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ABSTRACT

A new heat-resistant magnesium alloy (hereafter referred to as “ACM522") for die-casting based on the Mg-Al-Ca-RE
system has been developed. Inthe 150°C temperature range, ACM 522 yields high creep characteristics which are superior to
the conventional AE42 heat-resistant magnesium alloy for die casting. Further it exhibits an excellent resistance to both heat
and corrosion which is equivalent to ADC12 general-purpose aluminum aloy. Use of magnesium for oil pans has raised a
number of problems such as axial force drop in the bolted areas and, until now, oil pans made of magnesium had not been
applied to mass-produced automobiles. The authors applied the ACM522 for il pans and achieved a 35% weight reduction

compared to conventional oil pans made of aluminum.

1. Introduction

Reducing weight to improve the fuel economy of
transportation vehicles is important for the effective
utilization of limited energy resources and global
environmental issues. In the fall of 1999, Honda released
its “Insight” hybrid car that achieves the lowest fuel
consumption in the world, at 35 km/liter, for a mass-
produced, gasoline-engined vehicle. The engine was
developed exclusively for use in a hybrid system, and the
application of weight-reduction technology throughout the
vehicle, including theincreased use of lightweight materials,
hasresulted in the lightest one-liter enginein theworld. An
external view of this engine is shown in Fig.1. Reducing
the weight of the oil pan, one of the engine's heaviest
components, was essential to achieving this light weight.
The use of magnesium for the oil pan would usually have
resulted in a significant decrease with time in the clamping

Fig.1 Honda integrated motor assist engine system
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force at the bolted joint when using the general-purpose
AZ91D and AM60B alloys, so a new, heat-resistant
magnesium alloy was needed. This newly developed aloy
hasasits basic components Mg-Al-Ca-RE and demonstrates
outstanding heat resistance and corrosion resistance. In
addition, this alloy also possesses suitable molten fluidity
and low hot cracking for die-cast production. Oil pansmade
of this alloy were 35% lighter than conventional aluminum
oil pans. Thispaper describesthe material propertiesof this
newly developed ACM522 heat-resistant magnesium alloy
and presentsan overview of oil pans madefromthismaterial .

2. Background

Magnesium alloy is the lightest metallic material for
practical use, having a density of 1.78 g/cm®. Its use for
automobile parts, portable tel ephone equipment and home
appliances isincreasing at a rapid pace due not only to its
light weight, but also to its strength-to-weight ratio, specific
rigidity, electromagnetic shielding and ease of recycling.
However, when applying to automobile engine and
transmission parts, it is necessary to use a heat-resistant
magnesium alloy that can be easily cast at alow cost. The
function of the oil pan isto hold the engine lubricating oil
by sealing the bottom of the engine. The design that is
typically employed isto bolt the oil pan to the underside of
thecylinder block. Sincethetemperatureinthat areaduring
engine operation can reach up to 150°C, oil pans have
conventionally been made of sheet steel or a die-cast
aluminum alloy. When attempting to make an oil pan out of
a typical magnesium alloy such as AZ91D, which has
balanced mechanical properties, castability and corrosion
resistance, there is a substantial decrease with time in the
clamping force of the bolted joint, thus creating the need to
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develop anew hest-resistant magnesium aloy for die-casting
that does not suffer from this defect.

Severa types of magnesium alloy have been devel oped
in the past for heat-resisting applications. The AS41 and
AS21 alloys offer good creep resistance by crystallizing the
intermetallicMg,Si compound at the crystal grain boundary.
In particular, although the castability of AS21, which has a
low aluminum content, is inferior to that of AS41, it has
outstanding creep resistance. In addition, athough AE42
has creep resistance egqual to or better than AS21, it has
problems in terms of casting due to its high material cost
and susceptihility to hot cracking.®? In addition, an Mg-Zn-
Al-Ca-based heat-resistant alloy hasrecently been devel oped
in which Zn is the main added element to supplement Al
and Ca® Thisalloy has been reported to have better creep
resistance, corrosion resistance and die-castability than
AE42.

We established the following alloy development
objectivesfor anew heat-resistant magnesium alloy capable
of being applied to oil pans.

