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Abstract

Creep specimens prepared of magnesium alloy AE42 were investigated under constant load in
compressive and tensile creep respectively. Material was cast via the squeeze casting process
in order to obtain a dense microstructure without pores. Creep tests were performed at
constant temperatures between 150°C and 240°C and constant applied stresses between 40
MPa and 120 MPa until minimum creep rate € was reached. It could be seen that the
minimum creep rates of compressive creep tests were smaller compared to tensile creep tests,
and the difference increased with increasing applied stress. Stress exponents, n, were
determined according to the Norton-equation and it was found that a threshold stress 6, had to
be introduced into the analysis. The threshold stress is based on strengthening by Al-RE
(aluminum-rare earths) precipitates. Calculating the true stress exponent, n;, deformation

mechanisms during creep could be clarified.

Introduction

The increasing interest in magnesium alloys for automotive applications is the consequence of
the need to reduce the weight of cars in order to save fuel and reduce emission of carbon

dioxide. Use of magnesium alloys reached a maximum in the 1930°s and 1940's, but after
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WW?2 the production decreased significantly. The recent increase started in the early 1990's.
Recent efforts have been made to improve creep resistance. Either the reduction of aluminum
combined with the addition of elements that preferentially combine with aluminum, or the
complete elimination of aluminum as an alloying element were taken into account. The need
to eliminate or reduce the aluminum content is because 3-phase (Mg;7Al12) contributes to the
poor creep resistance in aluminum containing Mg-alloys [1]. Concerning the aluminum
containing magnesium high-pressure-die-cast (HPDC) aloys, AE42 currently shows very
good creep properties. This is due to the Al-RE precipitates, which suppresses the formation
of Mgi7Al12 [2, 3]. It is well known that creep resistance plays an important role concerning
the long term stability of castings. Usually creep tests are performed in tension, but real
loading conditions are often compressive. For example, bolting of magnesium gearbox

housings or engine parts results in a compressive stress on the castings.

Casting of the material

The squeeze cast process [4-6] was used for production of the material. The slow filling of the
die, which occurs without a turbulent stream of the melt, causes a porefree microstructure of
the castings. Another reason for the optimum microstructure is solidification under pressure.
During the casting process the die has a temperature of 300°C at the sides and 150°C at the
bottom. The superheated melt, with a temperature of 770°C, is poured into the die manually,
and a ram sgueezes the melt into the die with a speed of 10 mm/s. The solidification pressure
IS 100 MPa which is maintained for 20 s. The direct squeeze casting process works without a
gate system. The upper ram is part of the die, so the amount of melt is directly proportional to
the size of the casting. Figure 1 shows a sketch of the squeeze casting process.

The magnesium alloy AE42 contains aluminum and rare earth elements as main aloying
elements. For a more precise analysis spark excited optical emission spectroscopy was done.

Table 1 shows the composition of the alloy AE42.



Creep tests

Usually lightweight aloys are loaded in compression (e.g. bolt areas of gear box housings or
engines). Creep tests are usually performed in tension. Cylinders with a diameter of 6 mm and
a length of 15 mm were prepared by spark erosion technique for compression tests.
Specimens with a gauge length of 30 mm, a diameter of 6 mm and M 10 threads were turned
for tensile creep tests. The creep tests were performed at ATS Lever Arm Test Systems under
constant stress between 40 MPa and 120 MPa and temperatures of 150°C, 175°C, 200°C and
240°C. Tests were performed until the specimen broke or until the minimum creep rate was
reached. Figure 2 shows typical creep curves of tests performed in tensile and compressive
mode at 175°C and 70 MPa

Usually the dependence of minimum creep rate on applied stress is described by the Norton
equation. Itisgivenin (Eg. 1):
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Where € is the minimum or secondary creep rate, A is a dimensionless constant factor
depending on the material, D the diffusion coefficient (=Do exp(-QJ/RT) with Dg the
frequency factor, Q. the activation energy for creep, R the gas constant and T the absolute
temperature), G the shear modulus, b the Burgers vector and k the Boltzmann constant. In
order to evaluate stress exponent, n, the slope of a plot of log € against log ¢ has to be
evaluated. Plots for creep tests performed at 150°C, 175°C, 200°C and 240°C are shown in
Figures 3 a-d, respectively. Values of stress exponents are inserted in the plots.

Stress exponent n is directly related to deformation mechanisms taking place during creep. A
value of n = 3 isrelated to viscous glide of dislocations [7-9], n = 5 is related to dislocation
climbing at high temperatures [7, 8, 10] and n = 7 to dislocation climbing at low temperatures
[11]. A value of n =1 is connected to diffusion deformation mechanisms[12, 13].

