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The influence of Al content and section thickness on the microstructural features and tensile
properties of high-pressure die cast AM series magnesium alloys is quantified in order to better
understand the relationship between microstructure and tensile properties. It is found that with
increasing aluminum content, the yield strength increases and the ductility decreases. Increasing
the plate thickness results in a decrease in both the yield strength and ductility. The grain size,
b-Mg17Al12 phase volume fraction, and solute content are all quantified through the thickness of
the plates. It is found that the plates have a skin with increased hardness, due to a fine grain
structure. The primary factors affecting strengthening in these alloys, including microstructural
variations through the thickness, are accounted for using a linear superposition model. We
conclude that yield strength is dominated by grain boundary strengthening and solid solution
strengthening effects. The through-thickness grain size and solute concentration were quantified
and these variations were found to play an important role in controlling the yield strength of
these alloys.

DOI: 10.1007/s11661-017-3958-4
� The Minerals, Metals & Materials Society and ASM International 2017

I. INTRODUCTION

DUE to their high specific strength and good
castability, magnesium alloys are desirable for use in
weight reduction strategies for automotive applica-
tions.[1,2] Over 95 pct of magnesium parts for structural
applications are manufactured using the high-pressure
die casting process.[3,4] High-pressure die casting
(HPDC) allows large, thin-walled components to be
mass-produced rapidly and economically. In HPDC,
highly turbulent molten metal flows into the shaped die
cavity, generating a broad distribution of microstruc-
tures through the thickness and in different regions of a
single casting.[5,6] The heterogeneity observed in the
microstructure of cast components leads to increased
variability in the observed tensile properties as shown by
Forsmark et al.[7]

The use of magnesium alloy die castings is limited
partially by the variability in mechanical properties
observed in HPDC components.[8] This variability
necessitates conservatively designed HPDC parts and
limits the ability to use HPDC components in crash-sen-
sitive applications where ductility and deformation
behavior are especially important. It is commonly
believed that these properties, particularly the ductility,
strongly depend on porosity levels.[9–11] For this reason,
super vacuum die casting (SVDC) technology is being
explored to minimize the presence of gas porosity and in

turn improve the mechanical properties.[3] To take full
advantage of the property improvements provided by
SVDC, there is a need for improved predictability of
properties.
In order to better predict location-dependent proper-

ties in castings, integrated computational materials
engineering (ICME) approaches are under develop-
ment.[12] Currently, two approaches exist to capture
and reduce variations in properties—‘‘quality mapping’’
statistical approaches and deterministic physics-based
structure–property relationships. Quality mapping is an
empirical approach currently used to capture spatial
property variation within a casting using highly cali-
brated parameters.[13–15] Since the quality mapping
approach is not physics-based, it can be difficult to
extrapolate results beyond the range of model calibra-
tion. This approach also requires a large quantity of
experimental data. Thus, further study of the funda-
mental effects of microstructure on the tensile properties
is needed to develop physics-based models for use in
more refined ICME tools. Recently, deterministic yield
strength models have been developed by Yang et al.,
Sharifi et al., and Toda-Carabello et al.[16–18] These
models incorporate known strengthening mechanisms,
specifically grain boundary, solid solution, and disper-
sion strengthening, but use different methods to calcu-
late each strength component.[19]

To better understand the mechanical properties, it is
important to understand both intrinsic and extrinsic
microstructural features throughout the entire cast-
ing.[20] Intrinsic microstructural features are those that
are related to the composition of the alloy, such as
composition variation and formation of eutectic phases.
Extrinsic features are those that are related to the
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manufacturing process. These features are produced and
controlled by the casting process, including shrinkage-
and microporosity, inhomogeneous microstructures
[e.g., externally solidified crystals (ESCs)], casting
defects (e.g., oxide films, hot tearing), and the develop-
ment of skin and core microstructures. Of particular
importance is the occurrence of ESCs in the core, which
are coarse, dendritic grains that solidify before entering
the die cavity.

Tensile properties appear to be a function of a
hierarchy of effects from the different microstructural
features. For example, there is an observed dependence
of the mechanical behavior on intrinsic features due to
alloying effects as observed by Aune et al.[21] The most
deleterious features tend to be oxide films and large
pores which result in a significant reduction of the
ductility,[22] while b-Mg17Al12 volume fraction and
morphology are likely to only have a minor impact on
mechanical properties.[23] Characterizing critical
microstructural features as inputs to current and future
models for the tensile properties is an important step to
refining prediction of the yield strength and in the
future, ductility.

In this study, we quantify the influence of Al content
and plate thickness on the microstructural features and
tensile properties of a series of SVDC aluminum-man-
ganese (AM-type) magnesium alloys. SVDC was used to
reduce the influence of extrinsic microstructural feature
such as entrapped gas porosity. These results are used to
evaluate the efficacy of an improved analytical model for
strength. The results from this investigation were
designed as inputs to parallel investigations using crystal
plasticity and continuum mechanics simulations of
microstructural influences on the ductility.[11,24,25]

II. EXPERIMENTAL

Mg-Al-Mn alloy (AM series magnesium alloys) plates
were super-vacuum die cast by Ford Research and
Innovation Center at MagTech Corporation. Plates of
nominal dimensions 305 mm 9 130 mm (12 inch 9
5 inch) were cast in two thicknesses, 2.5 and 5 mm,
and four Al alloy compositions with a nominally
constant Mn content as detailed in Table I. These will
be referred to as AM40, AM50, AM60, and AM70,
respectively. The composition of the melt was deter-
mined by Optical Emissions Spectroscopy at Ford
Research and Innovation Center, and will be referred
to as the alloy composition. The target melt temperature
was 948 K (675 �C). Sulfur hexafluoride, SF6, was used
as the cover gas to prevent oxidation.

Tensile specimens with a gage length of 25.4 mm and
a width of 6.4 mm were machined from the as-cast
plates in accordance to ASTM E8/B557. The specimen

thickness was equal to the plate thickness, 2.5 or 5 mm.
Tensile testing was completed for 18 samples per
condition, with nine tensile bars machined from each
plate, at least 12 mm from the plate edge. Tensile testing
was conducted on a hydraulic MTS load frame with a
25 mm extensometer at room temperature. Tests were
conducted at an initial strain rate of 1 9 10�3 s�1, and a
constant displacement rate of 2 mm/min until sample
failure. These tests were used to analyze yield strength,
ductility, and strain hardening exponent. Yield strength
was calculated using the 0.2 pct offset method.
Metallographic samples were sectioned from the grip

section of the tensile bars, and characterized for
porosity, b-Mg17Al12, and grain size. Samples were
prepared using standard techniques, with a final polish
using 1 lm diamond paste. Buehler MetaDi fluid was
used as a polishing lubricant in place of water. To
characterize grain size, samples were etched for 3 sec-
onds in a 278 K (5 �C) acetic nitric solution (5 mL nitric
acid, 15 mL glacial acetic acid, 20 mL water, 60 mL
ethanol).
Microhardness mapping was completed using an