(1) Creepresistance and corrosion resistance comparableto
die-cast ADC12 aluminum alloy.

(2) Hot cracking properties equivalent to AZ91 and AE42
to enable mass production of oil pans.

This newly developed alloy is based on an Mg-5Al
composition in consideration of die-castability, and contains
Ca and Ce-based misch metal for improving the heat
resistance. Moreover, a small amount of manganese has
been added to improve the corrosion resistance, resulting in
the final Mg-5A1-2Ca-2M.M-0.3Mn aloy (ACM522).

3. Experimental Method

3.1. Test Pieces

A master alloy prepared in advance was melted in a
melting furnace in a protective atmosphere of SF,, CO, and
air. After melting, the temperature was maintained at about
700°C, and thetensile test pieces and creep test pieces were
cast with a 350-ton cold chamber die-casting machine. The
resulting test pieces were used while still in the cast state
after removing the burrs generated at the parting line of the
die. On the other hand, the fatigue test pieces were taken
from an oil pan cast with a1000-ton cold chamber die-casting
machine and, the chilled layer on the surface was removed
by machining before being used for fatigue testing.

The shapes of the tensile test, creep test and fatigue test
pieces are shown in Fig.2. In addition, a sample cut from
the tensile test piece was analyzed by ICP for its chemical
composition. Theresultsof that analysisareshownin Table
1.

3.2. Mechanical Properties

The tensile test was performed with an Instron type
universal tester at astrain rate of 0.5 mm/min. Testing was
performed at room temperature, and at 100, 150, 180 and
250°C. Thetest wasstarted at each temperature after holding
at that temperaturefor 10 minutes. Elongation wasmeasured
with an extensometer, while the 0.2% proof stress and
maximum tensile strength were determined by preparing
stress-strain curves.
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Fig.2 Die casting test specimens:
(a) tensile specimen
(b) creep specimen
(c) fatigue specimen

Table 1 Chemical composition of ACM522 alloy
Al Rare earth| Ca Mn Fe Cu Ni
wit% wit% wit% wt% ppm ppm ppm
5.3 2.6 2.0 0.17 19 18 <1

The creep test was performed in compliance with JIS Z
2271. A singlelever, 3-ton creep tester having alever ratio
of 10:1 was used for the test. Testing was performed at
temperatures of 150, 180 and 200°C. The temperature was
held to within £1.5°C by PID control. Creep elongation
was determined by pinching a protruding portion of the test
piece with an extensometer jig, reading the amount of
displacement outside the furnace and recording the mean
value of two linear gauges on the left and right sides. A
load equivalent to the prescribed tensile stress (50-100 M Pa)
was applied after allowing the test piece to reach the set
temperature and then holding at that temperature for 20
hours.

Thefatigue characteristicswere evaluated by apulsating
tensile fatigue test at a stress ratio of 0.2 and frequency of
25 Hz. Testing was performed at room temperature, and at
120° and 150°C.

3.3. Corrosion Resistance Test
Corrosion resistance was eval uated by a salt water spray
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test. The test piece was obtained by cutting out a plate
measuring 25 x 20 x 3 mm from theflat surface of adie-cast
magnesium aloy oil pan. The cut surfaces of the test piece
were ground with #1500 waterproof abrasive paper. The
test method was in accordance with JS Z 2371, whereby
the test conditionsinclude a salt water concentration of 5%
NaCl apH of 6.7-6.8, under the atmospheric conditions of
35°C and 99% humidity. After 400 hours of spraying, the
test piece was boiled and washed in a 10% agueous chromic
acid solution before being washed with distilled water. The
test piece allowed it to completely dry and then it was
weighed.

3.4. Physical Properties

Density was determined according to the Archimedes
method. Thermal constants such as the specific heat and
thermal conductivity were determined by the laser flash
method. Electrical conductivity was measured by the four
terminal measurement method, and thermal expansion was
measured with a push rod type vertical thermal expansion
meter. The vertical elastic modulus and damping capacity
were determined according to the resonance method.

