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Abstract

In the present study, structure-property relationships for three different as-cast magnesium
alloys – AM60, AZ91 and AE44 are discussed. Microindentation tests are used to determine
the local mechanical properties. The experimental indentation results of each specimen are
compared with results which were obtined from uniaaxil tensile testing.
Microstructural features such as porosity, dendrite arm spacing and grain size were measured
and their inflounce on mechanical propeties has been characterized. It was observed that the
results of indentation testing are affceted by the β-phase, average grain size and porosity. The
presence of a pore near indenter causes to increase contact radius and indentation strain and
consequently decrease hardness and indentation stress.

It was observed that the strong

contribution of intermetallic phase to increase local hardness and strength of material.
The Hall-Petch slope and intercept stress, determined from indentation, confirms well with
previously published results. It was also found that the Hall-Petch equation is applicable for
predicting the indenation yield point and the flow stress at several levels of plastic strain. It
was observed that the indentation yield strength a linear relationsipe with secondary dendrite
arm spacing similar to that obtained for average grain size.

Keywords: Structure-property relationships, indentation testing, as-cast magnesium
alloy, dendrite arm spacing, grain size, Hall-Petch relationship.
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Chapter 1

Introduction
World production of magnesium has been growing around 3% per annum, mainly due to
its very high strength to weight ratio, comparable to currently used metals in the industry.
Magnesium is the lightest of the structural metals and other on the hand it is as strong as
steel [1,2]. Magnesium shows high potential to substitute for conventional materials.
Magnesium alloys should be used in applications where low weight and high mechanical
properties are required.
[

The fastest growing magnesium alloy products are produced by die-casting, particularly
for automotive components such as seat and door frames, engine cradles, cylinder head
cover and instrument panel beams [3]. The primary alloys used for automotive
applications are AZ91 and AM60.

However, there is an urgent need for better

understanding of the limits and tolerance of properties of magnesium alloys.

The research presented here, represents a portion of larger project intended to understand
and eventually predict the mechanical properties of as-cast magnesium alloys as a
function of the casting process parameters and subsequent microstructural features of the
examined component. Microstructural features are affected by the solidification
parameters such as cooling rate, thermal gradient and interface velocity. The mechanical
properties depend upon microstructural features such as grain size, dendrite arm spacing
and porosity.
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Figure 1-1: Process-Structure-Property relationship
This project aims to understand the correlation between the process parameters,
microstructural features and mechanical properties of the as-cast magnesium alloys
(Figure 1-1).

The first part of the project was to understand influence of process

parameters on the microstructural features during casting of magnesium alloys.
Consequently, the current study goal is obtaining a correlation between the
microstructural features and local mechanical properties.
The goal of this study is to understand the relationship between microstructural features
and the local mechanical properties. The alloys examined for this work are AM60, AZ91
and AE44 which are solidified by gravity step casting and high pressure die casting. The
study has been separated into five chapters. Chapter 2 introduces magnesium, magnesium
alloys and their physical and mechanical properties. It furthers discusses the established
theories and studies regarding the effect of features on the microstructural mechanical
properties. Chapter 2 describes the background of microindentation testing which was
used in this study.
Chapter 3 presents the various experimental methods used in this study. Chapter 3 also
introduces the various casting methods used and the subsequent characterization
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methods. This chapter finally presents the conditions involved with microindentation
testing.
Chapter 4 describes the experimentally observed results and correlation established
between the local mechanical properties and microstructural features of as-casting
magnesium alloys. The results determined, via microindentation testing compared with
the results which were obtained from uniaxial testing. The relationship between
microstructures and mechanical properties for each alloy examined are reported.
Finally, Chapter 5 provides conclusions of the research results and recommendations to
further understanding the relationship between microstructural features and local
mechanical properties.

Structure-Property Relationships of Magnesium Alloys

4

Chapter 2

2

Literature Review

This chapter has a three-fold purpose. The first one is to introduce magnesium, including
its physical and mechanical properties. The second purpose is to describe the factors that
can affect its mechanical properties, such as grain size, dendrite arm spacing and defects.
The final purpose is to present a background of spherical indentation testing which was
used in this study.

2.1

Physical & mechanical Properties of Magnesium

Magnesium is a metallic element. It is a member of the periodic table group 2, having
atomic number 12 and atomic weight of 24.31 g/mol. Magnesium was first identified as
a metal by Sir Humphrey Davey in the year 1808. It is one of the eight most abundant
elements in the Earth’s crust and comprises 0.13% of the Earth’s ocean water.
Magnesium is the lightest of all commonly used metals [1,6]. Table 1 shows physical
properties of pure magnesium.