automated Vickers microhardness system with a load
of 50 grams force and a dwell time of 13 seconds. Based
on previous work by Yang et al.,[26] in accordance with
ASTM E384 standard, the spacing between measure-
ments should be at least 2.5 times the length of the
indentation diagonal. For these samples, indents were
placed using a 100-lm spacing through the casting
thickness.
The nominal area fraction of porosity was quantified

using backscatter electron (BSE) SEM images. The
nominal area fraction of porosity was determined using
at least 10 images. The area fraction of b-Mg17Al12 was
quantified using both image analysis of BSE SEM
images and X-ray diffraction (XRD). b-Mg17Al12 phase
fraction and distribution were quantified on the as-pol-
ished specimens. XRD was conducted on polished,
through-thickness specimens placed in a Rigaku
Rotating Anode X-ray Diffractometer.
Electron probe microanalysis (EPMA) was used to

determine through-thickness composition. EPMA was
performed using a Cameca SX-100 electron microprobe
equipped with wavelength-dispersive spectrometers. The
accelerating voltage and beam current were 15 kV and
10 nA, respectively. Standards of at least 99.9 pct pure
Al, Mg, and Mn were used for calibration. Composi-
tions are given as the average of at least 200-point
measurements. Further details on the instrument set-
tings and data analysis are reported in Berman et al.[27]

Grain size was quantified through electron backscat-
ter diffraction (EBSD). For EBSD orientation imaging
maps, a step size of 0.5 lm and a scan area comprised of
at least 1000 grains were used. The general digital image
processing (cleaning) procedure applied to the maps was

Table I. Al and Mn Alloy Compositions for Each Condition as Measured by Optical Emission Spectroscopy

Composition AM40 AM50 AM60 AM70

Al (wt pct) 3.8 4.6 6.0 7.0
Mn (wt pct) 0.55 0.4 0.44 0.44
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(1) neighbor orientation correlation, (2) single iteration
of grain dilation, and (3) grain confidence index (CI)
standardization. After cleaning, only points with a
CI> 0.1 were retained. Low confidence points appear
black in the EBSD maps, indicating regions of sec-
ondary phases, grain boundaries, oxide films, or poros-
ity. The minimum grain size retained after cleaning was
set to 3 lm grain diameter. All experimental data,
including tensile data and reference images, are archived
for future use on the Materials Commons, an informa-
tion repository maintained by the University of
Michigan.[28,29]

III. RESULTS AND DISCUSSION

A. Microstructural Characterization

The microstructure of the HPDC plates consists of
fine, in-mold a-Mg cells (darker gray), large a-Mg ESCs,
b-Mg17Al12 eutectic particles (light gray), and AlMn
intermetallics (white), shown for each condition in
Figure 1. The exact composition of the AlMn inter-
metallic phases is not determined in this work, but can
be of the form Al8Mn5, AlMn4, and Al11Mn4 as
predicted by ThermoCalc using the TCMG4 database,
and by previous work in AM series alloys.[30,31] Exam-
ples of ESCs (large, dendritic structures in the core of
the castings) are circled and shown in Figure 2, which is
a cross-section of a cast plate in the etched condition.
Shrinkage porosity can be observed approximately
600 lm from the casting surface. Microstructural char-
acterization of in-mold grain size, ESC size, ESC area
fraction, eutectic phase b-Mg17Al12, and casting defects
was completed for all conditions, and in multiple regions
through the thickness of the plates. Quantitative
microstructural characteristics are tabulated in
Table II, with the mean and standard deviation given
for each characteristic.

1. Grain size
An important microstructural feature in die cast

alloys is the variation in grain size that can be observed
through the thickness of the casting. Grains are divided
into two groups: grains that are formed in the die,
termed in-mold a-Mg grains, and externally solidified
grains or crystals (ESCs) that are formed in the shot
sleeve before being injected into the die. Cast plates
show two distinct regions, hereafter referred to as the
skin and the core, shown in Figure 3, for (a) 2.5 mm
AM50 and (b) 5 mm AM50. The skin is the fine-grained
region adjacent to the casting surface, and the core is the
bulk of the material in the center through thickness. To
determine the average in-mold grain diameter, EBSD
data were partitioned to include only grains less than
30 lm in diameter. The in-mold a-Mg grain size is
independent of Al content and thickness, and averages
between 12 to 20 lm in grain diameter as shown in
Figure 4. The in-mold a-Mg grain size did not vary
through the thickness; grains near the casting surface
and in the core have the same average in-mold grain
diameter. When comparing the in-mold grain size area

fraction histograms for all Al contents in the skin and
core, the histograms have the same peak value and
distribution. Thus, the in-mold grain size is considered
the same for all plates.
The precise characteristics of ESCs are difficult to

quantify and include solute (Al) content, fractal geom-
etry, and size. Operationally in this investigation, ESCs
were defined as a-Mg grains which are greater than
30 lm in diameter.[32] ESC size can vary up to an order
of magnitude, ranging from the operational minimum of
30 lm up to approximately 300 lm in diameter. The
area average ESC size is approximately 50 to 80 lm in
diameter. Values for the average ESC size and area
fraction are given in Table II. The area average ESC size
for all eight conditions is similar, despite the wide range
of ESC sizes that were observed. The area fraction of
ESCs did depend on location through the thickness,
with a higher fraction observed in the core regions of the
castings.
Based on the consistent in-mold and ESC grain sizes

shown in Table II, the grain size data for all alu-
minum contents of each thickness are compiled into
one dataset for each location (skin or core), and an
area average in-mold grain size, ESC size, and area
fraction for the skin and the core of each plate
thickness is found. The area fraction grain size
distribution for all grains in the skin and in the core
is shown in Figure 5. Figure 5 shows that the area
fraction of ESCs is higher in the core than in the skin.
The ESCs in the core are surrounded by the fine
in-mold a-Mg grains. The in-mold grain size in the
core is slightly larger than in the skin, but the in-mold
grains occupy a much smaller fraction of the area. The
measured area fraction of ESCs in the core was
determined to be approximately 45 pct of the area of
the core, with values ranging from 30 to 60 pct of the
area. This was the same for both the 2.5- and
5 mm-thick plates. Very few ESCs were observed in
the near surface region in the 2.5 mm plates, but large
grains (ESCs) were frequently observed in the near
surface region of the 5 mm plates, leading to the
weakened in-mold peak for the skin region of the
5 mm plates. A decrease in peak height is reflective of
a decrease in the total area fraction of grains of a
given size, in this case the in-mold grains in the skin
of the 5 mm plates. This was dependent on sampling
location along the edge of the casting, but typically
ranged from 30 to 45 pct area fraction.
Using the through-thickness EBSD scans shown in

Figure 3, the grain size data are partitioned into bins
50 lm wide. There is a homogeneous fine grain size
observed in the skin region of the 2.5 mm plates. Grains
greater than 30 lm in diameter first occur at a distance
of approximately 600 lm from the casting surface in the
2.5 mm plates. The through-thickness microstructure in
the 5 mm plates is more complex and there is significant
plate-to-plate variability although casting conditions
remained constant. The microstructure in the
5 mm-thick plates typically formed with three distinct
bands of grains. Immediately beneath the casting
surface, bands of large a-Mg grains were frequently
observed. Adjacent to this layer, a region of fine grains,
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and then in the core of the casting, ESCs were observed.
An example of this is shown in Figure 3(b). The area
fraction of grains greater than 30 lm observed at the

surface was 20 pct for the 5 mm plates, while no ESCs
were observed in skin of the 2.5 mm plates.

