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Abstract

Mg—Zn—Al-Ca—RE alloys have been found to be promising materials for substituting aluminum alloys used for automatic transmission
case applications in the automobile industry. Particularly, Mg—0.5%Zn-6%Al-1%Ca—3%RE (ZAXE05613) alloy exhibits comparable creep
resistance as ADC12 die-casting aluminum alloy that is currently used for automatic transmission case applications. Changing the rare earth
(RE) content of the alloy from mischmetal to lanthanum gives a further improvement in the creep properties of the alloy. Lanthanum addition
results in the crystallization of a large amount of acicularRE; (Al 1;Las) compound along the grain boundaries as well as across the grain
boundaries and this effectively controls grain boundary sliding and dislocation motion in the vicinity of the grain boundaries. As a result,
die-cast ZAXLa05613 alloy exhibits a higher creep resistance than that of ZAXE05613 alloy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Recently, Mg—Zn—-Al-Ca—RE alloys in which RE is added
in form of Ce-rich mischmetal (50%Ce—25%La—20%Nd—
Light-weight magnesium alloys exhibit high specific 5%Pr) have been systematically developed to simultane-
strength and stiffness. Therefore, extensive application of ously satisfy the two requirements of high heat resistance
magnesium alloys to various automobile parts is expected toand excellent die-casting propertigs-7]. Among the new
enhance fuel efficiency through weight reduction. Although Mg-Zn-Al-Ca—RE alloys, Mg-0.5%Zn—6%Al-1%Ca—
some magnesium alloys are already being applied to certain3%RE (ZAXE05613) alloy combines excellent die-casting
automobile parts, such as instrument panel, seat frame, valvgroperties with satisfactory heat resistance that is close to
cover, steering wheel and steering column parts, and otherghat of ADC12 aluminum alloy currently used for trans-
[1], more effective weight reductions could be achieved by mission cases. The microstructure of the alloy shows that
applying magnesium alloys to powertrain parts. Powertrain Al,Ca compound crystallizes along the grain boundaries,
components like automatic transmission cases operate aand in addition, two types of AI-RE compounds,,RE
elevated temperatures and die-casting is usually the pre-and Aki1REz also crystallize in the alloy7]. In this paper,
ferred method of production. However, current magnesium a detailed analysis of the composition of the RE-containing
alloys exhibit either good die-casting characteristics with compounds is carried out and the preliminary result is uti-
poor heat resistance (e.g. AZ91D) or good heat resistancelized to develop a new alloy with improved microstructure
with poor die-casting characteristics (e.g. ASPA) features that could offer higher resistance to creep deforma-
tion. Consequently, the rare earth content of ZAXE05613

- ) alloy was changed from ordinary Ce-rich mischmetal to
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Table 1 out at 175-200C with a small fluctuation of=2°C un-
Chemical composition of investigated alloys (mass percentage) der an applied stress of 50 MPa from 100 to 1200 h. Flat
Alloy Zn Al Ca RE Mn Mg specimens having reduced cross-sectional dimension of

ZAXE05613 053 597 099 264 024 Balance 10 mm x 5mm were used. ngh temperature tensile test of
ZAXLa05613 0.47 544 089 286 021  Balance the die-cast samples was carried out from room temperature
to 250°C using specimens having a reduced cross-sectional
dimension of 10 mnx 5mm and a gauge length of 30 mm.

& Ce-rich mischmetal.
b | anthanum.

2. Experimental procedure 3. Results

Die-casting of the investigated alloys was carried out us- 3.1. Analysis of microstructures
ing an 850 t cold chamber die-casting machine. Rectangu-
lar die-cast samples of 190 mm length, 115mm width and  Fig. 1 shows the microstructures of die-cast specimens
5mm thickness were obtaine@lable 1shows the chemi-  of ZAXE05613 alloy that contains Ce-rich mischmetal. As
cal compositions of the investigated alloys. Hereafter, the shown inFig. 1(a) eutectic compounds finely crystallize
marks given inTable 1, which indicate alloy compositions, both inside the grains and along the grain boundaries. SEM
are used as alloy names. images,Fig. 1(b) and (c) show that acicular compounds