Table 2-1: Physical properties of pure magnesium [7].
Density
Melting
Specific
Electrical
Physical
3
°
(g/cm )
Point( C)
Heat
conductivity
properties
°

Pure

Magnesium

1.74

650

Thermal
Conductivity

(Cal/g C)

(%IACS)

(W/mK)

0.24

39

167
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Magnesium crystallizes into a hexagonal close packed (h.c.p.) structure, where the basal
plane is the only closed-packed plane. For pure magnesium at room temperature, the unit
cell dimensions are a=0.32092 nm, and c=0.52105 nm, giving an axial ratio of c/a=1.6236
making it nearly close packed structure [4].

Magnesium deforms plastically by slip and twinning. In hexagonal close packed
structures, basal slip occurs on the (0001) plane in the [1120] direction. For magnesium
and its alloys, plasticity primarily depends on temperature. At a temperature below
225°C, glide takes place on the basal slip in the closed packed direction. Twinning also
occurs on the (1012) plane in the [1120] direction just below this temperature. The (1011)
plane also becomes a slip plane in the [1120] direction at or above 225°C [4,7].

2.2

Magnesium Alloys

Like many metals, pure magnesium is rarely used in its unalloyed form for engineering
applications. Alloying is used to improve the formability of magnesium for both wrought
and cast products. The most common alloying elements are zinc and aluminum.
Manganese, zirconium, silicon and rare earth metals are other alloying elements that have
significant effect on the properties of the resultant alloy [6,7]. Table 2-2 shows the
influence of alloying elements on the properties of magnesium alloys.
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Table 2-2 the effect of alloying element on the resultant alloy [6,7].

Alloying Elements

Significant Effects On The Properties
Increases tensile strength and hardness
Forms precipitation of intermetallic phase(Mg17Al12)

Aluminum (Al)
Improves castability
Increases corrosion resistance
Increases tensile strength and hardness
Refine grain structure
Zinc (Zn)
Improves castability
Increases corrosion resistance

Manganese (Mn)

Increases corrosion resistance with reducing the effect of
iron
Increases yield strength
Increases molten metal viscosity
Improves creep resistance

Silicon (Si)
Forms Mg2Si particles
Reduces the castability and corrosion resistance
Reduces the freezing rang
Rare Earth Metals
Increases tensile strength and hardness

Structure-Property Relationships of Magnesium Alloys
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Magnesium-Aluminum System

The Mg-Al binary phase diagram is the origin of some of the oldest and most commonly
used casting magnesium alloys. The maximum solubility of Al in Mg ranges from about
2.1% by weight, at room temperature to 12.6% by weight, at the eutectic point (437°C).
Figure 2-1 shows the magnesium-aluminum phase diagram. Equation 2.1 represents the
eutectic reaction between primary magnesium (α-Mg) and the intermetallic phase β
(Mg17Al12).

The β-phase forms at a temperature of 437°C with the Al content at

approximately 33% by weight. The observation of eutectic structures in castings indicates
meta-stable or non-equilibrium solidification seen in Figure 2-2.

Otherwise, the

equilibrium solidification microstructure of these alloys will consist of 100% primary
magnesium. The β-phase is formed during the cooling of the casting and preferentially
precipitates at grain boundaries, which can be seen in final microstructure of Mg-Al
alloys [8,10].
@ T=437°C

→

Figure 2-1: Magnesium-Aluminum phase diagram [3].

(2.1)
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Figure 2-2 Schematic of eutectic microstructure of Mg-Al alloy [9]

Different eutectic morphologies are observed in the final microstructure of magnesium
alloys when these alloys contain more than 2 wt.% Al. It has been reported that the
aluminum content and cooling rate affect the eutectic morphology. The eutectic phase
usually exhibits two morphologies: partially divorced and fully divorced. Partially
divorced is characterized by eutectic α-Mg phase within β-phase and fully divorced is
characterized by the two eutectic phases being completely separate [3]. The formation
and morphology of the eutectic phase plays a major role in the size, shape and
distribution of the intermetallic β-phase [8].
The intermetallic β-phase is very brittle and, therefore, reduces the ductility but also
improves the strength of the alloys. The amount of β-phase present depends on the
cooling rate of the casting and the amount of aluminum present. Alloys of higher
aluminum content have greater ultimate tensile and yield strengths. For example AM60, a
magnesium alloy with approximately 6% Al by weight, has a lower tensile strength than
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AZ91, however, it also has higher elongation to fracture. This means that AM60 alloys
are generally able to absorb more energy prior of fracture compared to AZ91. Table 2-3
shows the mechanical properties of different magnesium alloys with varying aluminum
content. At lower aluminum contents, the alloys indicate a tendency for formation of a
more defined work hardening rate and yield point is reduced [3].

