on the morphology and size of the
primary Al;sMn;Si, phase. But, interestingly, there are a
large number of fine needles, some are black and curved
hair-like, in the microstructure of the alloys with addition
of RE, whether sole addition of La and Ce, or combined
addition in the form of MM. And the amount is increased
with the addition level of RE (Figs. 1(b) and (c)), even
full of the whole field of view.

The fine needles are RE-rich phases. Their SEM
images and EDS results are shown in Fig. 2. In S4-1
alloy with addition of MM, these needles contain La and
Ce. And in S4-2 and S4-3 alloys, the needles are La-rich
and Ce-rich, respectively. Fine RE-rich needles are also
observed at the gain boundaries of 2A 14 aluminum alloy
with Ce-rich mish-metal addition [19]. All needles are
detected to contain high level of Cu. The RE-rich needles
are, somewhere bright and thick, somewhere black and
thin. The RE-rich needles in S4-4 alloy, which was
etched for 30 s, are re-observed by SEM—EDS, as shown
in Fig. 3. These needles do not seem to be cylinder rods
but square bars, in form of typical faceted-growth. Of
more importance, obviously, theses needles are
multi-structural, of which the surface is a thin film
enveloping the inner. The EDS results illustrate the
difference of Cu content at different detected positions.
All of the detected EDS results on these needles reveal
that they contain La or Ce as well as high levels of Si and
Cu. It is well known that the EDS results are very
inaccurate for fine phase, because the detected region by
EDS ray is much huger than the selected area. From EDS
results, it is just surely concluded that these needles
contain high level of La or Ce. So, the RE-rich needles
may be grey and very fine. When the RE-rich needles are
enveloped by CuAl, film, they become bright in contrast
and thickened in size (typically in Fig. 2).
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Fig. 1 Optical microscopic images showing microstructures of as-cast alloys with different RE additions: (a) S4 alloy; (b) S4-1 alloy;
(c) S4-2 alloy; (d) S4-3 alloy; (e) S4-4 alloy
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Fig. 2 SEM images (a, c, e) and their EDS results (b, d, f) of RE-rich phases in S4-1(a, b), S4-3(c, d) and S4-4 (e, f) alloys
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Fig. 3 SEM image (a) and EDS results at different positions
(b, ¢) of needle-like phases in S4-4 alloy etched for 30 s

Figures 4(a) and (b) show the XRD patterns of S4-3
alloy (with only La addition) and S4-4 alloy (with only
Ce addition), respectively. In the alloy with La addition,
weak peaks of Al,La and Al; La; compounds are
detected (Fig. 4(a)), besides a-Al, Si, Al;sMn;Si, and
CuAl, phases. In the alloy with Ce addition, Ce-rich
compounds of AlCe;, Al,Ce, Al;(Cu;Ce, and Alyg,Ceg are
also detected though the peak intensities of them are
weak (Fig. 4(b)). This indicates that La-rich and/or
Ce-rich compounds are formed with addition of La
and/or Ce into aluminum melts. Besides the above
La- and Ce-aluminides, by careful comparison with PDF
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Fig. 4 XRD results of as-cast S4-3 (a) and S4-4 (b) alloys

Si(220)

cards database, no other potential compounds (such as
Al-Si—RE, Al-Cu—RE or Al-Si—Cu—RE compounds)
can well match these peaks even though EDS results
illustrate that these needles contain high level of Si. Due
to much strong affinity of La and Ce with Al, La- and
Ce-aluminides can form at early stage of solidification,
usually prior to the formation of most compounds in a
great variety of aluminum alloys. By combination of
EDS results and morphology observation of these
needles and XRD analysis of the studied alloys, La- and
Ce-aluminides are thought to be firstly formed at the
early stage of solidification, growing in the form of
faceted crystal characteristic (fine and long needle-like).
Then, during the final eutectic reaction, CuAl, grows
on the surface of La- and Ce-aluminides as a film
enveloping them.