2. Factors affected by aluminum content
The aluminum and manganese content was quantita-

tively characterized in both the skin and core regions for
all four alloys using EPMA. The skin content was
measured in a region ~200 to 400 lm from the casting
surface and the core content was measured at mid-thick-
ness. As the electron interaction volume is of compara-
ble size (~4 lm) to the in-mold grain diameter (12 to
20 lm), it is difficult to isolate only the solute content of
the matrix for the in-mold grains. For the purposes of
this work, the concentration of solute in solid solution is
approximated as the mean of all composition measure-
ments. For this set of castings, it is observed that as the
Al alloy composition increases, the Mn content of the
solid solution decreased, as shown in Figure 6.
The primary eutectic phase in AM series alloys is the

b-Mg17Al12 phase. The b-phase fraction was quantified

Fig. 1—The microstructure of the as-cast plates is comprised of fine a-Mg grains (darker gray), surrounded by b-Mg17Al12 eutectic particles
(light gray), with randomly distributed Al4Mn particles (white) for each condition.

Fig. 2—Representative image of porosity through the thickness of
the plate, where the left and right sides are the casting surface. Im-
age is an optical micrograph of an AM50 2.5 mm-thick plate. Exter-
nally Solidified Crystals (ESCs) (an example is circled) are evident in
the core of the plate. Also notable in this image are pore bands
roughly 600 lm from the casting surface.
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using both XRD and SEM. Using XRD, the overall
b-Mg17Al12 phase fraction was determined by measuring
relative peak intensity between the a- and b- phases. The
intensity of the b-Mg17Al12 peaks increased with
increasing Al in the alloy, indicating an increase in the
phase fraction. The average (through-thickness) b-phase
volume fraction measurements from SEM BSE image
analysis were very similar values to XRD measurements
as shown in Figure 7. As expected, increasing Al alloy
content led to an increase in the amount of b-phase.
Higher volume fractions of b-phase were measured in
the 2.5 mm plates when compared to the 5 mm plates as
shown in Figure 7 and in Table II. The amount of
b-phase, as measured using BSE imaging, was observed
to vary through the thickness of the plate. The skin is
observed to have a higher b-phase fraction than the
core, and this effect is pronounced in the 2.5 mm-thick
castings. In the 5 mm plates, there is minimal variation
in the volume fraction of b-phase as a function of
through-thickness location. In contrast, in the
2.5 mm-thick plates for the alloys containing higher Al
contents a significant change in the b-phase was
observed depending on the through-thickness location
with a maximum b-phase fraction observed approxi-
mately 250 lm from the casting surface.

Coincident with the through-thickness variation in the
volume fraction of b-phase, there is also a change in the
particle shape and degree of interconnection of the
b-phase. Isolated b-phase particles are found in both the
skin and core regions of the AM40 plates (Figure 1). As
the alloy Al concentration increases, the volume of point
particles in the skin increases and the b-phase in the core
region becomes increasingly interconnected. This is
shown in Figure 1, where the b-phase network in the
core of the 2.5 mm-thick AM70 forms a more complete
network than in that of the AM40 2.5 mm core. This
trend is similar in the 5 mm-thick plates, although the
frequency of the larger, networked b-phase particles is
lower due to the lower overall volume fraction of
b-phase observed.

3. Shrinkage porosity
In addition to externally solidified grains, other

extrinsic microstructural features were observed, specif-
ically, pores, pore bands, and oxide films. The SVDC
process used for casting in this study reduced the
amount of porosity within the plates compared to that

generally observed in high-pressure die castings.[32] The
microporosity that was observed was typically shrinkage
porosity, with minimal gas entrapment, as observed in
Figure 2. Typical levels of porosity measured on pol-
ished surfaces were less than 2 pct area fraction,
independent of Al content (Figure 8). The shrinkage
porosity was frequently observed in a ‘‘defect band’’
structure that was highly variable from casting to
casting and location to location.
Typical of the chaotic molten metal flow produced by

HPDC, defect bands occurred in many, but not all, of
the castings. If present, they were observed approxi-
mately 500 lm from the surface of the casting in the
2.5 mm plates, and between 1000 and 2000 lm from the
surface in the 5 mm plates. The defect bands varied in
width, and while there was no discernable band struc-
ture in some samples, there were multiple bands in
others. This is comparable to previous work by Gourlay
et al., where defect band appearance varied from casting
to casting.[33] Oxide films were also observed in many
castings. There was a wide range of oxide sizes observed,
from approximately 30 to 100 lm; however, they were
not quantified in this study.

B. Mechanical Behavior

1. Hardness testing
The through-thickness spatial variation in microhard-

ness was measured for the 4 and 7 wt pct Al in both the
2.5 and 5 mm plates. The resulting microhardness maps
are shown in Figure 9. Porosity bands are observed in
subsurface in the 5 mm plates in Figures 9(c) and (d).
Automated regular measurement grids were used with a
spacing of 100 lm. Locations with a measured hardness
above 100 Vickers hardness were locations where
indents were placed on either oxide films or large AlMn
intermetallic particles. The formation of a high-hardness
skin region was observed in the 2.5 mm plates. This skin
is approximately 600 lm thick. This is consistent with
the first observance of ESCs at approximately 600 lm
subsurface as observed in the 2.5 mm plates. In the
5 mm plates, the thickness of the higher hardness skin
was somewhat variable, but had a nominal thickness of
approximately 1100 lm. Defect bands were observed in
the core regions of the 5 mm plates, and some regions of
higher hardness in the core. This is consistent with the
grain size distributions observed, as the formation of

Table II. Microstructure Summary for Each of the Key Features, Including Area Average Grain Diameter for In-Mold Grains and