Differential scanning calorimetry (DSC) was used to crystallize both along and across the grain boundaries,
evaluate the solidification characteristics of the alloys and while fine patrticle-like compounds crystallize both within
their microstructures were observed using an optical mi- the grains and at the grain boundaries. Subsequently, proper
croscope after polishing and etching in 0.5% HF solution. identification of the compounds was done by carrying out
The microstructures of the alloys were also observed usingEPMA using DSC specimens. The EPMA result is shown
a transmission electron microscope (TEM) and a scanningin Fig. 2 As shown in the figure, in addition to 4Ca,
electron microscope (SEM) equipped with a wavelength two types of AI-RE compounds, acicular 1#ARE; and
dispersive X-ray (WDX) spectrometer for electron probe particle-like ALRE compounds crystallize in the allgy].
micro-analysis (EPMA). X-ray diffraction patterns of the Further investigation of the RE content of the AI-RE com-
alloys were obtained and analyzed using an X-ray diffrac- pounds shows that ARE has higher content of cerium
tometer operating at 40kV and 30 mA. Furthermore, area than other constituents of the Ce-rich mischmetal, while
fraction of eutectic compounds was evaluated using an Al11REsz has higher content of lanthanum than the others.
image analyzer attached to a personal computer that hasAs shown inFig. 1, the acicular AJ;REz compound oc-
Image-Pro Plus software. Tensile creep test was carriedcupies a large grain boundary area and this is considered

Fig. 1. Optical micrograph (a) and SEM images (b) and (c) of die-cast specimens of ZAXE05613 alloy.
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Fig. 2. EPMA result obtained for ZAXE05613 alloy using DSC specimen

) Fig. 4. EPMA result obtained for ZAXLa05613 alloy using DSC specimen
of the die-cast sample.

of the die-cast sample.

to be an effective obstacle to grain boundary sliding and that crystallize in ZAXLa05613 alloy is 8.1% and it is

dislocation motion in the vicinity of the grain boundaries higher than that of ZAXE05613 alloy, which is 6.8%. This
during high temperature creep. Since grain boundary slid- g )ocayse most or all of the lanthanum atoms are utilized in
ing has been shown to play a significant role in the creep the formation of acicular AfiLag compound. On the other

deformation of d_le-cast magnesium a”qﬁ' compoupds hand, when mischmetal is added, a significant amount of the
that could effectively strengthen the grain boundaries are 5o earth atoms are utilized in the formation of particle-like

needed to improve the creep resistance of die-cast magnen|,Rg compound as well as acicular ARE; compound
sium alloys[9]. Consequently, an alloy based on the same gp\a was carried out in order to characterize the com-

composition as ZAXE05613 alloy but whose A-RE com- 1 hqs that crystallize in the ZAXLa05613 alloy and the
pound would be mostly AkRE; compound was desired  oq 1t js shown inFig. 4. As expected, apart from ACa,

and the Ce-rich mischmetal was substituted with IanthanumA|11La3 compound seems to have been the only Al-RE

in order to improve the creep properties of the alloy. 5 5650nd that crystallizes in the alloy. X-ray diffraction
Fig. 3 shows the mlcrostruc_ture of dle-ca_st spect- patterns obtained for the alloy confirms that,@h and
men of the new alloy that contains lanthanum instead of AliiLag are the main compounds that crystallize in the
cerium-rich mischmetal. The microstructure of the alloy, ZAXLa05613 alloy as shown iffig. 5. However, it should
Mg—0.5%Zn—6%Al-1%Ca-3%La (ZAXLa05613) is simi-  pe noteq that AlLa compound may also have crystallized

lar to that of ZAXE05613 shown ifrig. 1(a) but the grain i, e aji0y but the amount is too small to be detected by
size of ZAXLa05613 alloy is finer than that of ZAXE05613 X-ray diffraction.

alloy. Furthermore, the area fraction of AI-RE compounds
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Fig. 5. X-ray diffraction patterns of die-cast specimens of ZAXE05613
Fig. 3. Microstructure of die-cast specimen of ZAXLa05613 alloy. and ZAXLa05613 alloys.
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Fig. 6. Creep curves of die-cast specimens of investigated alloys testedFig. 8. Effect of lanthanum substitution on the creep resistance of die-cast

at 175°C under an applied stress of 50 MPa.