Figure 5 shows the network-like or mass-flocculent
CuAl, phase in S4 alloy and its EDS results. In
Al-12%Si—4%Cu—1.6%Mn alloy, CuAl, phase is
formed during the final eutectic reaction at 522 °C: L—
oAl + Si + Al;sMn;Si, + CuAl, (by Pandat™). It occurs
at the end of solidification, thus most of CuAl, phase
segregates as network-like or mass-flocculent phase
at the eutectic grain boundaries. However, RE addition,
whether mish metal, La or Ce, completely alters its
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Fig. 5 Morphology of CuAl, phase in S4 alloy (a) and its EDS
results (b)

morphology, as shown in Fig. 6, and also in Fig. 2. Most
of CuAl, phase becomes discretely blocky, entangled
with hair-filamentous RE-rich needles and blocky
Si particulates. Figure 7 shows entangled CuAl, and
RE-rich phases in S4-3 alloy. The fine needles marked by
zone A in Fig. 7(a) are RE-rich (by EDS in Fig. 7(b)).
The bright blocky B and C are demonstrated as CuAl, by
EDS detection (Figs. 7(c) and (d), respectively). This

REim‘phése

E—rich

suggests that the CuAl, phase grows on the RE-rich
needles. And it is also seen that there are a great number
of small bright germs of CuAl, phases on the fine
needles (as seen in Figs. 6 and Fig. 7(a)). This indicates
that the formation of CuAl, phase is closely tied with
RE-rich needles.

In S4-2 alloy with addition of mish metal (in which
La and Ce are the main constituents), an interesting
phenomenon is revealed in Fig. 8. CuAl, block (zone C),
Al;sMn;Si, particulate (zone B) and RE-rich needle
(zone A4) co-grow, and CuAl, and Al;sMn;Si, phases
grow on the RE-rich needles. In another alloy with only
Ce addition (S4-4), the same phenomenon occurs, as
seen in Fig. 9. However, in the alloy with only La
addition (S4-3), this phenomenon does not occur. This
indicates that Ce existence in S4-2 and S4-4 alloys plays
a key role in the co-growth of Al;sMn;Si, phase with the
needle-like RE-rich phase. From the above observation,
it is concluded that RE addition completely alters the
solidification process of CuAl, phase, from network-like
or mass-flocculent phase (without RE addition) in the
form of segregation at the final eutectic grain boundaries
into discretely blocky phase that grows on the
hair-filamentous RE-rich needles. And the -eutectic
Al;sMn;Si, phase grows in the same way in the alloys
with Ce existence.

La- and Ce-aluminides can form at the early
stage of solidification, usually prior to the formation
of most compounds in a great variety of aluminum
alloys. From Al-rich comer of Al-La and Al-Ce
binary phase diagrams, the temperature to form
La- and Ce-aluminides is usually above 600 °C. By
Pandat™ software, the eutectic reaction of L—>orAl+Si+

= \ “(\ V

| RE-rich phase

Fig. 6 Discrete blocky CuAl, phase growing on hair-filamentous RE-rich needles in different alloys with RE addition: (a) S4-1 alloy;

(b) S4-2 alloy; (c) S4-3 alloy; (d) S4-4 alloy
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Fig. 7 Entangled CuAl, and RE-rich phases in S4-3 alloy (a) and EDS results (b—d corresponding to zones 4, B and C in (a),
respectively)
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Fig. 8 Co-growth relations of CuAl,, Al;sMn;Si, and RE-rich phases in S4-2 alloy (a) and EDS results (b—d corresponding to zones 4,
B and C in (a), respectively)
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Fig. 9 Co-growth relations of CuAl,, Al;sMn;Si, and RE-rich phases in S4-4 alloy (a) and EDS results of light grey Al;sMn;Si,
particle (b)
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Al;sMn;Si,+CuAl, occurs at 522 °C. From Fig. 4(a),
Al La; phase is detected in the alloys with La addition.
Both Alj;La; and CuAl, belong to tetragonal system, of
which the lattice mismatch degrees on (001) and (100)
are only 7.7% and 6.2%, respectively. This indicates that
AljLa; has good coherent relationship with CuAl,
phase. Needle-like Alj;La; phase grows in the form of
typical faceted crystal. (001) or (100) is the lowest free
energy plane of tetragonal crystals. For faceted-growth,
the liquid/solid interfaces always consist of low energy
planes, so (001) or (100) may be the exposed surface of
the growing Al La; crystal. According to lattice
matching mechanism, the low energy planes between
two crystals are the most potential interfaces of them. As
seen in Figs. 3, 6 and 7, CuAl, phase presents as thin
film, small germ and discrete block that are closely tied
with needle-like La- and Ce-aluminides. During the
earliest growing stage of CuAl, phase, it grows by lateral
step mechanism. (001) or (100) of CuAl, phase may
grow on the surface of AljLa;, and hence it is in the
form of film shape. Therefore, it is deduced that Al;;La;
crystal that is formed prior to CuAl, can act as the
heterogeneous nucleation sites for the latter. The addition
of La could alter the nucleation and growth of CuAl,
phase during the final eutectic reaction. CuAl, crystal
preferentially forms with a shape of thin film firstly on
the surface of Alj;La; needles, and then protrudes locally
in the form of small germs, and finally grows freely in
the liquid into blocky phase. As a result, the morphology
of CuAl, phase changes from network-like or mass-
flocculent into discrete blocky phase. Due to the addition
of Ce, the prior formed Al,Ce phase also has good
coherent relationship with CuAl, phase, and therefore the