ESCs, ESC Area Fraction, b-Phase Fraction, and Porosity Levels

AM40
2.5 mm

AM50
2.5 mm

AM60
2.5 mm

AM70
2.5 mm

AM40
5 mm

AM50
5 mm

AM60
5 mm

AM70
5 mm

In-mold grain size skin (lm) 12 ± 3 13 ± 4 12 ± 3 14 ± 3 14 ± 5 20 ± 6 15 ± 4 17 ± 5
In-mold grain size core (lm) 16 ± 4 18 ± 5 16 ± 5 17 ± 5 18 ± 5 17 ± 5 17 ± 5 16 ± 5
ESC diameter core (lm) 79 ± 24 70 ± 21 66 ± 18 58 ± 15 64 ± 18 71 ± 22 78 ± 24 75 ± 23
ESC area fraction in skin (pct) 0 0 2 5 10 42 13 49
ESC area fraction in core (pct) 55 48 46 32 53 61 50 40
b SEM vol pct 1.4 ± 0.3 1.4 ± 0.3 3.3 ± 1.0 4.9 ± 0.9 0.5 ± 0.1 0.8 ± 0.1 1.4 ± 0.3 2.4 ± 0.4
b XRD vol pct 0.7 1.0 2.5 3.8 0.3 0.8 1.5 2.5
Porosity area (pct) 0.3 0.7 0.9 0.7 0.6 0.7 1.1 0.8
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large grains was also observed in the skin regions of the
5 mm plates.

2. Tensile testing
Representative tensile curves for each of the eight

conditions of the as-cast plates are shown in Figure 10.
Table III summarizes the tensile properties for each
condition, including the average and standard deviation
for each property. In general, with increasing Al
content, an increase in yield strength and a decrease in
ductility, fracture strength, and strain hardening expo-
nent were observed as shown in Figures 11 and 12.

In Figure 11(a), yield strength was observed to
increase linearly with increasing Al content of the
alloys. As the Al content increases from 3.8 to 7 wt.
pct, there is an increase in yield strength from 109 to
127 MPa and from 81 to 105 MPa in the 2.5- and
5.0 mm-thick plates, respectively. This is an increase in
yield strength of 16.5 pct for the 2.5 mm-thick plates
and 29.6 pct for the 5.0 mm-thick plates. The yield

strength of the 5 mm plates was consistently between 20
and 30 MPa lower than in the 2.5 mm plates.
Elongation to failure tended to decrease with increas-

ing Al content and thickness, Figure 11(b). The elonga-
tion to failure between the least and most ductile
specimens ranged up to 11 pct within a single condition.
The highest value was 18.4 pct for the AM40
2.5 mm-thick plates, the lowest value was 3.1 pct for
the AM70 2.5 mm-thick plates. Overall, the 2.5 mm
plates tended to have higher ductility, although the
ductility was similar for both plate thicknesses of AM70.
The samples did not exhibit necking, so the strength

at fracture is determined rather than the ultimate tensile
strength. It appears that fracture strength of the 5 mm
plate castings is weakly dependent on Al content as
shown in Figure 11(a). The 5 mm plates have a slightly
lower fracture strength than the 2.5 mm plates. Com-
pared with the yield strength, substantially more

Fig. 3—Through-thickness microstructural variation as characterized using EBSD for (a) 2.5 mm plate, (b) 5 mm plate. Note white circles show-
ing large grains associated with externally solidified crystals (ESCs). The as-cast plate surface is on the left of the images.

Fig. 4—Area average grain diameter for in-mold a-Mg grains and
externally solidified crystals (ESCs) from each condition and loca-
tion. Note that ESCs are substantially larger than in-mold grains.

Fig. 5—Area fraction histogram for the grain size in the skin (solid)
and the core (dashed). Large grains are observed in both regions of
the 5 mm-thick plates.
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variability was observed for the fracture strength. The
ranges observed in fracture strengths are likely tied to
the variation in overall elongation as discussed above.

Strain hardening exponent can be calculated using
various constitutive relationships. Two common meth-
ods of calculation, the Hollomon (Eq. [1]) and Ludwik
(Eq. [2]) empirical models, were used to quantify the
influence of Al content and plate thickness on work
hardening. The strain hardening exponent, n1, and
strength coefficient, K1, are found from a true stress—true
strain curve for both equations. The Ludwik strain
hardening parameters tend to be higher values than
those determined using the Hollomon relationship.
Consistent with the findings for yield strength, the

strength coefficient, K, tends to increase with increasing
Al content, while the strain hardening exponent
decreases. The strain hardening exponents in Table III
are comparable to those measured at a similar strain
rate in AZ series Mg alloys.[34]

r ¼ Ken ½1�

r ¼ rY þ K1e
n1 ½2�

Within a single casting, variability of properties can
be significant due to the stochastic nature of microstruc-
tures present in high-pressure die castings. These large
data populations allowed quantification of the statistical

Fig. 6—Local composition measured by EPMA. As alloy Al content increases, the amount of Al which remains in solid solution increases, while
the Mn fraction in solid solution decreases. The amount of Al in solid solution is higher in the skin than in the core, and is consistent for both
plate thicknesses. The 2.5 mm data is shown using solid lines, and 5 mm using dashed lines. There is no change in the Mn in solid solution,
shown by a single solid line for both plate thicknesses and location through-thickness.

Fig. 7—b-phase volume fraction vs. alloy Al content as measured by
SEM (closed symbols) and XRD peak fitting (open symbols). The
Scheil curve is a theoretical curve for the b-phase fraction predicted
under Scheil solidification conditions using ThermoCalc.

Fig. 8—Area fraction of porosity measured from at least 5 locations
for each condition using SEM back-scattered electron (BSE) imag-
ing. There is no statistically significant observable dependence of
porosity on Al content or thickness.
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significance of the observed differences in the mean and
standard deviation, as well as the level of significance of
the scatter using the coefficient of variation (COV).
Using an analysis of variance (ANOVA), the statistical
significance of the differences depicted in Figures 11 and
12 could be determined. For this purpose, a 2 9 4
factorial ANOVA was conducted using the open source
software, R, which incorporated any random effects for
each material property within a given plate. Based on
this ANOVA, the observed effects (or lack of effects) of

aluminum content and sample thickness on the tensile
properties were determined to be statistically significant
differences except for the 2.5 mm AM40 and AM50
conditions. These conditions could not be statistically
proven to be different populations; however, their
behavior was consistent with the overall trends shown
in Figure 11.
To quantitatively assess the variability between prop-

erties, the COV was calculated for each property and is
listed in Table IV. The COV is found by dividing the
standard deviation by the mean, and is a measure of the
overall variability of a set of samples, independent of
typical sample means or measurement units, so that we
can compare variability between properties. A sample
set with no variation in the mean has a COV of zero,
while a COV greater than 10 indicates that the sample
set has a high degree of variability or dispersion in the
dataset.
Overall, there was minimal scatter in the yield

strength values for a given condition, with a maximum
sample-to-sample scatter of 12 MPa for AM70 in the
2.5 mm plate condition. The yield strength COV was
consistently low, between 1 and 3. In contrast, ductility
had much higher variability with a maximum range of
11 pct elongation for a single condition. The COV for
elongation to failure was particularly high, with a
maximum of 24.5, which is typical for ductility in cast
materials.[32] It is common to see outliers in the
distribution of elongations for a given condition. These
outliers are more than 1.5 times the standard deviation.
Qualitative fractography reveals that the outlier samples

Fig. 9—Map of Vickers microhardness through the sample thickness for (a) AM40 2.5 mm, (b) AM70 2.5 mm, (c) AM40 5 mm, and (d) AM70
5 mm.