3.2. Evaluation of heat resistance

Fig. 6 shows the tensile creep curve of die-cast speci-
men of the new ZAXLa05613 alloy compared to those of
other magnesium die-casting alloys and ADC12 aluminum

alloy that is currently used for automatic transmission case

application. The creep test was carried out at XZ5In-
der a load of 50 MPa. As shown in the figure, there is a

significant improvement in the creep resistance of the new

ZAXLa05613 alloy over that of the mischmetal-containing
ZAXEO05613 alloy. Furthermore, the new ZAXLa05613 al-
loy exhibits a similar creep behavior as the aluminum al-
loy, ADC12. This indicates that ZAXLa05613 alloy can be

applied to automatic transmission cases. However, the com-

specimens of Mg—Zn—Al-Ca—RE alloys tested at 20Qunder an applied
stress of 50 MPa.

4, Discussion

The present investigation shows that substituting Ce-rich
mischmetal with lanthanum in Mg-Zn-Al-Ca-RE alloys
results in a significant alteration of their microstructures and
this leads to an increase in the creep resistance of the alloys
at 175°C. A more substantial improvement in creep resis-
tance is obtained even at a higher temperature of°200
as shown inFig. 8 This implies that lanthanum addition
is more effective for strengthening the alloys against creep
deformation than cerium-rich mischmetal. Since,@a
compound crystallize in both alloys, the only major differ-
ence between their microstructures is the crystallization of
a large amount of AkLas as the main AI-RE compound in

pressive creep and bolt-load-retention properties of the aI'ZAXLa05613, while ZAXE05613 alloy contains a mixture
loy have to be evaluated before practical application can beof AlLRE and AL;RE; compounds. Although both rare

realized.

The high temperature tensile properties of die-cast
specimens of the alloys are shown ffg. 7. Those of
AZ91D alloy are also shown for comparison. The dif-
ference between the tensile properties of AZ91D alloy
and those of the Mg-Zn-Al-Ca—RE alloys has been
discussed elsewherd7]. However, ZAXE05613 and
ZAXLa05613 alloys exhibit comparable tensile prop-
erties although, the elongation of ZAXE05613 alloy is
slightly higher than that of ZAXLa05613 alloy at all test
temperatures.
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Fig. 7. Tensile properties of investigated alloys as function of temperature.

earth-containing compounds could be effective for improv-
ing the creep resistance of magnesium alli®40], the
nature of the crystallization of M\lREs compound (e.g.
Aljilag in ZAXLa05613) appears to be responsible for
its higher creep resistance performance as discussed be-
low. Fig. 9 shows SEM images of die-cast specimens of
ZAXLa05613 alloy before and after creep test. The mi-
crostructures of the die-cast specimens of the alloy in which
Al11Laz compound appears to be the main RE-containing
compound show that the aciculariAlag compound crys-
tallizes both across the grain boundari€sg( 9(a) and
along the grain boundarie&if. 9(b). Some fine particles
that could be AdLa compound are also observed within
the grain interiors. However, EPMA and X-ray diffraction
analysis could not detect the presence oflA&l compound

as shown inFigs. 4 and 5respectivelyFig. 9(c) and (d)
show the microstructures of the alloy observed after creep
test at 175C under an applied stress of 50 MPa for 1200 h.
As shown in the figure, the micrographs are similar to those
observed before creep testig. 9(a) and (b) indicating
that the microstructure of the new alloy remains stable after
the creep test. Although it has been reported thaf s
compound decomposes during creep of AE42 alloy and
leads to the formation of ARE and Mg7Al12 compounds
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before creep test

Fig. 9. SEM images of die-cast specimens of ZAXLa05613 alloy before and after creep test.