3.5. Hot Cracking Test

The ring test method developed by Singer and Jenning
was used for measuring hot cracking. Thistest issuited for
evaluating hot cracking in the semi-solid phase. The shape
of the ring-die plate is shown in Fig.3, and cast iron was
used for the material. The bottom of the casting die was
coated with BN as an adiabatic mold release agent, and the
casting die was held at the prescribed temperature to cast a
700°C melt. Cracking was evaluated as the total length of
cracks that formed in the cast ring test piece.
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Fig.3 Ring-die plate for hot-cracking test

3.6. Bolt Load Retention Test

The test piece used in the bolt load retention test was
sampled from a die-cast biscuit portion. An axial tension
bolt incorporating a strain gauge in an M6 bolt (internal
thread length of 2.5 D) wasused. The test piece was placed
in a constant temperature oven at 150°C, and the changein
axial tension was measured by the method indicated in the
schematic drawing in Fig.4. A similar bolt load retention
test was performed on AZ91D alloy for comparative
purposes.

M6 bolt

i

Strain gage

ACM522

Fig.4 Bolt load retention test assembly

4. Results and Discussion

4.1. Mechanical Properties

The temperature dependence of the strength properties
of ACM522 are shown in Figs.5, 6 and 7. AZ91D, AE42
and ADC12 are also given for comparison. As shown in
Fig.5, thetensile strength of ACM522 is inferior to that of
AZ91D. Although thetensile strength at room temperature
isinferior to that of AE42, ACM522 demonstrates superior
tensile strength at temperatures of 100°C. and above. In
addition, as shown in Fig.6, although the 0.2% proof stress
of ACM522 isequal to that of AZ91D at room temperature,
itisbetter than AZ91D at temperatures of 100°C. and above.
ACM522 demonstrates better propertiesthan AE42 over the
entire temperature range from room temperature to 250°C.
As shown in Fig.7, AE42 demonstrates the highest value
for elongation. The elongation of ACM522 is about 3% at
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Fig.5 Ultimate tensile strength of ACM522 alloy
compared with conventional die casting
alloys
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Fig.6 0.2% yield strength of ACM522 alloy compared
with conventional die casting alloys
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Fig.7 Elongation of ACM522 alloy compared with
conventional die casting alloys
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Fig.8 Stress-strain curves of ACM522 alloy

room temperature, which is equa to that of AZ91D, and
this elongation increases as the temperature rises. In a
comparison with general-purpose die-cast ADC12 aluminum
aloy, the tensile strength of ACM522 is inferior over the
entiretemperature range, whileits 0.2% proof stressisequal
to that of ADC12 at room temperature, and the decreasein
strength at high temperatures is greater for ACM522. The
elongation of ACM522 is higher from room temperature to
250°C. Typical stress-strain curves at each temperature are
shownin Fig.8. Sincethe amount of work hardeningislow
and ACM522 demonstrates a stress-strain curve shape
similar to that of AE42, the strengthening mechanism of
ACM522 is not in the form of solid solution strengthening
or precipitation strengthening, but is believed instead to be
the result of agrain boundary compound phase that inhibits
slippage of the crystal grains.

The stress at which the creep elongation at 100 hours of
ACM522 reaches 0.1% at each test temperature is shownin
Fig.9 as compared with various other die-cast alloys. The
stressthat yields 0.1% creep el ongation was calcul ated by a
logarithmic approximation of the creep elongation (X) and
stress(Y), rearranging to theformulaY =axlog(X) + b and
determining the stress at 0.1%. The creep strength of
ACM522 is roughly comparable to that of ADC12 over a
temperature range of 150-200°C, and the ACM522 alloy
demonstrates outstanding creep strength properties that
surpass those of AE42.
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Fig.9 0.1% creep strength of ACM522 alloy
compared with conventional die casting
alloys

Fig.10 showsthe SN curvesat roomtemperature, 120°C
and 150°C for ACM522. The fatigue strength decreases as
thetemperaturerises, thefatigue strength after 107 repetitions
being 130 M Paat room temperature, 100 MPaat 120°C and
80 MPaat 150°C

The microstructure of ACM522 was observed in order
to examine the mechanism by which it is strengthened.
Fig.11 isaphotograph of the SEM image microstructure of
die-cast ACM522. The phase consisting of black granules
dispersed within the pro-eutectic o. phase is the Al-Ce
compound phase. The lightly colored compounds are
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Fig.11

SEM image microstructure of ACM522 alloy

thought to be Al-Caand Mg-Ca. Asaresult of thisrelatively
fine intermetallic compound phase being finely dispersed
along the grain boundaries of the a phase, the grain
boundaries are strengthened. This is considered to have
produced the superior creep properties.