Fig. 10—Representative tensile curves from each of the eight experi-
mental conditions. 2.5 mm plates are shown using open symbols,
and the 5 mm plates are shown using filled symbols.
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with low ductility typically have a large defect on the
fracture surface, either an oxide film or porosity.
Figure 11(b) shows the range of ductility observed for
each condition. The COV for fracture strength and the
Hollomon strain hardening exponent indicated that
these properties were reasonably well behaved, exhibit-
ing values that were low to moderate, as shown in
Table IV.

IV. DISCUSSION

A. Microstructure discussion

Quantitative characterization of microstructural fea-
tures has been limited in previous research on HPDC
AM series alloys, and thus a major contribution of the
current study is the quantitative microstructural infor-
mation coupled with statistically significant mechanical
behavior datasets.

In-mold and ESC grains are the major microstruc-
tural features which are dependent on the
through-thickness location. In-mold grain size was
found to be independent of Al content and plate
thickness. This is consistent with previous observations
made by Bowles et al.[35] The in-mold grain size is very
fine immediately adjacent to the casting surface in the
2.5 mm plates, but this rapidly cooled region is only 10
to 25 lm thick. The grain size quantified in the current
study is comparable with that reported in HPDC binary
Mg-Al alloys in other studies.[35,36] By thresholding the
data used to calculate the grain diameter for in-mold
grains and ESCs separately, the in-mold grain size can
be better defined. A similar fraction of ESCs was
observed in both the 2.5 and 5 mm-thick plates. ESC
size and distribution have been shown previously to vary
based on the HPDC gating systems, but plates in this
study had gate inlets that were unrestricted (e.g., they
were similar in thickness to the plate thickness). In
addition, metallographic samples were taken from the
same location in each plate in order to minimize any
location effects.[37] Variation in the ESC fraction is likely
a random effect due to variation within the casting
parameters and sampling, leading to range in ESC
fraction from 30 to 60 pct. This is similar to the range of
ESC fractions observed by Laukli.[38]

The die cast skin region can have an important
influence on tensile properties.[13,32,39] There are a

number of methods which have previously been used
to define the skin thickness—defect band distance,
microhardness, grain size variation, and microplasticity
analysis.[33,39–41] In the current research, the skin was
somewhat difficult to quantify. The transition from skin
to core regions is defined using a combination of an
increase in the area average grain diameter above
30 lm, and a decrease in the hardness in the core
regions. Operationally, the skin was determined to be
the region from the casting surface to approximately
600 lm in depth in the 2.5 mm plates based on grain size
and microhardness mapping. However, the 5 mm plates
did not show a consistent change in grain size and
generally have a slightly larger grain size than the
2.5 mm plates. There is a higher and somewhat variable
hardness band which is approximately 1100 lm thick.
Microhardness mapping has shown that the skin layer

is non-uniform through a casting, and that the difference
in hardness increases between skin and core with Al
content.[16,26] Microhardness mapping is utilized in this
study in order to validate the skin thickness obtained
from the average grain size. Microhardness results
correspond well with previous work by Yang et al. for
the 2.5 mm plates. In the 5 mm plates, the hardness is
slightly higher in the skin than the core, and there is a
significant decrease shown around defect bands. The
overall hardness in the 5 mm plates is lower than in the
2.5 mm plates, likely due to the larger area average grain
size through the thickness.
As expected for the non-equilibrium solidification

conditions present in high-pressure die castings, as the
Al content increased, the b-phase volume fraction also
increased.[42,43] As sample thickness increased, the
amount of b-phase decreased, similar to behavior
observed by Cáceres.[19] Total b-phase fraction through
thickness as measured by XRD correlates well to
previous work by Barbagallo.[44] In addition, the shape
and distribution of the b-phase eutectics changed as a
function of distance from the surface, as previously
observed in AZ91.[45] For AM40 and AM50, the
b-phase is in the form of point particles through the
full thickness. In AM60 and AM70, interconnected
networks begin to form and increase in size with
aluminum content. This change in b-phase structure
was much stronger in the 2.5 mm plates than the 5 mm
plates, similar to the grain size behavior.
The high cooling rates associated with high-pressure

die casting are not at equilibrium and lead to the

Table III. Tensile Property Summary—Mean ± Standard Deviation for the Yield Strength, Total Elongation to Failure, Fracture

Strength, and Strain Hardening Parameters (Hollomon and Ludwik) for Each Condition

AM40
2.5 mm

AM50
2.5 mm

AM60
2.5 mm

AM70
2.5 mm

AM40
5 mm

AM50
5 mm

AM60
5 mm

AM70
5 mm

Yield strength (MPa) 107 ± 2 109 ± 2 120 ± 3 127 ± 3 82 ± 2 87 ± 2 102 ± 3 105 ± 1
Elongation ( pct) 14.4 ± 2.9 13.3 ± 2.4 10.5 ± 2.2 5.1 ±1.1 9.6 ± 2.3 7.5 ± 1.5 8.3 ± 1.4 6.2 ± 1.0
Fracture strength (MPa) 229 ± 9 233 ± 12 241 ± 10 208 ± 12 185 ± 18 180 ± 15 209 ± 11 197 ± 11
n Hollomon .35 ± .002 .354 ± .01 .321 ± .01 .26 ± .02 .38 ± .03 .35 ± .02 .34 ± .01 .30 ± .01
K Hollomon 543 ± 6 558 ± 19 558 ± 13 475 ± 28 512 ± 52 491 ± 36 528 ± 21 489 ± 27
n1 Ludwik .81 ± .04 .81 ± .03 .77 ± .04 .75 ± .03 .81 ± .04 .80 ± .02 .78 ± .03 .72 ± .01
K1 Ludwik 877 ± 105 915 ± 88 900 ± 74 883 ± 45 912 ± 100 909 ± 38 921 ± 54 830 ± 25
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partitioning of Al from the center of the a-Mg grains
into the grain edges. This produces coring of the a-Mg
cells, with a low Al content core to an Al-rich solid
solution at the edges. Scheil solidification conditions are
often used to model the microstructural development in
non-equilibrium cooling,[46] although it is not clear

whether this is appropriate for the solidification condi-
tions present in HPDC or SVDC.[47] Scheil–Gulliver
solidification assumes no diffusion in the solid phases,
no concentration gradients in the liquid, and that
equilibrium exists at the interface. In this investigation,
the b-Mg17Al12 phase fraction was computed assuming
Scheil solidification conditions using ThermoCalc, with
the TCMG4 database, with the results shown in
Figure 7. The amount of b-phase overall through the
casting thickness can be compared to that predicted by
the Scheil solidification model,[46] and is lower than
expected.
The plate castings used in this study were produced

using SVDC, and thus the porosity levels in these plates
were significantly lower than that observed for typical
HPDC components. This is consistent with previous
observations in AZ91 that application of very high
vacuum pressures results in lower levels of porosity.[48,49]

