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a b s t r a c t

Mg–4Al–0.4Mn–xPr (x = 1, 2, 4 and 6 wt.%) magnesium alloys were prepared successfully by the high-
pressure die-casting technique. The microstructures, mechanical properties, corrosion behavior as well as
strengthening mechanism were investigated. The die-cast alloys were mainly composed of small equiaxed
dendrites and the matrix. The fine rigid skin region was related to the high cooling rate and the aggrega-
tion of alloying elements, such as Pr. With the Pr content increasing, the �-Mg grain sizes were reduced
eywords:
g–Al–Mn–Pr alloy
icrostructure
echanical properties

orrosion

gradually and the amounts of the Al2Pr phase and Al11Pr3 phase which mainly concentrated along the
grain boundaries were increased and the relative volume ratio of above two phases was changed. Con-
sidering the performance-price ratio, the Pr content added around 4 wt.% was suitable to obtain the
optimal mechanical properties which can keep well until 200 ◦C as well as good corrosion resistance.
The outstanding mechanical properties were mainly attributed to the rigid casting surface layer, grain
refinement, grain boundary strengthening obtained by an amount of precipitates as well as solid solution
strengthening.
. Introduction

In recent years, with the fast development of automobile indus-
ry, increasing attention has been paid to Mg-based alloys for
ehicle weight reduction [1,2]. Most magnesium parts applied to
utomobiles are high-pressure die-casts mainly due to the high
roduction capacity and relatively low production cost of the die
asting process [3,4]. Considering the combination of good die
astability with applied mechanical properties, Mg–Al–(Zn)–Mn
ystem has been the basis for almost all present high-pressure die-
ast (HPDC) magnesium alloys until now.

Up to the present, the commercial magnesium alloys devel-
ped for die-casting applications mainly fall into two classes. The
rst group is based on Mg–Al and Mg–Al–Zn systems, such as
M50A, AM60B and AZ91D, which have been used for steering
heels, instrument panels and so on. These alloys were devel-

ped for the suitable combination of room-temperature strength

ith ductility, while their application temperature is limited to

bout 120 ◦C, above which the mechanical properties decrease
harply [5]. Further investigations have shown that poor elevated-
emperature mechanical properties of these alloys are related to the
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coarsening and softening of discontinuous intermetallic compound
�-Mg17Al12 phase in the eutectic region and/or the precipita-
tion of the intermetallic compound from supersaturated �-Mg
matrix [6]. To further reduce the weight of future vehicle, it is
inevitable to expand the use of magnesium to critical compo-
nents such as transmission and engine parts, which will require
these alloys to have much better elevated-temperature proper-
ties. Therefore, increasing efforts have been devoted to developing
the second group of alloys mainly based on Mg–Al–RE (RE = rare
earth), Mg–Al–Si and Mg–Al–Ca/Sr systems, which have improved
elevated-temperature performances [7–9]. Because of the forma-
tion of relatively thermally stable Al11RE3 phase and the complete
suppression of Mg17Al12 phase, A HPDC magnesium alloy, AE42
(Mg–4Al–2RE), was developed (by Dow Magnesium) for high-
temperature applications [10]. Unfortunately, the decomposition
of Al11RE3 phase which leads to the deterioration of creep resis-
tance at temperatures above 150 ◦C has also been reported [11,12].
Recently, Hydro Magnesium developed a new HPDC alloy, AE44
(Mg–4Al–4RE), whose high temperature mechanical properties
was further improved by adding more RE content than AE42

[13]. However, both RE used in AE42 and AE44 are Ce-rich mis-
chmetal, whose typical composition is 52–55 wt.% Ce, 23–25 wt.%
La, 16–20 wt.% Nd, and 5–6 wt.% Pr [12], for AE44, the causes of
the decline of creep properties at high temperature has not been
resolved completely.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jmeng@ciac.jl.cn
dx.doi.org/10.1016/j.jallcom.2009.02.090
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Table 1
The chemical compositions of studied alloys (wt.%).

Alloys Al Mn Pr Mg
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lPr41 4.30 0.35 1.05 Bal.
lPr42 4.12 0.31 1.95 Bal.
lPr44 3.89 0.26 3.81 Bal.
lPr46 4.01 0.32 5.54 Bal.