Figure 2-3 shows the stress-strain curves of some different magnesium alloys and
showing how higher aluminum content leads to the formation of distinct yield points.
Most of the commercial magnesium aluminum alloys have aluminum content less than
10% such as AZ91, AM60, AS20, and AE44.

Table 2-3Aluminum content effect on the mechanical properties of magnesium
alloys [3]
Alloy

Al (wt. %)

Density

Ultimate

Tensile

Compressive

Elongation

(g/cm3)

Tensile

Yield

Yield

to fracture

Strength

Strength

Strength

(%)

(MPa)

(MPa)

(MPa)

Pure Mg

------

1.745

90

21

------

2-6

AZ91

8.3-9.7

1.81

240

160

165

3

AM60

5.5-6.5

1.80

225

130

130

8

AM50

4.4-4.5

1.77

210

125

110

10

AS20

1.7-2.5

1.78

190

90

90

12.6
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Figure 2-3 stress-strain curves of variety of magnesium alloys which shows the
influence of aluminum content on yield point [6].

2.4

Microstructural Influences on Mechanical Properties

Like most metals or alloys, mechanical properties of magnesium alloys are affected by
their microstructure. The grain size, dendrite arm spacing and size and distribution of
porosity are three primary microstructural features which strongly influence the
mechanical properties.

2.4.1

Effect of Grain Size

A grain is an individual crystal in polycrystalline metal or alloy. The average grain size,
d, plays the major role in mechanical properties of metal or alloy, including yield stress,
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hardness and strain to fracture. The yield strength or flow stress is directly dependent on
the grain size and this relation is known as the Hall-Petch equation [11,12], given as:

σ = σ0 + kd-1/2

(2.2)

In equation 2.2, k and σ0 are known as the Hall-Petch parameters, where σ0 is the
intercept stress and k is the Hall-Petch slope. Hall- Petch equation indicates that a smaller
grain size leads to higher yield strength. Figure 2-4 shows the variation of yield stress
with respect to the inverse square of grain size for mild steel.

Figure 2-4: The influence of grain size on yield stress [10].
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There are at least four different models that have been suggested to justify the Hall-Petch
relationship. One of the most commonly cited is the dislocation pile-up model [15]. It has
been observed in Al-Mg alloys, that grain size affects the propagation of the Lüder’s
bands from applied stress in a tensile test and subsequently, the resistance to initiation of
plastic flow in the material. The Lüder’s bands can be attributed to the dislocation pile-up
against grain boundaries [13,14]. Magnesium and magnesium alloys have a hexagonally
close packed (h.c.p.) crystal structure at room temperature. Because of limited number of
active slip system in hexagonal close packed crystal structure, the average grain size
strongly affects the elongation to fracture [16]. Slip localization and build-up of high
local stresses at grain boundaries can lead to inhomogeneous deformation and relatively
:elbaT2-4 The parameters of Hall-Petch equation for variety of process.

Ref

Processing
Method

Intercept stress
σ0 (MPa)

Hall-Petch slope
K (MPa√
)

Hot extrusion(RSP)

270.7

190.9

Hot extrusion(Chip)

204.8

209.6

Gravity-Cast
(solution treated )

58.2

252.3

Gravity Cast

74.9

317.7

Hot extrusion(RSP)

235.6

123.6

Sand Cast

66

420

24
20
23
22
21
17
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low fracture strength with low macroscopic deformation. The plastic deformation
becomes more homogeneous as the grain size decreases, because greater numbers of
grains have an orientation that is conducive to dislocation glide leading to higher strains
before fracture [15].

Many studies on the effect of grain size on the as-cast mechanical properties of
magnesium alloys have been conducted. The effect of grain size on the flow stress of
AZ91 alloy is shown in Figure 2-5. There is little consensus on the magnitude of HallPetch slope, k, derived from literature, with values ranging from 190 MPa√
MPa√

to 420

. There are several possible explanations for the discrepancies. First, the range

of grain size has not always been very wide. This shows the lack of an effective grain
refiner for AZ91. Second, some results, particularly for extruded material, may have been
affected by preferred orientation effects.