[10], no such microstructural changes relating to the de- while blocking the sliding of the grain boundary between
composition of AjiLaz compound have been observed in the two grains, it also impedes dislocation motion in the
ZAXLa05613 alloy as shown ifrig. 9. Al11Laz compound vicinity of the grain boundary as shown in the TEM im-
is apparently more thermally stable than;Es; com- age ofFig. 10 That is, as shown ifrig. 11, A; simultane-
pound, which contains different rare earth atoms like cerium
and neodymium that may readily form Z/RE compound
under severe creep conditions. Furthermore, the presence of
calcium in ZAXLa05613 alloy, which forms stable ATa
compound, helps to stabilize the microstructure of the alloy.
Fig. 10 shows a transmission electron micrograph of ZA-
XLa05613 alloy after creep test at 176 under an applied
stress of 50 MPa for 1200 h. Numerous dislocations are ob-
served around the acicular ALaz compound and there are
no indications of its decomposition even after prolonged
(1200 h) creep test under sever creep conditions ofC75
and stress of 50 MPa.

A model of the microstructure of ZAXLa05613 alloy
is shown inFig. 11 From the model, four major reasons
are considered to be responsible for the higher creep resis- | #
tance performance of AdLaz compound, which makes ZA-
XLa05613 alloy to be more creep resistant than ZAXE05613
alloy. (1) The AkjLasz compound that crystallizes across

th_e g_rain boundaries, such as An Fig. ;I.l, provides a Fig. 10. Transmission electron micrograph of ZAXLa05613 alloy after
bridging effect between two adjacent grains. Consequently, creep test at 175C under applied stress of 50 MPa for 1200 h.

-
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1 " 5. Conclusions
.______.Inlll ®A \' I||||| A
| ; 1 |||| |[||| 2 N The effect of substituting cerium-rich mischmetal with
o | ||I| ||l * \\f\\ lanthanum in Mg—-Zn-Al-Ca—RE alloys has been studied.
kA3 / The results are summarized below.
_|||||” B \I'# (1) Lanthanum addition leads to the crystallization of a
| ® I ||' large amount of AJ;RE; (Al11Laz) compound both
|”||||| across and along the grain boundaries and also within
il |
'\\ the grains.
A '”}I' %\ (2) The particles of AljLaz compound that crystallize
\\\\ ill] I | \\\ across the grain boundaries provide a bridging effect
\\\ \ }\ between two adjacent grains and this simultaneously
controls the sliding of the grain boundary between the
Fig. 11. A model of the microstructure of ZAXLa05613 alloy: Al rep- two grains in addition to impeding dislocation motion
resents Al1Laz compound that crystallizes across the grain boundaries; in the vicinity of the grain boundary.

A2 represents AhLaz compound that crystallizes along the grain bound- (3) The changes in microstructure that accompany lan-
aries; and A3 represents AlLaz compound that crystallizes inside the thanum addition result in an aIon having a stable matrix
rains and B represents Ala compound. . " . : A .
g P P with well-fortified grain boundaries. This is responsible
for the higher creep resistance of ZAXLa05613 alloy
in comparison with ZAXE05613 alloy.

ously impedes dislocation motion in the regions of grains
® and @ that are adjacent to the grain boundary between
the two grains in addition to controlling the sliding of the

grain boundary. (2) The length of the ALas compound . .
that crystallizes along the grain boundaries, such asnA Th'_s study is partly supported by New. En_ergy and In-
Fig. 11, ensures that a large portion of the grain boundary dustrial Technology Development Organization (NEDO),
area is covered by second phase particles and this greatlfrant'm'A'd _for Scientific Research on Priority Area (B),

complements the role of ACa compound (B ifFig. 11) in I?Iatform S(jlence and Technology for Advanced Magne-
minimizing grain boundary sliding. (3) The AlLag com- Sium Alloys™ and Fhe 21st Century COE program of the
pound that crystallizes in the grain interiors, such as A Ministry of Education, Culture, Sports, Science and Tech-

in Fig. 11, helps to control dislocation motion within the nology of Japan.

grains. (4) The crystallization of AJREz compound re-

quires more aluminum atoms per RE atom thagR& com-

pound and this is expected to reduce the amount of alu- References
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