Since the presence of Al–RE phases play very important roles in
ffecting the mechanical properties of Mg–Al–RE (AE) series HPDC
lloys, its further investigation is necessary and useful for future
lloy design, while at present seldom researches have referred
o the applications of single Pr element on the HPDC Mg–Al-
ased alloys. Herein, this work aimed to further investigate about
E alloys and mainly focused on the influences of Pr on the
icrostructures, mechanical properties and corrosion behavior of
PDC Mg–4Al–0.4Mn alloy.

. Experimental procedure

The nominal compositions of investigated alloys were Mg–4Al–1Pr–0.4Mn,
g–4Al–2Pr–0.4Mn, Mg–4Al–4Pr–0.4Mn and Mg–4Al–6Pr–0.4Mn and referenced

lloy was Mg–4Al–0.4Mn. Commercial pure Mg and Al were used and Mn and Pr
ere added in the form of Al–10 wt.% Mn and Mg–20 wt.% Pr master alloys. Speci-
ens were die casting using a 280 t clamping force cold chamber die-cast machine.
bout 20 kg of magnesium alloy ingots were melted in a mild steel crucible. Pure
rgon was used as a protective gas and refined gas. The metal was hand-ladled into
he die casting machine and this required a melt temperature that was about 40 ◦C
igher than that normally used for casting with an automated metering system

nvolving a pump and heated tube, and the melt temperature of 700 ◦C prior to
asting was used. The die was equipped with an oil heating/cooling system and
he temperature of the oil heater was set to 210 ◦C. The chemical compositions of
he alloys were determined by inductively coupled plasma atomic emission spec-

roscopy (ICP-AES) and the results were listed in Table 1, in which the compositions
f alloys named as AlPr41, AlPr42, AlPr44 and AlPr46 were given.

The tensile samples were 75 mm in gauge length and 6.1 mm in gauge diameter
nd the compressive samples were 6.1 mm in diameter and 10 mm in height. Tensile
nd compressive tests were performed using Instron 5869 tensile testing machine at
oom temperature (RT) and elevated temperatures with a strain rate of 4.4 × 10−4 s−1.

Fig. 1. Low magnification images showing the skin and the partial in
Fig. 2. Typical microstructure of the narrow band in HPDC AlPr46 alloy.

The value in the study was the average of at least four measurements. The hardness
of the alloys were measured by Vicker hardness tester, and test load and application
time were 25 g and 10 s.

Metallographic samples were cut from the middle segment of the tensile bars
and the microstructures of the alloys were observed by scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectrometer (EDS). The specimens
for SEM were etched by 4 vol.% nitric acid in alcohol. The average grain size of the
alloys was measured by linear intercept method and the analytical system of metal-
lographic image (OLYCIA m3) was used to measure the volume fraction of secondary
phase. The phase composition were characterized by X-ray diffraction (XRD). The
corrosion specimens were polished successively on finer grades of emery papers up
to 800 levels.

Corrosion tests were performed using standard salt spray Corrosion Chamber
in neutral 5 wt.% NaCl at different temperatures for 4 days. Cleaning of the spec-

imens in the experiments was done by dipping in a 400 ml aqueous solution of
10%CrO3 + 1%AgNO3 in boiling condition. The weight loss was measured by an elec-
tronic balance with an accuracy of 10−4 g. The extent of corrosion was given in
weight loss per surface area and time (mg/cm2/day, or MCD). The reported value
was averaged at least three specimens.

terior regions: (a) AlPr41, (b) AlPr42, (c) AlPr44 and (d) AlPr46.
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Fig. 3. Microstructures of the skin regions: (a) AlPr41, (b) AlPr42, (c) AlPr44 and (d) AlPr46.

Fig. 4. Microstructures of the core regions: (a) AlPr41, (b) AlPr42, (c) AlPr44 and (d) AlPr46.
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Fig. 5. Effect of Pr content on the grain size and the volume fraction of secondary phases in the skin and the core regions.
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Fig. 6. Typical cross-section of the hardness test (a

. Results and discussion

.1. Microstructures
The cross-section microstructures near the surface of the HPDC
lloys are shown in Fig. 1. The radius of the cross-section is 6.1 mm.
or all the four alloys, a narrow band that follows a contour parallel
o the surface of the casting divides the alloy into the skin region

ig. 7. Variation of the microhardness with the section position for the four studied alloys
o the centre.
the Vickers indents performed on the sample (b).

and the core region (indicated by arrows), and they seem closer to
the casting surface and to be more easily observed with the con-
tent of Pr increasing. As a result, the thickness of fine-grained skin

decreases from about 200 �m to about 100 �m with the content of
Pr increasing from 1.05 wt.% to 5.54 wt.%. Fig. 2 shows the typical
microstructure of the narrow band in HPDC AlPr46 alloy. The grains
in narrow band were refined obviously compared with that in the
neighbouring regions.