Mann et. al. studied the Hall-Petch relationship in sand-cast magnesium alloyed with
small amounts of zirconium to provide grain refinement. In this investigation, both HallPetch parameters, σo and k, were determined for tests performed under uniaxial tension
and compression. Figure 2-6 shows the true effect of grain size on the values of true
stress for the uniaxial tests. The k value in compression was higher than in tension and a
negative σo was observed. This result related to the difference in strain hardening rate
between tension and compression, which stems from the higher incidence of twinning
during compression [25].
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Figure 2-5 Yield strength of alloy AZ91 as a function of grain size from variety of
sources [17,20, 21,22,23,24].
They also examined influence of plastic strain on the Hall-Petch slope k. Figure 2-7
shows k as a function of plastic strain.
approximately 200 MPa√

They report that the k value increases

at a strain of 10-4, reaches a maximum 540 MPa√

compression and 470 MPa√

in

in tension at approximately 0.2% strain and then

decreases. The values of k are lower than 200 MPa√

at strains <0.002. This result is

explained by the consideration of a “pre-yield microstrain” portion of the stress-strain
curve, where only a few of the grains have yielded [25].
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Figure 2-6: Hall-Petch relationship for sand-cast magnesium alloy [25].

In the case of the high-pressure die-casting, it has been observed that higher cooling rates
result in a reduced grain size across the thickness of the casting. Variable grain sizes
with fine grains closer to the die walls and coarse grains approaching the center of the
casting are observed. The section of the casting region with fine grain is known as the
skin region and other section, which contains coarse grains, is called the core region. The
skin region typically contains fine-grained microstructure and few defects. The core
region is characterized by a coarser grained microstructure with large primary α-Mg
dendrites and a greater concentration of defects such as porosity and inclusion [16].
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Figure 2-7: The Hall-Petch slope, k, as a function of plastic strain [25].

Previous studies have presented that the thickness of the skin region in magnesiumaluminum die-casting has been defined using the micro-hardness profile across the
casting thickness. Sequeira et. al. studied the micro-hardness profile of die-cast AZ91.
They found a reduction in the surface hardness of magnesium alloy castings, when
moving from the skin to the core region. Figure 2-8 shows their observation. They
report the hardness values in the skin region to be 16% higher than the core region [26].
Bowles et al. observed similar results for the AZ91 alloy, and it was report that the
hardness decreases approximately 13% from the skin region to core region in the AM60
alloy [27].

Weiler et. al. proposed the skin thickness in different locations of an AM60B die-cast
could be determined using the hardness profile, the areal percentage of eutectic
composition,
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Figure 2-8: Variation of microhardness from skin region to core region [26].

the average grain size, and the onset of large dendritic structures across the casting
thickness. Weiler also suggested a Hall-Petch relationship, which accounted for the
variation in the grain size for each field of measurement across the thickness of
magnesium alloy die-casting samples [16]. This was given as:

∑

√

(2.3)
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Where fi is the fraction of the thickness of the field of measurement to the sample
thickness and σy is the average yield strength of the sample.
This Hall-Petch equation has also been used to relate the measured hardness during
spherical indentation to the grain size of metals.

Weiler et. al. further studied the

dependence of the yield stress of die-cast magnesium alloys on the grain size using
spherical microindentation techniques. In this work, several samples were indented in
both skin region and core region. Hall-Petch parameters, σ0 and k were determined and
compared with previous published results for pure magnesium and similar magnesium
alloys; shown in Figure 2-9. They report the Hall-Petch slope, k, is 274 MPa√

and

the intercept stress, σ0, is 10 MPa from the skin region. These values compare quite well
with the Hall-Petch values observed by Hauser et. al. for pure magnesium during uniaxial
tensile testing (k = 220 MPa√

, and σ0 =12MPa), and with the results determined by

Anderson et al. from tensile testing magnesium alloyed with an amount of zirconium (k =
250 MPa√

, and σ0 =18MPa) [28]. Figure 2-9 also shows that the results of the core

region do not follow the same Hall-Petch equation as the results from the skin region.
These observations can be explained by the difference in microstructure between the skin
and the core regions, which is discussed above.
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Figure 2-9: σavg as a function of drain size in comparison with published results on
similar magnesium alloys [28].