! LR 5 g

addition of Ce also produces a similar impact to the
crystallization process of CuAl, phase.

The start crystallizing temperature of primary
Al;sMn;Si, phase in Al-12%Si—4%Cu—1.6%Mn alloy is
633 °C by Pandat™ software. The temperature to form
potential RE-rich compounds may be below this
temperature. Therefore, the addition of RE has no
influence on the formation of the primary Al;sMn;Si,
phase. For eutectic Al;sMn;Si, phase, it is mainly from
two eutectic reactions, the main eutectic reaction of L—
o~Al+Si+Al;sMn;Si, (in  a temperature range of
569-522 °C) and the last eutectic reaction described
above (at a constant temperature of 522 °C). Al;sMn;Si,
formed in Al-Si—Cu—Mn alloy has been demonstrated to
have body-centered cubic structure [20]. In the alloy with
Ce addition, Alyp,Ceg crystal is detected (Fig. 4(b)). This
Ce-aluminate has the same body-centered cubic structure
as Al;sMn;Siy, and the lattice mismatch degree between
them is only 0.4%. So, this Ce-aluminide has a very high
coherent relationship with Al;sMn;Si,, thus has powerful
ability as heterogeneous nucleation sites for eutectic
Al;sMn;Si,. This is the reason for that CuAl, block,
Al;sMn;Si, particulate and RE-rich needle co-grow in
the alloys with Ce addition (Figs. 8 and 9). However,
even AljLa; crystal is formed prior to eutectic
Al;sMn3Si, compound, the lattice mismatch degree
between them is too large to act as nucleation sites for
eutectic Al;sMn;Si,, so, in the alloy with only La
addition (S4-3), the co-growing phenomenon does not
occur. It is rational to think that Ce addition could alter
the crystallizing course of eutectic Al;sMn;Si,, but La
addition could not.

Figure 10 shows the microstructures of the studied

Fig. 10 Optical microscopic images showing microstructures of studied alloys after solutionizing at 510 °C for 5 h: (a) S4-1 alloy;
(b) S4-2 alloy; (c) S4-3 alloy; (d) S4-4 alloy
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alloys after solutionizing at 510 °C for 5 h. This thermal
history does not alter the morphology and size of primary
Al;sMn;Si, phase, consistent with the result in Ref. [14].
In Fig. 10, a great number of fine RE-rich needles are
still observed, illustrating that these RE-rich needles
formed during solidification also have excellent thermal
stability.

3.2 Tensile strength at high temperature

It was reported that the complex RE-rich
compounds formed in Al-Si alloy with RE addition
could improve the high-temperature strength [7,17]. But,
in our study, the formed RE-rich phases present as fine
needle, which has strong cutting effect during tension,
and thus they may deteriorate the strength. Table 2 lists
the tensile strength of the studied alloys at 200 and
300 °C after T6 treatment (soultionizing at 510 °C for 5 h
and aging at 165 °C for 6 h). The addition of small
amount of RE (0.5 wt.% addition level, in S4-1, S4-3 and
S4-4), whether MM, sole La or sole Ce, only results in a
slight increase in strength at both 200 and 300 °C. When
the addition level is further increased (in S4-2), the
strength is conversely decreased slightly. Even the new
formed RE-rich compounds have good thermal stability,
the addition of RE does not exhibit the expected
improvement in strength at high temperature. This may
be due to the strong cutting effect from its fine
needle-like morphology.

