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In addition to AZ- and AM-series magnesium alloys, which are mainly used at ambient temperature, there are also die-cast magnesium alloys developed for use at elevated temperatures. This paper examines the compressive creep resistance of several aluminum-containing magnesium high-pressure die-cast alloys, including the commercially available AE42, AE44-2, AE44-4, MRI230D alloys and newly developed DieMag series, i.e., DieMag211, DieMag422, and DieMag633. Compressive creep is the common load case for automotive powertrain components such as transmission housings, engine blocks or oil pans, which are typically mounted with steel or aluminum bolts that have lower thermal expansion than magnesium alloys. When the components heat up, there is a compressive load in the area around the bolt. The compressive creep experiments are accompanied by microstructure investigations. It is shown that MRI230D and the two high-concentrated DieMag alloys have the best creep resistance at 200°C. Similar results are also observed in the tensile tests at room temperature and 150°C, with DieMag633 showing outstanding strength.
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INTRODUCTION

Magnesium alloys are predominantly cast (Avedesian and Baker, 1999). Only a small proportion of the alloys used are formed, e.g., rolled, extruded, or forged. The proportion of magnesium processed in high-pressure die casting (HPDC) is also comparably high compared to other casting processes such as sand-casting or gravity die casting. Magnesium high-pressure die casting alloys therefore account by far for the largest proportion of magnesium materials used. This market is divided between the common room temperature alloys AZ91 and AM50/60 and the creep-resistant alloys that can be used at higher temperatures. With very few exceptions, these alloys contain aluminum as an alloying element to assist with castability. The temperature difference between liquidus and solidus temperatures, and thus the melting range of the aluminum-containing alloys is large, which enables subsequent feeding during HPDC despite the rapid cooling. The disadvantage of an aluminum content of 3–10% is the formation of the β-phase Mg17Al12 during solidification. It has a melting point of only 437°C and is therefore responsible for the poor creep resistance of AZ and AM alloys. Since the aluminum is needed during casting, but the β-phase hinders the creep resistance, strategies have been developed to bind the aluminum in intermetallic phases with the help of further alloying elements. These phases should have the highest possible melting points and fine distribution to increase the strength of the alloys (Pekguleryuz and Celikin, 2010). For example, rare earths (AE alloys; Powell et al., 2002; Moreno et al., 2003; Kielbus and Rzychon, 2010; Zhu et al., 2012), silicon (AS alloys; Dargusch et al., 2004; Zhang, 2005; Zhu et al., 2013), strontium (AJ alloys; Kunst et al., 2009; Kielbus and Rzychon, 2010) or calcium (AX alloys, MRI; alloys; Backes et al., 2009; Xu et al., 2009; Jiang et al., 2015) are used.

Some of the creep resistant alloys investigated in this paper are die cast specimens previously investigated by Zhu et al. (2015). The alloys are AE42, AE44-2, AE44-4, and MRI230D. Usually a misch metal consisting of Ce, Nd, La, and Pr is used for the addition of rare earths. The alloy AE44-4 indeed contains these four rare earths as alloying elements. For cost reasons and because of the decreased availability of Nd, there are also variations of this alloy containing only Ce and La. This alloy (AE44-2) is cheaper and is also investigated in this study. These commercial alloys are compared with DieMag alloys, which have an aluminum-barium-calcium proportion of 2:1:1. They differ only in the absolute content of alloying elements and were produced under the same conditions and casting parameters via HPDC (Dieringa et al., 2013).

In contrast to Zhu et al. (2015), the creep tests were not carried out under tensile stress but under compressive stress. This is the loading direction which represents the more common load case for cast light metals. Typically, gearbox housings, pump housings, motor blocks, oil pans, or similar temperature-loaded components are manufactured from the alloys investigated. These components are under compressive stress in the areas where they are bolted together. When heated to operating temperature, the magnesium undergoes expansion with a coefficient of thermal expansion (CTE) of 26–32 × 10−6 K−1. The aluminum or steel screw has a large CTE (~20–24 × 10−6 K−1 or ~10–12 × 10−6 K−1) and this leads to compressive stress in the magnesium component (Cverna, 2002). In the worst case, this can result in the area under the bolt joint experiencing significant creep at an assumed high temperature of 200°C. Additionally, after cooling to room temperature, which is associated with the same greater thermal contraction, the tightness of an oil pan or a gear part is reduced. In this paper the compressive creep resistance of all alloys at 200°C and different stresses between 60 and 100 MPa shall be investigated. These are approximately the maximum temperatures and stresses that outer areas of an engine block must withstand under a bolt load. The determination of the minimum creep rate and threshold stress with which a true stress exponent can be calculated allows for the combination of experimental creep tests with physical metallurgical models to describe the rate-determining deformation mechanisms during creep. The creep tests are accompanied by optical and electron microscopy in combination with an investigation of intermetallic phases to elucidate the mechanism of deformation.