2.4.1.1

Grain Size Distribution of Magnesium Alloys

There are number of difficulties associated with the measurement of the grain size in ascast magnesium alloys. First, a suitable etchant does not exist to reveal the complete grain
boundary in the microstructure of the magnesium alloys. Second, the as-cast
microstructure of the magnesium alloys typically contains primary α-Mg dendrites, which
are formed during solidification. It can be difficult to define grains that are constrained
with the dendrite arms. Third, presence of β-Mg17Al12 precipitate makes the evaluation of
the grain size difficult. In addition, the distribution of the β-Mg17Al12 phase is not
uniform [62].
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Figure 2-10 a) The presence of β-Mg17Al12 precipitate make the grain size evaluating
difficult. b) It is difficult to define grains that are constrained with the dendrite
arms.
Optical metallographic techniques for grain-size measurement may not give entirely
reliable results for the as-cast magnesium alloys. There are typically two microstructural
features which make optical microscopy difficult in these alloys. First, microstructure
contains significant amount of β-Mg17Al12, precipitates as shown in Figure 2-10(a).
Second, the very fine grain and dendrite structures dominate the microstructure, as shown
in Figure 2-10 (b).
Two methods have been proposed to solve these problems. The first one is the use of heat
treatment for dissolving the β-Mg17Al12 phase and enabling etching to reveal the grain
boundaries as shown Figure 2-11. But using of this method causes grains to grow,
therefore, the results of measurement of grain size is unreliable.

The second method which is a better method for improving the quality of this
measurement is electron back scattered diffraction (EBSD). EBSD takes long time for
both the specimen preparation and the data collection process; therefore this method has
limitations for the measurement of the grain size [19,62]. It has been suggested that the
dendrite arm spacing is used instead of grain size for finding the effects of microstructure
on properties of magnesium alloy.
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Figure 2-11: The use of heat treatment to reveal grain boundary [19].

2.4.2

Effect of Dendrite Arm Spacing

Like grain size, dendrite arm spacing (DAS) affects the mechanical properties of metals
and alloys. Many studies on the correlation between dendrite arm spacing and mechanical
properties have been conducted, especially for aluminum castings [31-35]. Spear and
Gardner report tensile strength and elongation are affected by the dendrite arm spacing
but yield stress does not show any dependence on DAS. In their investigation, it has been
observed that finer dendrite arm spacing leads to improve tensile strength and elongation
while coarser dendrite arm spacing reduces mechanical properties [34]. On the other
hand, Mizuno et al. report dendrite arm spacing has a strong influence on yield strength
[35].
According to Lee and Shin, the yield strength of the as-cast magnesium alloy AZ91 has a
Hall-Petch relationship with DAS as well as grain size [36].

σy = 62.6+305.5[DAS]-1/2
σy = 74.9+317.7[Grain size]-1/2
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Figure 2-12 and Figure 2-13 show a dependence of yield strength, tensile stress and
elongation on dendrite arm spacing as observed Lee and Shin.

Figure 2-12 yield stress as a function of dendrite arm spacing [36].

Figure 2-13 Dendrite arm spacing with regard to variation a) UTS b) Elongation
[36].
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Effect of Porosity

The presence of defects, such as oxides and porosity, can have a significant influence on
the mechanical properties, especially fracture behaviour of material. The pores act as
crack initiation sites causing premature failure. The size and distribution of porosity
strongly determines the local fracture toughness of the material [37]. This can be
attributed to the presence of higher stress concentration around a pore. The
microstructure of the magnesium alloys contains some defects such as porosity, hotcracks, oxide skins, and flux inclusions.
The research efforts have been conducted to understand the effect of porosity on the
strength and ductility of alloys. Surrapa et. al. reported that the strength and ductility of
Al-7%Si-0.4%Mg depends on the size of the macro-pore rather than the volume fraction
of the porosity in the specimen [38,40]. Gokhale and Patel clarified that variation in
mechanical properties of magnesium alloyAM50 depends on the amount of porosity on
the tensile fracture surface [39].
Lee studied the effect of microporosity on the tensile properties of the AM60 alloy and its
dependence on the variation in grain size. In this investigation, the ultimate tensile
strength (UTS) and elongation of as-cast AM60 alloy reveals a significant dependence on
the variation of microporosity with an inverse parabolic relationship. Figure 2-14 shows
the dependency of the UTS (a) and the elongation (b) on the variation of microporosity as
observed by Lee. Figure 2-14 also indicates that their dependency on microporosity
increases with increasing grain size. This result is explained by the role of the grain
boundary in the dislocation movement [40].
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Figure 2-14: The influence of microporosity on the UTS (a) and elongation (b) for
each nominal range of grain size [40].