(a) and Pr content profile of the tensile test bar in HPDC AlPr44 (b) from the surface
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Mg17Al12 phase emerge in the four alloys as the result of Pr addition.
One of the main secondary phases in the four alloys is Al2Pr phase,
and with the Pr content increasing additional characteristic peaks
of Al11Pr3 gradually become obvious.

Table 2
The results of EDS analysis of Fig. 9 (The Mg element is wiped off due to no Mg-
containing phase detected from the XRD results).

Location Composition (at.%)

nAl nPr nMn nAl:nPr
ig. 8. X-ray diffraction patterns of (a) AlPr41, (b) AlPr42, (c) AlPr44 and (d) AlPr46.

The SEM images of the skin regions and the core regions of the
our HPDC alloys are shown in Figs. 3 and 4, respectively. It reveals
hat all the four alloys are mostly composed of fine equiaxed den-
rite and �-Mg solid solution matrix, and an amount of precipitates
oncentrate near the grain boundaries. The grain size gradually
ecreases and the volume fraction of secondary phases significantly

ncreases with increasing Pr whether at skin or core regions. Mean-
hile, comparing the corresponding images in Figs. 3 and 4, it could

e seen clearly that the microstructure of skin region is much finer
han that of core region in a same HPDC alloy. For this phenomenon,
t is believed that the solidification rate of the skin region is higher
s soon as the melted metal reaches the relatively cold mould walls.
he specific variation of the grain size and the volume fraction of
econdary phases with the increase of Pr content both at the skin
egions and the core regions are illustrated in Fig. 5. Moreover, from
igs. 3 and 4 more large particles also could be observed in alloys
ith relatively high content of Pr, and especially in the core regions

he size of some big bulk particles can reach about 10 �m in HPDC
lPr46 alloy. Occasionally, a few large grains could be seen espe-
ially in the core region which are derived from the floating crystals
n the melted metal, prematurely solidified in the shot sleeve, flow
n the die cavity.

The relationship between microhardness and the section posi-
ion has also been studied in this work. Fig. 6 shows the
ypical cross-section of the hardness test and the Vickers indents
erformed on the sample. Fig. 7a shows the variation of the micro-
ardness with the section position for the four studied alloys as
ell as the reference alloy AM40. It indicates that the hardness
ecreases obviously from the surface to the center. Meanwhile, it
lso suggests that in the same location alloys with higher content
f Pr have higher hardness. The composition profile of the cross-
ection is shown in Fig. 7b, which is an example of the variation of
r content from the surface to the center in HPDC AlPr44 alloy. The
eneral decline of Pr content from the skin to the core is observed.
onsequently, we could infer that the high hardness in the skin
egion is partly related to the high Pr content in the matrix.

.2. Strengthening phases
XRD patterns of the studied HPDC alloys are illustrated in Fig. 8.
t is well known that AM alloys are mainly composed of �-Mg and
-Mg17Al12 phases, while as shown in Fig. 8, no obvious peaks of �-
Fig. 9. SEM micrographs of the secondary phases near the grain boundaries in HPDC
AlPr44 alloy.
A 60.46 (1.1) 28.86 (1.7) 1.00 (0.4) 2.09:1
B 7.70 (0.6) 3.62 (0.4) 0.82 (0.3) 2.13:1
C 7.48 (1.0) 1.94 (0.8) 0.06 (0.02) 11.57:3
D 7.45 (1.5) 1.92 (1.3) 0.10 (0.06) 11.64:3
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Fig. 10. EDS elemental mapping showing distr