4.2. Corrosion Resistance

Fig.12 shows the corrosion rate of ACM522 after 400
hours of the salt water spray test ascompared tothe AZ91D,
AE42 and ADC12 alloys. ACM522 exhibits corrosion
resistancethat issimilar to that of AE42, whichisconsidered
tobefavorable, andissuperior tothat of AZ91D and ADC12.
The corrosion resistance of magnesium alloys has been
reported to be greatly affected by the presence of impurities.®
Typical examples of impuritiesinclude Fe, Cu and Ni. Itis
known that magnesium alloys are able to demonstrate
outstanding corrosion resistance if a critical impurity level
existsat whichthe corrosion resistance decreases, andif these
impuritiesare controlled to be below that critical level. This
is the reason why the corrosion resistance of ACM522 is
superior tothat of ADC12. Inaddition, theform of corrosion
of ACM522involved preferential dissolution of the o phase,
indicating corrosion behavior similar to that of AZ91D and
AE42.
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Fig.12 Corrosion rate of each alloy of the salt water

spray test in 400 hours for some die casting
alloys

4.3. Physical Properties

A list of physical propertiesis shownin Table 2. The
physical properties of AZ91D, AE42 and ADC12 are also
shown for comparison. Although the thermal conductivity
and electrical conductivity of ACM522 are lower than the
valuesfor ADC12, they are somewhat higher than those for
AE42. ACM522 aso exhibits the lowest value for thermal
expansion among al the other magnesium alloys. Thisis
advantageous with respect to temperature changein abolted
joint. The damping capacity is equal to that of the other
magnesium alloys and die-cast aluminum materials.

Table 2 Physical properties of some die cast alloys
Properties ACM522 | AE42 AZ91D | ADC12
Density (g/cm3) 1.79 1.81 1.81 2.70
Specific-heat (J/kg*°C) 0.91 0.96 0.96 0.96
Thermal conductivity (W/mK) 86.9 78.6 53.8 100
Electrical conductivity (%ICAS) 225 20.3 12.7 27.0
Thermal expansion (/x10€°C) | 25.6 27.7 28.5 24.0
Modulus (GPa) 45 45 45 69
Damping capacity (%) 0.325 NA 0.289 0.305

4.4. Hot Cracking

Thering cracking test was performed on AZ91, AM60,
AE42 and ADC12. Crackingin AZ91 and AE42 occurred
over amaximum of 20 mm, whilering cracking did not occur
in ADC12.

The relationship between ring cracking and the
composition of ACM522 was investigated by varying the
amount of Al, Ca and RE, its main components. Fig.13
indicates the relationship between hot cracking and the
amounts of added Al and Cawhen the amount of added RE
was held constant at 2%.

When the amount of Al was 2-3%, large cracks formed
even if atrace amount of Cawas present. Asthe amount of
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Fig.13 The effect of Al and Ca content on the total
hot-crack length for the ACM522 alloy with
rare earth = 2wt%

Al was increased, the length of the cracks decreased; when
the amount of Al reached about 5% and the amount of Ca
was set to approximately 2% or less, hot cracking was at
about the same level asthat in AZ91 and AE42.

4.5. Bolt Load Retention Test

Fig.14 showsthe changein axial tension of abolted joint
at 150°C. The axial tension increases slightly immediately
after placing in the high-temperature furnace due to the
difference in thermal expansion between ACM522 and the
steel bolt. In the case of AZ91D, the axial tension
subsequently decreased rapidly with time, and essentialy
dropped to zero after 1000 hours. In contrast, there was
hardly any decrease in the axial tension in the case of
ACMB522, even after 1000 hours. This is the result of the
outstanding creep strength of ACM522 inhibiting set-in
fatigue of the bolt seat and internal threads.