2.5

Solidification
parameters
influences
microstructure of Sand-Cast Magnesium Alloys

on

Microstructural features are affected by the solidification parameters such as cooling rate,
thermal gradient, and interface velocity. Basu studied the influence of process variable
on microstructure features of sand-cast magnesium alloy AM60, such as grain size,
dendrite arm spacing and porosity. In his investigation, grain size and dendrite arm
spacing showed direct dependency on process variables. It was observed in directional
solidification experiments that the grain size showed an increase with increase in distance
from the chill. Grain size decreases with increasing values of cooling rate, thermal
gradient, solidification velocity and the Niyama values. Figure 2-15 shows variation of
grain size as a function of cooling rate(R), thermal gradient (G), growth velocity (V) and
Niyama (Ny) [ 41].
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Figure 2-15 variation of grain size respect with to cooling rate, thermal gradient,
growth velocity and Niyama [41].

It was reported that the secondary dendrite arm spacing showed an increase with the
decrease in cooling rate and thermal gradient. The equations 2.4 and 2.5 show relation
between SDAS and R and G.

SDAS = 328*R-o.9

(2.4)

SDAS = 55*G-.69

(2.5)

Where SDAS = secondary dendrite arm spacing. R (C/s) and G (C/mm) are the cooling
rate and the thermal gradient the cooling rate, respectively.

Structure-Property Relationships of Magnesium Alloys

2.6

26

Microindentation Testing

Microindentation testing techniques offer possibilities for evaluating the mechanical
properties of local regions in a material such as the interface of composite materials,
welding zones, hard coatings and other cases where the use of uniaxial tensile testing are
impractical or impossible. The following sub-sections describe spherical indentation,
expanding cavity model indentation, the indentation stress-strain relationship
measurement underneath the sphericle indentation and the calculation of the actual
indentation contact radius.

2.6.1

Spherical Indentation

The term hardness refers to the measure of a material’s resistance to deformation by
surface indentation. The usual method to achieve a hardness value is to measure the depth
of an indentation left by an indenter of a specific shape, with a specific force applied for a
specific time. August Brinell proposed the use of indenter of spherical shape as a
technique to evaluate the hardness of materials [42]. Spherical indentation is used for
materials testing in many ways. According to the standard American Society for Testing
and Materials (ASTM), the Brinell hardness test method consists of indenting the test
material with a 10 mm diameter hardened steel or carbide ball subjected to a load of 4.9
kN [43]. The diameter of the indention left in the test material after removal of the
indenter is measured. The Brinell hardness value is calculated by dividing the load
applied by the surface area of the indentation.

2.6.2

Expanding Cavity Model Indentation

The mechanism of indentation of metals by a blunt indenter has commonly been based on
a slip-line field solution proposed by Hill et al [44]. It was further improved upon by
Malheur [45], who proposed that indentation occurs during loading by the radial
compression of hemispherical shells centered at the point which the indenter first contacts

Structure-Property Relationships of Magnesium Alloys

27

the material (Figure 2-16).This is called the compression mechanism, which differs in
several regards to the slip line field theory assumed for flat rigid and sharp indenters.
Mulhearn reported the magnitude of the strain in the shells decreases progressively as the
elastic-plastic boundary is approached and except for the regions close to the indenter tip,
where the total strain is completely plastic. The differences in the deformation pattern
with indenter geometry, for blunt indenters, are confined to the high-strain cap region
closest to indenter (the shaded region Figure 2-16). Moderately large plastic deformations
occur within this region [45].
Shay and Salvo later also proposed circumferential extension of the plastically deformed
shell occurs at the free surface during loading, but there is a corresponding downward
deflection of the whole plastically deformed region. The downward deflection accounts
for the displaced volume of the indentation and is accommodated by elastic deformation
in the specimen as a whole [44].
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Figure 2-16: The compression mechanism of indentation proposed by Mulhearn
[45]. The circular continuous line represents the elastic-plastic boundary. The
dashed lines indicate several hypothetical plastic shells, and the arrows represent
the direction of straining of the shells [44].
Blau showed that the variation in hardness number is due to variation in the elastic
recovery which occurs during unloading, producing an extruded lip, known as material
pile-up on the free surface next to the indent. The volume of the material pile-up depends
on the volume of the indentation and is affected by the degree of elastic recovery, which
is in turn related to the strain-hardening characteristics of the indented material [44].