The further magnified SEM micrographs revealing the secondary
hases in the core region in HPDC AlPr44 alloy is shown in Fig. 9. It is
vident that the secondary phases mainly comprise four morpholo-
ies, marked as A, B, C and D. Each kind of particle was measured at
east three times, and the results of EDS analysis of the four points as

ell as the standard deviation are listed in Table 2. According to the
RD results and Al/Pr ratio, the large quadrangle particle (point A)
ith size up to 5 �m and the small polygon particle (point B) with

ize close to hundreds nanometer are both identified to be Al2Pr
hase. The acicular precipitates (point C), approximately 2–5 �m

n length and 100–200 nm in diameter, congregate together and
re oriented at an angle to the grain boundary direction. In addition,
mall quantities of petal-like precipitates (point D) with coarse sur-

ace distributed near the grain boundaries are also observed. Both
he acicular and petal-like precipitates are determined by EDS and
RD analyses to have the chemical formulas Al11Pr3. Map distribu-

ions of the elements in HPDC AlPr44 alloy are presented in Fig. 10.
t indicates that the alloying element Mn mainly enriches in Al2Pr

Fig. 11. Typical stress-strain tensile (a) and compressive (b) c
ns of Mg, Al, Pr and Mn in HPDC AlPr44 alloy.

phase besides part distribution at the matrix. This analysis result is
consistent with the results of EDS microanalyses of the secondary
phases shown in Table 2.

3.3. Mechanical properties

Fig. 11 shows the representative stress–strain tensile and
compressive curves of HPDC AlPr44 alloy at different testing tem-
peratures. The alloy shows high yield strength and significant strain
hardening behavior at RT. Typically, the yield strength and the strain
hardening effect decrease when increasing testing temperature, but
on the whole, the curves indicate that the mechanical properties
of HPDC AlPr44 alloy can keep well until 200 ◦C. To compare the

mechanical properties of the studied alloys, the ultimate tensile
strength (UTS), tensile yield strength (TYS) and elongation to fail-
ure (ε) from room temperature (RT) to 300 ◦C are shown in Fig. 12.
From Fig. 12a, it is clear that AM40 alloy shows the poorest UTS,
while with the addition of Pr, the UTS are significantly improved

urves of HPDC AlPr44 alloy at different temperatures.
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Fig. 12. Tensile properties of the studied alloys at different temperatures.

oth at room and elevated temperatures. For example, the UTS of
PDC AM40 alloy are 210 MPa at RT and 77 MPa at 200 ◦C, while

or HPDC AlPr44 alloy, the UTS are 263 MPa at RT, and 128 MPa
t 200 ◦C, respectively. The TYS of the alloys has the general same
hanging rules with UTS after addition of Pr (Fig. 12b). The highest
YS is obtained from HPDC AlPr44 alloy at RT but at elevated tem-
eratures, the value of AlPr46 is slightly higher than that of AlPr44.
or instance, the TYS of HPDC AM40 alloy are 105 MPa at RT and

◦
0 MPa at 200 C, while the corresponding values for HPDC AlPr44
nd AlPr46 alloys are 163 and 160 MPa at RT, and 109 and 111 MPa
t 200 ◦C, respectively. The ductility of the alloys is also improved
s the result of Pr addition and at RT the highest value is obtained
rom HPDC AlPr44 alloy. The elongation of all the alloys studied
Fig. 13. Weight loss corrosion rates of the HPDC alloys.

increases with the increase of temperature and reaches a highest
value at certain elevated temperature (Fig. 12c). Overall evaluation,
when the content of Pr is around 4 wt.%, the studied HPDC alloy
obtains the optimal mechanical properties.

3.4. Corrosion test

Fig. 13 illustrates the curves of corrosion rates of the HPDC
Mg–4Al–0.4Mn–xPr alloys under salt spraying at 35 ◦C for 4 days.
Based on the data, the corrosion resistance of the alloys is improved
remarkably due to the addition of Pr and with the increase of Pr
content the corrosion rate decreases gradually. The corrosion rate
of the best specimen of AlPr46 alloy is below 0.2 MCD. This indicates
Mg–Al–Pr series alloys have good salt spray corrosion resistance.

The surface features of the corroded AM40 and AlPr46 alloys
after 4 days salt-spray test are presented in Fig. 14. In the case
of AM40 alloy, the specimen surfaces suffer corrosion seriously
and relatively deep local corrosion pits appear on some areas
(Fig. 14a). The amount of large corrosion pits on the specimen sur-
faces decreases with the addition of Pr. As can be seen from Fig. 14b,
there are few large and deep corrosion pits on the surface of AlPr46
alloy. Thus, The surface features of the corroded specimens support
the test results of corrosion rates in Fig. 13.