In the current study, porosity levels were determined to
be independent of Al content and thickness. Although
some previous work has suggested that porosity
increases with increasing plate thickness, this is not
always the case.[20,50] In the current study, porosity was
observed in the core of the plates, between dendrite arms
of ESCs, which is similar to recent work by Li et al.,
where shrinkage porosity was imaged using X-ray
tomography on a HPDC AM60 sample.[51] The defect

Fig. 11—(a) Yield strength (solid line) increases with Al content for both the 2.5 and 5 mm plates. Fracture strength (dashed line) increases with
aluminum content, and then decreases as elongation significantly decreases. (b) Elongation decreases with increasing Al content. The effect of
aluminum content is more pronounced in the 2.5 mm plates.

Fig. 12—Strain hardening exponent decreases for both Ludwik (da-
shed line) and Hollomon (solid line) constitutive relationships.

Table IV. Tensile Property Coefficient of Variation for the Yield Strength, Total Elongation, Fracture Strength,
and the Hollomon Strain Hardening Exponent for Each Condition

COV (pct)
AM40
2.5 mm

AM50
2.5 mm

AM60
2.5 mm

AM70
2.5 mm

AM40
5 mm

AM50
5 mm

AM60
5 mm

AM70
5 mm

Yield 1.9 2.1 2.7 2.5 2.3 2.7 2.5 1.3
Elongation 19.9 18.1 20.7 21.1 24.5 20.5 16.3 15.6
Fracture strength 3.7 5.0 4.3 5.8 9.6 8.2 5.4 5.7
n Hollomon 0.6 3.3 2.5 6.3 8.8 5.7 3.3 5.0
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band structure observed for all conditions is similar to
that observed by Laukli in AM60, forming approxi-
mately 1000 to 2000 lm from the casting surface in the
5 mm plates.[37] The defect bands are not present in all
castings.[33,52] There is no consistent effect of Al content
or thickness on the formation of defect bands, which is
consistent with previous observations. Similarly, some
macro-segregation of Al was observed in the near
surface regions, comparable to that observed by Lee
et al.[53] This occurs in less than 1 pct of the area
observed and is not considered significant.

B. Tensile Properties

With increasing Al content, there is an increase in
yield strength and decrease in ductility, strain hardening
exponent, and hardening coefficient. This is consistent
with prior work from Aune et al. and Dargusch
et al.[21,54,55] The general trend of increasing yield
strength with Al content is explored in detail in the
following section. The reduction in ductility with Al
content could be attributed to a number of different
factors, in particular, to the increased strengthening
from increased Al solute content, increasing b-phase
fraction, or shrinkage porosity, which leads to local
cracks in the microstructure. Further study is needed to
identify the dominant final fracture mechanisms in these
SVDC alloys. The strain hardening exponent is a
measure of the capability of a metal to deform before
fracture. The decrease in strain hardening exponent
reflects the decreased hardening capacity in the higher
aluminum content alloys. This is comparable to previ-
ous work by Tahreen in the AZ series.[56] The Ludwik
strain hardening exponent is computed in order to
compare with previous work by Cheng et al. to
determine material properties for use in a FEA
model.[57]

With increased section thickness, lower yield strength
and ductility is observed. This is consistent with
previous observations by a number of research-
ers.[19,20,54,58–60] Aghion et al. attribute the decreased
yield strength with increased thickness to the increase in
solidification time, and in turn the increased grain
size.[58] However, average grain size is only slightly
larger in the 5 mm plates for the current results. Instead,
we attribute this decrease to the increased grain size on
the surface of the casting compared with the surface
regions of the 2.5 mm-thick castings, and the increased
ESC fraction, which significantly reduces the effect of
grain boundary strengthening. This is further explored
in the model development section below.

C. Yield Strength Model

By using measured microstructural features as input,
physics-based models for yield strength can be devel-
oped. In general, linear superposition methods have
been used to predict the contributions to yield strength
from different strengthening mechanisms.[61–63] There
are three primary strengthening mechanisms active for
HPDC Mg alloys. These mechanisms are grain bound-
ary, rgb, solid solution, rss, and, so-called, ‘‘dispersion’’
strengthening, rdisp.

[19,64] The overall strength can be
predicted using linear superposition for these three
mechanisms as shown in Eq. [3].[16,65]

ry ¼ rgb þ rss þ rdisp ½3�

Recent approaches to this linear superposition of
mechanisms for cast Mg alloys have been proposed by
Sharifi et al., Toda-Carabello et al., and Yang et al.[16–18]

These three models have been developed for use in
multiple cast Mg alloys, including binary Mg-Al, AM60,
and the AZ series. The key differences between each of
these models are in the method of calculating each
strengthening component, and the ability to extend to
other major alloying elements, and the manner in which
they deal with microstructural inhomogeneities that are
commonly observed in HPDC materials. Using these
models as a starting point, we have developed a linear
superposition model that accounts for the three primary
strengthening mechanisms, and also deals with
microstructural inhomogeneities (skin and core) and
the bimodal nature (in-mold grains vs ESCs) of HPDC
microstructures. For a given region of the casting, ry is
determined using the linear superposition model
(Eq. [3]), with the relevant parameters given for the
specific alloy/region under consideration. The manner of
dealing with the specific mechanisms is described below.
The strengthening components used in Eq. [3] are

calculated for each region of uniform microstructure in
the casting, specifically the skin and the core regions. By
taking these regions of uniform microstructure into
account, the yield strength can be estimated using a
weighted or composite model as suggested by Yang, in
Eq. [4].[16] For the castings investigated in this study, the
fraction of material that is the skin, fskin, is found by
doubling the measured skin thickness, and dividing by
the total plate thickness. As previously described, using
hardness mapping and the presence of ESCs, the skin
thickness could be estimated to be 600 lm thick in the
2.5 mm plates and 1100 lm thick in the 5 mm plates. In
more complex castings, it is also likely related to the

Table V. Model Coefficients from Current Work and Previous Work

Model Material r0 (MPa) Ky (MPa m1/2 at.�1) BAl (MPa at.�n) fskin (Sample Thickness)