Table 2 Tensile strength of studied alloys at 200 and 300 °C
Ultimate tensile strength (T6 temper)/MPa

Alloy
200 °C 300 °C
S4 207.4 119.3
S4-1 211.9 125.3
S4-2 196.7 120.7
S4-3 218.2 128.2
S4-4 214.9 125.2

Figure 11(a) shows the fractograph of S4-1 alloy
(T6) after tensile test at 300 °C. There are a number of
tearing ridges, a great amount of cleavage planes and a
lot of cracks, illustrating that it is a brittle rupture. The
EDS on cleavage plane (Fig. 11(b)) suggests that the
fracture occurs throughout the primary Al;sMn;Si;
dendrites. No RE-rich needles appear on the fracture
surface. Figure 12 also reveals that micro-cracks
interiorly originate in the primary Al;sMn;Si, phase, but
not the needle-like RE-rich phase. The frangibility of the
primary Al;sMn;Si, phase is dominant in originating and
propagating of micro-cracks during tensile test. This
indicates that even the fine RE-rich needles have strong
cutting effect (prone to stress-concentrating), the addition

of RE into Al-12%Si—4%Cu—1.6%Mn does not
significantly alter the micro-crack’s originating and
propagating and fracture characteristics.

() A Element wt.% at.%
Al 59.44 69.62
Si 13.89 15.63
La 0.59 0.14
Ce 0.76  0.17
Mn 23.74 13.66
Cu 1.57 0.78
Cu|Si
Mn L 5 7{“ Cu
1 2 3 4 5 6 7 8 9 1011 12

E/keV

Fig. 11 SEM image showing fractograph of S4-1 alloy (T6)
after tensile test at 300 °C (a) and EDS results on cleavage
plane (b)

(b) Element wt% at%

Al 58.96 69.92

Si 12.38 14.10

La 0.99 0.23

Ce 0.60 0.14

Mn 25.13 14.64

Cu 1.94  0.98
Si Mn

Mﬂ%um Lge A_n Cu N
1 23 45 6 7 8 910111213
E/keV

Fig. 12 SEM image showing microstructure near fracture
surface of S4-1 alloy (T6) after tensile test at 300 °C (a) and
EDS results of zone with small cracks

4 Conclusions

(1) RE addition does not refine the primary Mn-rich
phase as expected. However, it completely alters the
morphology of CuAl, phase into discrete and blocky
phase, which is due to the prior formed La- and
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Ce-aluminides that could act as the heterogeneous
nucleation site for CuAl, phase.

(2) In the alloys with Ce addition, an interesting
phenomenon occurs that CuAl, block, Al;sMn;Si,
particulate and RE-rich needle are co-growing, but this
does not occur in the alloy with only La addition. Alg,Ceg
has a very high coherent relationship with Al;sMn;Si,
phase, so the addition of Ce alters the crystallizing
course of eutectic Al;sMn;Si, phase.

(3) These fine needle-like La- and Ce-aluminides
have good thermal stability even under a thermal history
of 510 °C for 5 h. However, the addition of small amount
of RE (0.5 wt.% addition level), whether MM, sole La or
sole Ce, only results in a slight increase in strength at
both 200 and 300 °C. But when addition level is further
increased, the strength is conversely decreased slightly.

(4) Even these fine RE-rich needles have strong
cutting effect, the addition of RE into Al-12%Si—
4%Cu—1.6%Mn alloy does not significantly alter the
originating and propagating of micro-cracks and fracture
characteristics during tensile deformation.
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1+ 4B RE Fnxt Al-12%Si—4%Cu—1.6%Mn
& &R E S EMSIREE Y

BBk, WA, WA=
RERY: MRS TR LR et @R AR BoR B SR S, M At 211189

OB RSSO R SZIR AT TR 4R (RE)R AT Al-12%Si—4%Cu—1.6%Mn i #4424 ik i 5 #2 F0
FHRSEFEIRN . EIN RE & &P WE I KEA/MIRE RE M, FHECHEARETHES SN, RHHE
BA RIFMHAFENE. RE M SRS Cudl, MIFREEEERE, MR BERE LR TR A E IR
BB R EOR, KIS R LI E RE 4k B 7EE5H Ce E4EH, Uk CuAlys BURDIR AljsMn;Si, FIEF
WE RE LA —E; R, E0UNA La & E&d, ERSIERRE. REFKMAINREENEAENS
TRBEE . MEIRE RE AR St ok 52 SUE & Sl B s g A= S5 e .
XHIA): Al-Si—Cu-Mn A4 Fits BEERR; miEses
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