Fig. 15 shows the typical corrosion morphology of AlPr41 and
AlPr46 after 4 days salt-spray test. Owing to the long period of salt-
spray test (96 h in our study), the corrosion pits could be observed
on all the corroded specimens by SEM observation. However, with
the increase of Pr content, the pits become smaller and more shal-
low (Fig. 15). Moreover, it is also found that the corrosion mainly
occurs in the interior of the � grains, especially for AlPr46 alloy with
high Pr content, which reveals that the grain boundaries are more
corrosion resistant.

Fig. 16 shows SEM micrographs of the corrosion products formed
on the surfaces of AlPr41 and AlPr46 alloys, respectively. As can be
seen from Fig. 16a and b, the corrosion products are composed of
voluminous tiny erect flakes. The size of the flakes decreases and
the compactness of corrosion film increases with the increase of
Pr content. EDS analyses of corrosion product films are revealed in
Fig. 16c and d. A small amount of Pr and Al elements are detected

in corrosion products of AlPr46 alloy and not discovered in that of
AlPr41 alloy. The incorporation of Pr and Al in the brucite layered
structure of the film of corrosion product could increase the local
positive charge, which is assumed to be balanced by trapped anions
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Fig. 14. Macroscopical pictures of the c

such as Cl−) in the brucite layers, thus further corrosion is inhibited
14].

.5. Discussion

The results show that the narrow band divides the cross-section
nto two parts in HPDC Mg–Al–Pr-based alloys. This similar band
nd the two parts divided by it were also observed in other
PDC Mg alloys [15] as well as HPDC Al alloys [16,17]. In previ-

us literature [15], it has been described that the microstructure
haracteristics are mainly related to the alloy composition and
he casting conditions in HPDC Mg alloys. In the alloys inves-
igated here, solidification during the die-casting process occurs
n the die walls as soon as molten metal reaches the relatively

ig. 15. SEM images of corrosion surface morphology: (a) low and (b) high magnification
ion samples: (a) AM40 and (b) AlPr46.

cold mould walls and the strong extraction of heat through the
walls under the high pressure leads to a rigid casting surface
layer, with a very fine microstructure and a higher volume of
eutectic. The narrow band is considered to be caused by shear
deformation of the semi-solid mush entering the die cavity [15].
Some crystals nucleate and grow in the shot chamber before
being injected into the die cavity and they have enough time
to grow much larger than the in-cavity solidified grains and
are often located at the center of the cross-section in the final

microstructure. It is well known that segregation of solid towards
the centre of solid–liquid mixtures is a common phenomenon in
fluid mechanics [18]. These processes together result in the forma-
tion of the microstructure characteristics of HPDC Mg–Al–Pr-based
alloys.

images of AlPr41 alloy, (c) low and (d) high magnification images of AlPr46 alloy.
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ig. 16. SEM images of the corrosion products film formed on the surfaces of (a) Al
lloys.

Addition of Pr to HPDC Mg–4Al–0.4Mn alloy leads to the com-
lete suppression of Mg17Al12 phase formation in the range of
ested Pr content, and Pr is combined with Al to form Al–Pr phases
s the main secondary phases. The relative volume ratio of Al–Pr
hases is found to be related to the Pr content in the alloy. The dom-

nant Al–Pr phase is Al2Pr when content of Pr is below 4 wt.%, and
urther addition of Pr leads to the obvious increase of Al11Pr3 phase
n volume fraction. The similar rule is also reported in the HPDC
g–Al–Nd-based alloys [3]. The literatures [19–21] have reported
hat Al2RE are formed as a proeutectic phase and Al11RE3 phase is
egarded as the product of peritectic reaction:

Al2RE + L → Al11RE3 (1)

ig. 17. SEM observations of the big bulk Al2Pr phase with second cracks on the fracture s
bservation.
nd (b) AlPr46 alloys, EDS results of corrosion products of (c) AlPr41 and (d) AlPr46

According to the above literatures, we infer that there are sim-
ilar solidification processes in the present alloys. Thus, the reason
that formation of Al11Pr3 only goes with high Pr content may be
that a high Pr concentration is inclined to accelerate the process of
peritectic reaction. Therefore, the Al11Pr3 phase is always found in
the grain boundary areas, where Pr content as well as Al content is
relatively high.