2.6.3

Analysis of Indentation load–Depth Curve

Many studies have been conducted to understand properties from indentation tests such
as yield or tensile strength and even flow properties of materials. To derive the
relationship between indentation stress and strain, the actual indentation contact radius
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should be considered. Tabor showed that the average indentation strain, ɛavg, depends on
the ratio a/R, where R is the radius of spherical indentation and a is the indentation
contact radius (Figure 2-17) [50,51]. The real contact radius, a, between the indenter and
the specimen determined from the indentation load-depth curve, and is relative to the
plastic contact depth, hc, and the pile up or skin-in. The plastic contact depth, hc, between
the indenter and the specimen at a certain load is determined calculating the elastic
deflection depth, hd, from unloading curve [50], as:
hc = hmax – hd

(2.6)

Where hmax is the maximum indentation depth, and hd is the elastic deflection depth. It
should be noted that the effects of pileup or skin-in are not included.

Figure 2-17: Schematic diagram of the indentation of a material by spherical
indenter.

Structure-Property Relationships of Magnesium Alloys

30

There are three different material response regimes of deformation during spherical
indentation: elastic, elastic-plastic, and fully plastic. Figure 2-18 presents the typical
indentation load with respect to indentation depth that corresponds to each deformation
regime. In the elastic regime, plastic deformation does not occur and elastic stress
contours are observed beneath the indenter. In the fully plastic regime, an uncontained
plastic zone is present beneath the indenter and in the elastic-plastic regime, a contained
plastic zone is observed beneath the indenter [49].

Figure 2-18: Schematic representation of plastic zone expansion during spherical
indentation and indentation load–depth curves for a) elastic, b) plastic – elastic, c)
fully plastic regimes[49].
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The elastic deflection depth, hd, in equation 2-6, can be obtained using the unloading
curve, which corresponds to elastic recovery during unloading. It is observed that the
unloading curve reflects the elastic recovery when the indentation load is removed. For
the extreme case of perfectly elastic response, there is no residual imprint after unloading,
and hc equals half of the maximum depth, h

, for a rigid indenter. In the case of

perfectly plastic response, there is essentially no elastic deflection and the effects of
pileup or sink-in must be included.

In the elastic-plastic regime, because considerable pileup or sink-in occurs during using
of a spherical indenter, the actual elastic deflection depth, hd, is quite difficult to measure.
It is proposed to use the indentation load-depth curve: hd is calculated by analyzing the
unloading curve, whose initial slope is the stiffness as shown in Figure 2-18(b). By
extrapolating this linear slope, s, to zero load, the intercept depth, hi is determined
[50,51]. Then using Sneddon’s analysis for a rigid indenter, the value of elastic deflection
depth, hd, is obtained, as shown in equation 2-7.

hd= ω (hmax - hi )

(2.7)

ω is a constant dependent on the indenter shape: for a flat punch equals 1 and for a
spherical indenter equals 0 .75.
The pileup or sink-in behavior around the indentation alters the real contact area. If
pileup occurs, the real contact area will be larger than predicted, and will be smaller if
sink-in occurs. It is well established that the effect of this pileup/sink-in is determined by
the following dimensionless constant c for metals.

(2.8)

a* is the contact radius without considering the pileup or sink-in, and n is the workhardening coefficient of material.
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Using Figure 2-19 and Hertz’s analysis , the value of a* can be correlated to the indenter
radius, R, and contact depth, hc, which shows the value of elastic recovery (Equation 2.7)
to formulate the following equation [5,49].

√

(2.9)

This equation means that the work-hardening coefficient, n, related to pileup or sink-in is
necessary to determine the real contact radius from the measured indentation load–depth.

Figure 2-19: Calculating the contact radius without the consideration of the effect of
pileup, a*, at the given load, L.
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The Average Indentation Stress and Strain

It is difficult for conventional hardness tests to get quantitative information in terms of
the mechanical properties to describe material deformation. The current indentation
technique combined with numerical calculation is developed in order to quantitatively
evaluate the mechanical properties. The local stress-strain behaviour of a material can be
obtained from load-depth curve, measured continuously during loading and unloading.
As described in the previous sections, the radial compression of hemispherical shells
around the indentation are constrained within an elastically deforming medium has been
observed. With this in mind, it was presented the average plastic strain, ɛavg, in the
hemispherical plastic zone around the indentation is function of the ratio of a/R.
During spherical indentation the depth of the indentation is continuously increased and,
therefore, the ratio a/R changes. Tabor correlated the average plastic strain, ɛavg, to the
ratio a/R [47,48]. He compared the hardness of many ductile materials and different
values of a/R. Comparison of the indentation hardness and the flow stress determined for
the same materials by uniaxial tensile testing for different levels of uniaxial strain led
Tabor to propose:

(2-10)

Tabor also used the following equation to determine the mean contact pressure, PM, as:

(2-11)

Where L is the given indentation load and a is indentation contact radius.