Current Work AM40-AM70 4.5 0.21+.2.75(XAl) 20, n = ½ 0.45 (2.5 and 5 mm)
Sharifi[17,80] AM60 62.1 0.153 — 0.30 (2.6 mm)
Toda[18] Mg alloys 10 0.21+2(XAl) 26.7, n = 2/3 —
Yang[16] Mg-Al 12 0.22 to 0.30 21.2, n = ½ 39.5, n = 2/3[71,83] 0.10 (3 mm)
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molten metal flow patterns and cooling rate variation.[66]

Thus, the skin fraction, fskin, observed in this study is
0.45 for both the 2.5 mm plates and the 5 mm plates.
Within both the skin and core regions, the specific
microstructural features and strengthening elements are
individually accounted for in our calculations.

rytotal ¼ fskinryskin þ 1� fskinð Þrycore ½4�

The solid solution strengthening term, rss, accounts
for strengthening due to solute atoms impeding dislo-
cation motion, and is a function of the elastic and size
misfits between solute and matrix atoms. In the AM
series alloys investigated here, solute strengthening
arises from both Al and Mn in a Mg solid solution.
We account for solid solution strengthening based on a
first principles model developed by Yasi et al.[68] The
influence of solute elements on the critical resolved shear
stress for dislocation motion on the basal plane has been
modeled by Yasi et al. using density functional the-
ory.[67] Yasi et al. assume a dilute concentration, weak
obstacle Fleischer approach for predicting the force
necessary to move a dislocation and overcome solute
drag.[68] This is given as a function of the atomic solute
fraction, c, and a potency factor, M. The potency factor
of Al and Mn was calculated by Yasi et al. as
MAl = 19.6 MPa and MMn = 120.8 MPa.[67] In order
to determine the yield strength contribution from solid
solution strengthening, the critical resolved shear stress
is multiplied by the Taylor factor, m. A Taylor factor of
4.5 is used in this work, as calculated for pure,
polycrystalline Mg with random texture.[69,70] The ran-
dom texture is consistent with the HPDC materials
investigated in this study. The atomic fraction of Al and
Mn in solid solution in the skin and the core determined
using EPMA provides the value for cx in Eq. [5].

rSS ¼ m �
X

Mxc
1
2
x ½5�

It is observed that for the particular alloys investi-
gated in this study, as the amount of Al in solid solution
within the a-Mg grains increases, the amount of Mn in
solid solution was observed to decrease (Figure 6). Mn
is known to be a very strong strengthening agent;[68]

however, since the fraction of Mn in solid solution
decreases with increasing Al content, there is also a
decrease in Mn solid solution strengthening at higher Al
contents for the conditions investigated. The net result is
that the combined solid solution strengthening from
both Al and Mn remains constant over the range of
Mg-Al-Mn alloys investigated. These results can be
compared to previous work by Toda-Carabello and
Caceres, who predict solid solution strengthening using
the Labusch model, with an experimental fitting param-
eter.[18,71] Both the Fleischer (n = ½) and Labusch
(n = 2/3) models show similar and good agreement
with solid solution strengthening in dilute Mg-Al
alloys.[71] The amount of strengthening predicted for
Al in solid solution is essentially equivalent for all of
these models, as shown in Table V, after adjusting for

the Taylor factor. However, we prefer the approach
provided by Yasi et al. since it also includes well-defined
solid solution strengthening parameters for all alloying
elements in Mg, and thus can be readily extended to
other alloys.
In the present case, minimal variation in solid solution

strengthening is predicted to occur between the skin and
core of the plates. The skin has a higher fraction Al in
solid solution than in the core, likely due to the high
cooling rate. In addition, the core has a higher fraction
of ESCs, which tend to have a lower Al solute
content.[16] The solid solution strengthening component
in the core consists of an average solute content for both
the in-mold grains and ESCs due to measurement
limitations. However, this change in Al is less than
1.5 wt pct Al, even in the most concentrated alloys.
While this is a measureable change, it has a relatively
modest effect on solid solution strengthening. Since the
solute variation through thickness is the same in both
the 2.5 and the 5 mm plates, this factor does not appear
to be responsible for the decreased yield strength in the
5 mm plates.
The influence of grain size on yield strength is given

by the Hall–Petch relationship in Eq. [6].[72,73] The
intrinsic stress term r0 in Eq. [6] is taken to be the CRSS
of pure Mg with no influence of solute content. The
intrinsic stress, r0, is taken to be 4.5 MPa for all regions
of the castings. This is based on single-crystal studies of
the CRSS of Mg, which typically find a value of 0.7 to
1 MPa, and using the Taylor factor of 4.5.[74–77]

Previous work has used a CRSS of 12 MPa, determined
from extruded Mg, but this is expected to be lower for
cast magnesium alloys which have random grain
orientations.[78,79]

Alloying has also been shown to affect the Hall–
Petch parameters, specifically the locking parameter,
ky.

[71,79,80] Different mechanistic rationales from this
have been given, varying from changes in shear
modulus with solute content[18] to changes in slip
transfer across or nucleation at grain boundaries.[66]

The influence of solute on the Hall–Petch locking
parameter is considered separately from the matrix
solid solution strengthening component described
above. Toda-Carabello et al. proposed that the influ-
ence of solute elements on ky follows the form given in
Eq. [7], in which ky is linearly proportional to the
solute concentration multiplied by the proportion of
the locking parameter that is attributable to a specific
element, Dky;x. As shown in Eq. [7], this is then added
to the locking parameter determined for pure Mg,
Ky,mg. In the current work, we estimate the locking
parameter, ky, to vary from 0.27 to 0.33 MPa lm1/2,
depending on alloy composition. This was determined
empirically by fitting the grain boundary component of
the yield strength to the influence of solute content in
Eq. [7].[16,18] The locking parameter associated with
pure Mg, ky;Mg; has been determined to be 0.21 to
0.22.[78,79] We have used a value of 0.21 in the current
work. We conducted a linear regression for Dky;Al to
account for the influence of Al on the grain boundary
strengthening, accounting for Al in atomic fraction, cx.
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In this case, ky;Al is calculated to be 2.75 in these alloys
using the area average in-mold and ESC grain sizes
described in Section III–A–1. Due to the low solubility
of Mn in Mg and that it is nominally constant for the
four alloys investigated, we assume that the effect of
Mn on ky is negligible and Dky;Mn ¼ 0. Further work is
needed to determine if this assumption is valid.

rgb ¼ r0 þ ky � d�
1
2 ½6�

ky ¼ ky;Mg þ
X

cxDky;x ½7�

The grain size effect on strength is further complicated
by the presence of the fine-grained skin and the
relatively coarse-grained core regions. In addition,
within each of these regions there are often two types
and sizes of grains, fine, in-mold grains and coarser
ESCs. To account for this, we used a bivariate grain size
distribution to estimate the strengthening effects of the
in-mold grains and the ESCs using Eq. [8].[81] This
allows for estimating the influence of ESCs which, due
to their low frequency, only slightly increase the number
average, but which can occupy up to 50 pct of the area
in the core of the castings, significantly reducing the
overall strengthening effect. In addition to being coarser,
ESCs are thought to be areas of low Al content;[36]

however, this effect is not considered in the current
study.

rgb ¼ r0 þ fESC � ky � d
�1

2

ESC

� �
þ ð1� fESCÞ � ky � d

�1
2

in�mold

� �

½8�

The 5 mm plates exhibited lower yield strengths in all
of the alloys studied. The observation could be under-
stood by accounting for the increased grain size in the
skin region of the 5 mm-thick samples compared to the
2.5 mm-thick samples. This leads to a reduction in the
strengthening effects attributed to the die-cast surface
skin. When these factors were considered in the
weighted model, a good estimate of the strength of all
conditions was achieved.