10

ACM522

Load (kN)

O L L L L
107 10* 10° 10* 102 10°
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Fig.14 Bolt load retention test at 150°C

5. Overview of Magnesium Alloy Oil Pans

A photograph of the exterior of an oil pan made of
ACM522 isshown in Fig.15. Thisoil pan weighsonly 2.5
kg, despite allowing for the direct attachment of an air
compressor and ail filter to the side of the oil pan, and weighs
35% less than an aluminum oil pan. An oil pan with a
complex shape was created by integrated die-casting to take
advantage of the high degree of freedom in shape offered by
die-casting. A design was employed to minimize variation
inthewall thicknessin order to prevent hot cracking during
die-cast forming, and the wall thickness of typical sections
was set at 2.5-3.0 mm. In addition, ribs were positioned as
necessary to ensure adequate rigidity.

Fig.15 Appearance of magnesium oil pan using
ACM522 alloy

Since the oil pan is located at the lowest point of the
engine, it issubjected to amore severe corrosive environment
than other engine parts due to being splashed with water
and mud on theroad during vehicletravel. Inaddition, when
magnesium alloy isplaced in acorrosive environment while
in electrical contact with a dissimilar metal such as carbon
steel, the magnesium serves as an anode and is selectively
corroded. Consequently, it is necessary to take measuresto
prevent galvanic corrosion by reducing the potential
differencethrough placing ametal such asaluminum having
an electrical potential close to that of magnesium between
the magnesium and dissimilar metal or by inserting an
electrical insulating material between the two. In the
development of thisnew magnesium alloy oil pan, measures
to prevent corrosion were employed basically by inserting
anodic oxidation-treated aluminum washers under each stedl
bolt. Anticorrosion measures were also provided for the
drain plug and other boltsthat are frequently removed during
maintenance by providing separate alumite-treated plates.

Although there was initial concern over greater noise
and vibration levelsthat would result from decreased rigidity
around the bottom of the engine, this could be compensated
for by making small changes to the shape of the oil pan.
The results of these changes are shown in Fig.16. Asa
result of a one-third octave analysis of the vibration noise
above and below the engine side mounting bracket,

- 172 -



Development of Lightweight Oil Pans Made of a Heat-Resistant Magnesium Alloy

& 120

q') =

g 110 Shape of base
o 100

1l

o 90

S

S 80

—

= 70

m

D, 60

.5 50

S 40f

Q

@ 301

&) 20 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1

1/3 Octave band frequency [Hz]

Fig.16 The effect of frequency of side mounting
bracket (2 000rpm, 250mmHg)

attenuation was obtained in the range of 70-500 Hz by
increasing the flange thickness and by reviewing the shape
of the curved surfaces and so forth. This was particularly
effectivein reducing the noiselevel in the 200-400 Hz band
that presents a problem in the form of crankshaft pounding
noise and engine acceleration noise.

6. Conclusion

This report has presented an evaluation of the material
properties of the newly devel oped heat-resistant magnesium
aloy, and an overview of alightweight magnesium cil pan
made of thisalloy.

(1) The newly developed alloy is based on an Mg-5Al
composition for die-castability, and contains Caand Ce-
based misch metal for improved heat resistance.
Moreover, a small amount of Mn is added to provide
good corrosion resistance, resulting in thefinal Mg-5Al-
2Ca2M.M-0.3Mn material (ACM522).

(2) ACM522 demonstrates creep properties and corrosion
resistance comparable to those of ADC12, a general-
purpose die-cast aluminum aloy.

(3) A magnesium oil pan made of ACM522 alloy was 35%
lighter than a conventional aluminum oil pan.

This lightweight magnesium oil pan is employed in the
engineinstaled inthe“Insight” hybrid car that hasachieved
the lowest level of fuel consumption intheworld, at 35 km/
liter, for amass-produced, gasoline-engined vehicle. It went
into mass production in November 1999.

It isexpected that the application of thismagnesium alloy
will be expanded in the future to include engine and
transmission parts requiring a high level of heat resistance.
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