MATERIALS AND METHODS

The magnesium alloys AE42, AE44-2, AE44-4, and MRI230D are commercially available. The DieMag alloys were made of pure magnesium, aluminum, barium, and calcium and were then die-cast. The composition of the alloys measured with ICP-OES or Arc Spark OES is summarized in Table 1. Specimen material was cast from the individual alloys in a 250 ton TOSHIBA cold chamber die casting machine. During the melting process and the holding time during casting, the molten surface was covered with HFC-134a inert gas in a CO2 carrier gas. None of the alloys showed burning on the surface.


Table 1. Chemical compositions (wt.%) of die-cast alloys in this investigation analyzed by ICP-OES or Arc Sparc OES (Dieringa et al., 2013; Zhu et al., 2015).
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The castings consist of three cavities containing two “dumb-bell” and one flat test sample, the dimensions of these castings are given by Easton et al. (2008). From the dumb-bell samples, cylinders with a diameter of 6 mm and a length of 15 mm for compressive creep testing were produced by electric discharge machining. The compressive creep tests were performed at a constant temperature of 200°C and constant stresses of 60, 70, 80, 90, and 100 MPa using an ATS Lever Arm Creep Machine. The dumbbell specimens were tested at room temperature and 150°C in tensile tests. A screw-driven Instron 4505 with a 100 kN load cell was used for the tests. A cross-head speed of 5 mm/min and an extensometer with a measuring length of 25 mm were applied. Four tests were carried out for each alloy.

Density measurements according to the Archimedean principle were carried out on all alloys before and after the creep testing using a Sartorius laboratory balance, in which the sample was weighed in air and ethanol. Creep samples were used for the density measurement, both in as-cast condition and after the creep tests. At least eight samples of each alloy were tested.

Optical micrographs for grain size measurement were taken from 3 regions near the centre of each alloy to obtain the average grain sizes. A Leica DM LM optical microscope was used to capture these regions. The grain sizes were measured using the line intercept method on AnalysisPro software. Further investigation of alloy microstructures where performed on a TESCAN Vega3 SEM equipped with an EDXS detector.



RESULTS AND DISCUSSION


Density

The average densities of the alloys in the as-cast condition and after creep testing are shown in Table 2. The first column contains density measurements from gravity castings for the respective alloys. These values are used for comparison to the density of the same alloys produced via HPDC. The density of the gravity casting samples can be regarded as a pore-free microstructure, since a laminar flow of the melt does not cause any gas inclusions and the solidification was performed without stress. We calculate the porosity as the relative difference of the densities of the materials compared to gravity casting. MRI230D shows the highest porosity with 3.5%. The AE-based alloys follow with 2.4 to 3.0%. Only DieMag211 and DieMag633 achieve porosities of <2% with the lowest value of 1.5% for DieMag633, which is a very low percentage for high-pressure die casting. The same is true for the densities of the crept samples. The pores are compressed during creep, which reduces porosity. It should be noted that DieMag633 stands out with a porosity of only 1%, which is of course also due to the lowest value in the as-cast state.


Table 2. Densities of as-cast and crept materials and grain size measurements of as-cast alloys.
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Tensile Tests

Tensile tests at room temperature and 150°C show a broad range of mechanical performance for the various alloys, as summarized in Table 3. At room temperature, the AE42 has the lowest yield strength with only 121.6 MPa, but good tensile strength with almost 240 MPa. The two AE44 variants are slightly higher for both values and differ only slightly to each other, but show the best ductility of all the alloys tested. With almost 180 MPa, the MRI230D has a significantly higher yield strength, but does not show much further strain hardening up to a tensile strength of 220.9 MPa and moderate ductility. The three DieMag alloys show an increasing strength with increasing content of alloying elements. DieMag422 has similar properties to MRI230D, but DieMag633 which has a yield strength of more than 200 MPa exhibits excellent properties, but at the expense of ductility.


Table 3. Tensile properties at RT and 150°C.
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At 150°C, AE42 again shows the lowest strength, followed by the two AE44 alloys. The MRI230D is significantly better with a yield strength of 140.2 MPa and a ductility of 6.3%. Again, DieMag422 is in the range of MRI230D and slightly exceeds it. With a yield strength of 160 MPa and a tensile strength of almost 200 MPa, DieMag633 shows the best properties, again at the expense of ductility of only 3.2%.