The HPDC Mg–Al–Pr-based alloys show the high mechanical

properties and applied thermal stability at medium–high tempera-
tures. We consider that it is mainly related to the following aspects.
Firstly, the results demonstrate that the Pr content in the skin region
is higher than that of the core region. Moreover, the microstruc-
ture is much finer and more secondary phases concentrate in the

urface of HPDC AlPr46 alloy: (a) secondary and (b) corresponding backscatter SEM
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[24] G. Song, A. Atrens, Adv. Eng. Mater. 5 (1999) 837.
J. Zhang et al. / Journal of Alloys

kin region. Thus, the existence of the rigid cast surface layer plays
positive role in improving the mechanical properties. Secondly,

r element has higher affinity to Al to suppress the formation of
g17Al12 phase, which is the common secondary phase in Mg–Al-

ased alloy and has poor thermal stability. At the same time, large
mounts of thermally stable Al2Pr and Al11Pr3 phases form at grain
oundary regions, which are considered to be an effective obstacle
o grain boundary sliding and dislocation motion in the vicinity of
he grain boundaries. Thirdly, the atomic radius of Mg, Al and Pr are
.160 nm, 0.143 nm and 0.183 nm, respectively [22]. The difference
f atomic radius between Mg and Pr is relatively large. Thus Pr atoms
issolving in Mg matrix and replacing the position of Mg result in
he more effective aberrance of crystal lattices. Consequently, lat-
ice strain field interactions restrict the movement of dislocation.
he last, also a significant effect is the fine grain size due to the addi-
ion of Pr, as well as the high-pressure die-casting process. It has
een confirmed that the grain boundaries act as a barrier to dislo-
ation motion, namely, a dislocation passing into the near grains of
ifferent orientations has to change its direction. Consequently, the
trength of alloys can be improved. Meanwhile, generally the grain
efinement is also an effective means to improve ductility. However,
he HPDC AlPr46 alloy with the minimal grain size does not obtain
he best ductility among the alloys studied (Fig. 13c). The reason for
his phenomenon may lie in the increasing amount of Al2Pr particle
ith large size when increasing the content of Pr, and their cutting

ffect on the matrix causes the initiation or propagation of cracks.
his point can be supported by the fractography of AlPr46 alloy
Fig. 17). Finally, taking into account comprehensively the favorable
nd unfavorable factors as well as the cost of alloy, we believe that
he Pr content added around 4 wt.% in HPDC Mg–4Al-based alloy is
uitable to obtain the optimal mechanical properties.

According to the previous studies of Song and Atrens [23,24],
he �-Mg17Al12 phase in AZ or AM alloys can act as either a corro-
ion barrier or a galvanic cathode accelerated corrosion. Which role
ominates the corrosion process depends on the amount, size and
istribution of the � phase. For the Mg–4Al-based alloys containing
r, the � grains are significantly refined and large amounts of Al–Pr
hases concentrating at the grain boundaries separate the � grains,
onsequently the propagation of corrosion becomes much difficult.
eanwhile, according to Dargusch et al. [25], the potential differ-

nce between the second phase containing RE (Al2RE, Al11RE3, etc.)
nd the �-Mg is relatively minor, and these Al-RE phases can be
assivated in a wide range of pH [26]. Thus the formation of Al–Pr
hase would not cause much negative effects coming from micro-
alvanic-corrosion. Moreover, the formation of compact corrosion
roduct film containing Pr and Al elements also partly contributes
o the low corrosion rate of alloy with high Pr content. The fur-
her corrosion mechanism has been under studying. To sum up,
he addition of Pr is able to improve the corrosion resistance of

g–4Al-based alloy remarkably.
. Conclusions

The structure of high-pressure die-cast Mg–4Al–0.4Mn–xPr
x = 1, 2, 4 and 6 wt.%) alloys are divided into the fine skin region

[

[

ompounds 480 (2009) 810–819 819

and the relatively coarse centre region by a narrow band, and the
microstructures become more refined with increasing addition of
Pr. The high hardness in the surface region of the alloy is ascribed
to the high cooling rate and the aggregating of alloying elements,
such as Pr. The amounts of the secondary phases, Al2Pr and Al11Pr3
are increased and their relative ratio is changed with the Pr con-
tent increasing in the alloy. Considering to the performance-price
ratio, the Pr content added around 4 wt.% is suitable to obtain the
optimal mechanical properties which can keep well until 200 ◦C,
as well as good corrosion resistance. The outstanding mechani-
cal properties are mainly attributed to the rigid casting surface
layer, grain refinement, grain boundary strengthening obtained by
an amount of precipitates as well as solid solution strengthen-
ing.
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