The final strengthening mechanism in the linear
superposition model is so-called ‘‘dispersion’’ strength-
ening which occurs as a result of the b-Mg17Al12
particles in the material.[19] Since these particles are
very coarse, strengthening occurs primarily through
stress redistribution that occurs due to the modulus
difference between the b-Mg17Al12 particles and the
a-Mg matrix; this is more appropriately termed com-
posite or modulus mismatch hardening. Here, we use the
relationship in Eq. [9] that was developed for this
mechanism by Caceres et al.[16,67,71] based on the work
of Brown and Clarke[73] for disk-shaped particles of
b-phase. Overall, due to the low b-phase fraction
measured in these alloys and their low modulus differ-
ence, this mechanism for strengthening was determined
to be very low compared to solid solution and grain
boundary strengthening mechanisms even in the most
concentrated alloys. The average b-phase volume

fraction through thickness is used in this calculation
due to the minimal change through thickness.

rdisp ¼ 135 � fbeta ½9�

The predicted values found using the weighted linear
superposition model defined in Eqs. [3] and [4] can be
compared to the measured yield strength values. A
summary of the constants used in the current linear
superposition model for these Mg-Al-Mn alloys is
provided in Table V, along with a comparison to the
values used by other recent investigations. As shown in
Figure 13, the estimated values match the experimental
tensile results for both the 2.5- and 5 mm-thick plates.
The goodness of fit is computed using the coefficient of
determination, R2. The coefficient is 0.5 for the fit to
both plate thicknesses, presumably due to the high
intrinsic strength predicted by the ky;Mg coefficient,
which is a constant set by the literature. This reduces the
predicted slope by lowering the fit value of ky;Al. In
general, the grain boundary strengthening contributes
approximately 60 to 65 pct of overall strengthening, 30
to -35 pct solid solution, and 1 to 5 pct dispersion in the
2.5 mm plates. Based on the skin thickness measure-
ments, the skin and core are almost equal weights. For
the overall grain boundary strengthening in the 2.5 mm
plates, the skin is responsible for 55 pct, as compared to
the core. This is similar in the 5 mm plates. The yield
strength of the 5 mm plates is predicted to be lower due
to the higher ESC fractions observed in the core of the
plates, and increased grain size at the surface. There is a
proportional decrease in both solid solution and disper-
sion hardening in the 5 mm plates, but a greater
decrease in the grain boundary strengthening, account-
ing for the lower overall strength.
There is typically a range of measured values associ-

ated with yield strength for any given material. This
variation can be ascribed to variations in local
microstructures. This is likely related to the grain size
distribution changes based on ESC occurrence and
cooling rate effects in different locations. Grain bound-
ary strengthening is the strongest strengthening mech-
anism in these alloys, due to the fine primary a-Mg grain
size. However, significant variability is introduced due
to the occurrence of ESCs in the core. A broad
distribution in ESC sizes is observed, with ESCs ranging
from 30 to 200 lm in diameter. The variation in ESC
size and area fraction observed within a given casting
could have a significant effect on the yield strength. By
varying the ESC size and area fraction, a range of
strengths on the order of 5 to 10 MPa is observed. This
is determined by assuming different levels of ESC
fractions and average sizes. Accurate characterization
of the size and fraction of ESCs generated by a given
casting process is particularly important for an accurate
representation of the overall grain boundary strength-
ening component.
Skin thickness has been shown to influence the overall

yield strength.[41] However, a precise method of deter-
mining skin thickness is still unavailable. Good corre-
lation is observed between hardness and grain size in the
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2.5 mm plates, but not in the 5 mm plates. In these
castings, there is a band of higher hardness at the
surface; however, it is thicker than that observed by
Yang et al. for similar compositions and thick-
nesses.[40,82] A model comparing the relative hardening
of the skin and core was assessed by Yang et al.,[82]

which predicts a skin fraction of approximately 0.10
when applied to Mg alloys with 1 to 6 wt pct Al. Sharifi
et al. predicts a skin thickness using heat transfer rates
and cooling rate–grain size relationships of
400 lm-thick in a 2.6 mm-thick casting, leading to an
equivalent skin fraction of 0.3. The skin thickness is
assumed to be the same for the 5 mm plates, but is
complicated by the large grains frequently observed in
the skin region. Significant variation in the yield
strength is observed, likely due to the stochastic distri-
bution of grain sizes observed due to the high-pressure
die casting.

V. CONCLUSIONS

Quantitative characterization of microstructure and
tensile behavior has been conducted for Super-Vacuum
Die Cast Mg-Al-Mn alloys with a range of Al contents
and two thicknesses. Based on these results, a physics-
based model has been developed for predicting alloy and
plate thickness effects on yield strength. This model
takes into account microstructure gradients within the
die casting that exist in the skin and core regions of
high-pressure die castings. It also takes into account the
bimodal nature of the grain structure in high-pressure
die castings. The most significant effects on strength are
observed to be grain boundary and solid solution
strengthening. Dispersion strengthening due to the
presence of b-Mg17Al12 particles is estimated to provide
only a minimal increase in the strength.

Specific findings were:

� With increasing alloy Al content, there is an increase
in the bphase fraction. This increase is lower than that
predicted by a Scheil solidification model.

� In-mold grain size is independent of alloy Al
content.

� LargeESCswere observedpredominately in the interior
regions of castings. However, in the 5 mm plates, some
ESCs were observed near the casting surface.

� The tensile properties were dependent on the Al
content of the alloys. With increasing Al content, the
yield strength increased while both strain hardening
exponent and ductility decreased.

� A physics-based yield strength model has been
parameterized and predicts the experimental results
reasonably well. Key features that impact the yield
strength are the size and area fraction of ESCs, the
solute effects on the Hall–Petch locking parameter,
ky, and solid solution strengthening.

� The yield strength was 20 to 30 MPa lower in the
thicker plates. This can be quantitatively attributed
to the increased area fraction of ESCs observed near
the casting surface, and a slight increase in the
in-mold grain size.

Note: All experimental data from this investigation
are available via the Materials Commons at:
https://materialscommons.org/mcpub/#/details/238117f2-
6066-4a78-a6f0-e2afdf664625
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