Compressive Creep

Creep curves of compressive creep tests at 200°C and 60, 70, 80, 90, and 100 MPa are shown in Figures 1A–E. Figures 1F–J shows the creep rates from Figures 1A–E, the creep strain curves. All figures show that the AE42 always has the fastest deformation rate and thus the worst creep properties. The slowest deformation is shown by the AE44-4 at low stresses and the DieMag633 at higher stresses.


[image: Figure 1]
FIGURE 1. Creep strain curves (A–E) and creep rate curves (F–J) of creep tests at 200°C and 60–100 MPa applied stress.


Equation (1) describes the dependence of the minimum creep rate on the temperature (473.15 K), and the applied stress (60–100 MPa).

[image: image]

In Equation (1), A is a material dependent constant, b is the Burgers vector, G is the shear modulus, k is the Boltzmann constant, and D is the diffusion coefficient for which Equation (2) applies.
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In Equation (2), D0 is the frequency factor, QC is the true activation energy for creep, and R is the gas constant. From the curves in Figures 1F–J, the minimum creep rates [image: image]are extracted and plotted according to the Norton-Arrhenius Equation (1) as plots of the minimum creep rate over the applied stress σ at constant temperature T (Figure 2A). It is clear that the AE42 together with the AE44-2 has the worst creep resistance at 200°C. They are followed by DieMag211, MRI230D, and DieMag422, which show lower minimum creep rates in this temperature range. The lowest values of the minimum creep rate and thus the best creep resistance at 200°C at the lower stresses of 60, 70, and 80 MPa was found to be for AE44-4 and at the higher stresses of 90 and 100 MPa was DieMag633.


[image: Figure 2]
FIGURE 2. Minimum creep rate over (A) stress applied during creep tests at 200°C and (B) true stress calculated with concept of threshold stresses at 200°C.


The stress exponents are between 8 and 15 (Table 4). They appear very high according to the values expected to correlate with the rate-determining deformation mechanisms, but such high values are often reported in metal matrix composites or particle- or precipitate-strengthened alloys (Park et al., 1990; Pandey et al., 1992; Gonzalez-Doncel and Sherby, 1993). A stress exponent of n = 1 represents diffusion-controlled creep (Harper and Dorn, 1957; Ardell and Lee, 1986), n = 3 represents viscous gliding of dislocations (Weertman, 1957a; Sherby and Burke, 1968; Mohamed and Langdon, 1974; Mohamed et al., 1992), n = 5 represents dislocation climbing at higher temperatures (Weertman, 1957b; Sherby and Burke, 1968; Mohamed et al., 1992) and n = 7 represents dislocation climbing at lower temperatures (Robinson and Sherby, 1969). For these particle- or precipitation-strengthened materials, a threshold stress σthr was defined, which describes the minimum stress at which creep deformation still occurs at a certain temperature. While the existence of this threshold stress is unquestioned in literature, there are various mechanistic explanations for its origin. A common explanation of the threshold stress σthr is the existence of an additional stress needed to bend dislocations between the obstacles, the Orowan stress (Orowan, 1954). Another explanation is to associate the threshold stress with the stress needed to disconnect a dislocation from an obstacle (Arzt and Wilkinson, 1986; Arzt and Rösler, 1988). An additional back-stress for climbing over an obstacle is also considered to be the origin of the threshold stress (Arzt and Ashby, 1982).


Table 4. Stress exponent n, threshold stress σthr, and true stress exponent nt from compressive creep tests at 200°C.
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This threshold stress can be determined by extrapolating the double-logarithmic plot of minimum creep rate over applied stress (Figure 2A). According to a method described by Li and Langdon (1997), the stress is extrapolated to a creep rate of 10−10 s−1, which corresponds almost to a zero deformation (1% deformation in 3 years) and represents approximately the lowest deformation that can be measured in creep tests. This value is the threshold stress σthr listed in Table 4 for all alloys. With the introduction of the threshold stress, Equation (1) changes to that shown in (3):

[image: image]

If the true stress exponents nt are calculated, as shown in Figure 2B, values between 3.1 and 7.4 are obtained, which is consistent with the rate determining deformation mechanisms during creep deformation. True stress exponents are listed in Table 4, as well. A stress exponent of 3.1 for the AE44-4 shows that dislocation gliding is the rate determining deformation mechanism for creep deformation at 200°C. Higher values, as seen in DieMag alloys and the MRI230D, indicate a transition to a higher proportion of dislocation climbing in combination with dislocation glide as the deformation mechanism. For the AE42 and AE44-2, with a stress exponent of 6.1 and 7.4, only dislocation climbing can be determined as the rate determining deformation mechanism.