For magnesium alloy AS21, similar creep tests in tension have been performed [14]. It can be

seen that stress exponents, especiadly in tensile creep tests, are very high compared to



theoretical values. It is not possible to explain deformation mechanisms occurring during
creep with those stress exponents directly. High stress exponents are often identified in creep
tests with dispersion strengthened materials or metal matrix composites. AE42 based MMC
reinforced with 20 vol.-% Saffil-fibres was investigated recently [15]. They are explained
with the appearance of a threshold stress 6o, which reduces the applied stress ¢ and is
connected to phenomena of interaction between obstacles and dislocations. Three
explanations can be found in metallic materials:
e Threshold stress is the stress which is needed to bow a dislocation between two
obstacles [16-18], corresponding to the Orowan stress.
e Threshold stress corresponds to an additional back stress which is built up during
climbing over an obstacle, and is needed to elongate the dislocation [19].
e Threshold stress corresponds to an additional stress which is needed after climbing
over an obstacle to detach from it [20, 21].
Li and Langdon developed a method to calculate the threshold stress [22]. They assumed that
a minimum creep rate of 10° s* is the lowest rate that is conveniently measurable in creep
experiments. In the double logarithmic plots of minimum creep rate against applied stress, an
extrapolation of the fitted lines to a value of 10° s gives the stress value which is assumed
to be the threshold stress. Carrying out this procedure, threshold stresses were found which
are shown in Figure 4. Threshold stresses calculated from compression creep tests are
approximately 10 MPa lower than those found in tensile creep tests.

Introducing threshold stresses, (Eq. 1) changesinto (Eg. 2):

N
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For calculation of the true stress exponent n; double logarithmic plots of (o-co) against
minimum creep rate have to be made. Figures 5 a-d show these plots. The values of n; are
inserted in the plots. True stress exponents found in compression creep tests are always lower

than exponents found in tensile tests. According to the evaluated values of n; both



compressive and tensile deformation occurs by glide. At higher temperatures climb of

dislocations also occurs.

Optical microscopy

Figure 6 shows an optical micrograph of AE42 in the as cast state. Magnesium aloy AE42
manufactured via sgueeze casting with a relatively slow solidification (compared to die
casting) shows a dendrite structure with lamellar precipitates of Al;;REs, AlLRE and Al,RE
and spherical precipitates of AlioRE;Mn;. The latter phase is marked with A and the AIRE
phases are marked with B.

Figures 7 a-c show the microstructure after creep at a temperature of 200°C and stresses of
40, 60 and 80 MPa, respectively, for compression (left graph) and for tension (right graph).
After 40 MPatests there is no change in microstructure compared to the as-cast state, whereas
after tests at higher stresses, twinning occurs. During compression creep, twinning occurs
only in one direction (primary twinning) whereas in tension there is a'so secondary twinning

observable.

Conclusions

Creep tests in compressive and tensile mode were performed under constant stresses between
40 MPa and 120 MPa at constant temperatures of 150°C, 175°C, 200°C and 240°C until the
specimen failed or reached the minimum creep rate. Following the Norton equation, stress
exponents were calculated, and it was found that, especialy the tension, stress exponents are
very high compared to theoretica values and deformation mechanisms are not related to
experimental stress exponents. By introducing a threshold stress, as is common for dispersion
strengthened metals or composites and has been shown for magnesium alloy AS21 aready
[14], values of true stress exponents are found to be suitable for determination of mechanisms
which occur during creep. Gliding and climbing of dislocations are the predominant

deformation mechanisms. Microstructure investigations using optical microscopy have shown



that at low stresses, where no twinning occurs, minimum creep rates of tensile and
compressive creep tests are very similar. At increasing stresses minimum creep rates diverge.
It can be seen in Figures 7 b and c that during compressive creep primary twins and during
tensile creep primary and secondary twins appear. The differences in the minimum creep rates
can be attributed to the different twinning behaviour. Additional secondary twinning resultsin

additional areasin which dislocations can glide easily.
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Table 1: Composition of alloy AE42

Element

Al

Mn

S

Ce

La

Nd

Th

Mg

wt.-%

3.9

0.3

0.01

12

0.6

0.4

0.2

rem.
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Fig. 1. Sketch of a squeeze casting tool.
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Fig. 2: Tensileand compressive creep curves (175°C and 70 M Pa).
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Fig 3b: Norton plots of tests performed at 175°C.
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Fig. 3c: Norton-plots of tests performed at 200°C.
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Fig. 4. Threshold stresses calculated with method from Li et al. [22].
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Fig. 5a: Plots of (6-6) against € ¢ at 150°C.
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Fig. 6: Microstructure of AE42 in the as cast state.



Fig. 7a: Microstructure after creep at 200°C and 40 M Pa; left: compression, right: tension.



Fig. 8b: Microstructure after creep at 200°C and 60 M Pa, |eft: compression, right: tension.



Fig. 8c: Microstructure after creep at 200°C and 80 M Pa; left: compression, right: tension:
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