Microstructure Analysis

The microstructures of the seven die cast alloys are shown in Figure 3. The optical micrographs in Figure 3 are representative of the grain morphology of each alloy. The average grain sizes are shown in Table 2.


[image: Figure 3]
Figure 3. (A–G) Micrographs of as-cast AE42, AE44-2, AE44-4, MRI230D, DieMag211, DieMag422, and DieMag633.


A more detailed view of the microstructure of the newly developed DieMag alloys and those of the AE and MRI alloys under investigation is presented in Figures 4A–D. The variations of the AE alloys (Figures 4A–C) all have relatively similar microstructural morphologies, a lamellar eutectic at grain boundaries and a sporadically distributed (near grain boundaries) irregularly shaped intermetallic phase. Powell et al. (2002) showed that the intermetallic phase in the eutectic was Al11RE3 and the irregularly shaped phase was Al2RE. Zhu et al. (2012) confirmed that the 2 intermetallic phases present in the AE44 alloys were also Al11RE3 and Al2RE.


[image: Figure 4]
Figure 4. (A–G) SEM BSE micrographs of as-cast AE42, AE44-2, AE44-4, MRI230D, DieMag211, DieMag422, and DieMag633.


MRI230D (Figure 4D) has a continuous intermetallic phase and a brighter (as viewed via BSE on SEM) intermetallic phase and irregularly shaped phase present at grain boundaries. The two intermetallic phases present in MRI230D have been shown to be (Mg,Al)2Ca and CaMgSn (Zhu et al., 2015). The (Mg,Al)2Ca phase, which was shown to also have, in part, a lamellar-like appearance by Luo et al. (2002), corresponds to the continuous phase in MRI230D. The brighter irregularly shaped phase was shown to be that of CaMgSn (Zhu et al., 2015).

Figures 4E–G shows a relatively consistent morphology between DieMag211, DieMag422, and DieMag633, with exception to grain size in DieMag633. For each DieMag alloy, EDXS measurements were obtained from the intermetallic phases present. Representative EDXS measurements of each phase in the three DieMag alloys are given in Table 5. From these measurements it can be verified that the lamellar phase has little to no Ba, which correlates to the Al2Ca phase and the white blocky continuous phase has a significant concentration of Ba, which indicates it is the Mg21Al3Ba2 phase. These results match the investigation by Dieringa et al. (2013), which showed that DieMag422 contained two distinct intermetallic phases, a bulk intermetallic phase with Al2Ca and a lamellar intermetallic phase with Mg21Al3Ba2.


Table 5. EDXS point measurements (wt.%) of Al2Ca or Mg21Al3Ba2 intermetallic phases in DieMag alloys.
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CONCLUSIONS

The aluminum-containing, creep-resistant magnesium alloys were successfully produced by high-pressure die casting. None of the alloys showed any noticeable burning. Compressive creep tests at 200°C, metallography, density measurements and tensile tests at RT and 150°C were carried out on the samples in as-cast condition. The following results were obtained:

- The density measurements can be seen as a measure for the die-castability of a magnesium alloy. DieMag211 and DieMag633 have the lowest porosities with only 1.8 and 1.5%, respectively.

- The alloys with the best creep resistance, displaying the lowest minimum creep rate values at 200°C, in combination with low stresses of 60, 70, and 80 MPa was AE44-4 and in combination with the higher stresses of 90 and 100 MPa was DieMag633.

- The mechanical properties at room temperature show varying results. With nearly 180 MPa, the commercial MRI230D had approximately the same yield strength as DieMag422, although its tensile strength is slightly lower. DieMag633 had the highest yield strength at over 200 MPa, and also the highest tensile strength. However, this is at the expense of ductility. It was remarkable to find DieMag633 had a significantly higher yield strength compared to an aluminum alloy A380, which is also used for engine components in automotive engineering. Their yield strength was approximately 165 MPa with a ductility of 3% (Bronfin et al., 2008).

- The mechanical properties at 150°C showed a similar trend. The MRI230D and DieMag422 showed comparably good properties and were only exceeded by DieMag633 with a yield strength and a tensile strength of 160 MPa and ~200 MPa, respectively. The yield strength was again above that of an aluminum alloy A380, which is approximately 150 MPa (Bronfin et al., 2008).

- Microstructure as well as phase analysis of the creep-resistant magnesium alloys revealed the various intermetallic phases in the high-pressure die cast structure, which were also present in casting processes with lower cooling rates. They help to improve the creep resistance of the alloys by preferentially forming during solidification and thus avoiding the formation of the thermally unstable Mg17Al12, which has been shown to be detrimental to elevated temperature creep resistance.
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