Structure-Property Relationships of Magnesium Alloys

34

The research efforts have been conducted to understand relationship the mean contact
pressure, PM, and the flow stress in uniaxial tension [47-53]. The average flow stress,
σavg, is correlated to the mean contact pressure, PM, and a constraint factor, Ψ: :;

(2-12)

Tabor found that Ψ=3; therefore value of the mean contact pressure, Pm, is three times
greater than flow stress obtained from uniaxial tensile testing. The constraint factor, Ψ,
depends on the plasticity of the deforming material and the shape of the indenter. It was
also reported for a strain hardening material, that the constraint factor is affected by work
hardening properties. Johnson represented, Ψ, is a as function of plasticity parameter, ɸ,
which depends on the yield stress, the modified Young’s modulus, E*, and a/R[52].

(2-13)

By using Hertz’s analysis for a rigid indenter, the modified young’s modulus E* is
function of the Poisson’s ratio and Young’s modulus, E, given as:

(2-14)

As described in the last section, there are three different regimes of material deformation
encountered during spherical indentation: elastic deformation, elastic-plastic deformation
and fully plastic. It has been reported that the first plastic yielding occurs when Pm equals
1.1 times the uniaxial yield stress during indentation testing. It was found that spherical
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indentation occurs primarily through elastic deformation when the value of the ratio
PM/σavg is less than 1.1. There is a range of behavior where both elastic and plastic
deformation when the value of the ratio PM/Qavg is between 1.1 and 3. The fully plastic
deformation occurs when the value of that ratio is greater than 3[52].
In elastic-plastic regime, Mestrovic and Fleck proposed the constraint factor, Ψ, nonlinearly depends upon ɸ. Figure 2-20 shows the constraint factor Ψ, as function of ɸ in
the plastic regime for a strain-hardening with a strain hardening coefficient n=0.33 [53].

Figure 2-20: The constraint factor Ψ, as function of ɸ in the plastic regime in
elastic-plastic regime proposed by Mestrovic and Fleck. [53]
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According to their investigation, the constraint factor Ψ equals 1.65 for fully plastic
regime or value of plasticity parameter, ɸ, is higher than 100. The following equation
proposed by Mestrovic and Fleck, presents the relationship between the constraint factor
and the plasticity parameter as:
Ψ=1.3
Ψ=1.3+0.0037ɸ
Ψ=1.65

ɸ<2
2< ɸ<100

(2_15)

100< ɸ

Using the above relation and equation (2-12), the average indentation stress, σavg, and the
average indentation strain, ɛavg, can be determined. These two quantities are comparable
to the flow stress and plastic strain uniaxial tensile testing.
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Chapter 3

Experimental Techniques

3

This chapter has three sections. The first section describes the experimental materials and
the relevant mechanical properties of the three alloys. The second section presents the
metallographic techniques that were used to characterize the microstructural features of
these materials. Finally, the third section presents the details of the microindentation
testing.

3.1

Materials and Casting Procedure

The alloys used were AM60, AE44 and AZ91. Their chemical compositions are given in
Table 3-1. The twenty samples used for microindentation testing were cut from high
pressure die castings and gravity sand castings of the three different magnesium alloys.
The gravity casting experiments were performed at CANMET – Materials Technology
Laboratory in Ottawa. The high pressure die cast plates were provided by Meridian
Lightweight Technologies Inc., located in Strathroy, Ontario.

The gravity casting experiments were performed using a sand mold designed to promote
directional solidification. A simplified step-shaped plate casting geometry was designed
with 330 mm in length, 100 mm in width, and thicknesses of increasing steps, ranging from 4
mm to 40 mm at the feeding riser. The sand mold was designed to produce a range of

cooling rates and thermal gradients along the length of the casting (Figure 3-1). The mold
was coated by MgO powder to prevent the melt from reacting with its surroundings and
to decrease the cooling rate of the molten magnesium alloys during solidification. . The
high pressure die-cast plate for these experiments measured 165 mm in length, 100 mm
in width, and 3mm in thickness (Figure 3-2).
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Table 3-1: Chemical composition, in weight prcentages, of AZ91, AE44 and AM60
magnusim alloys. The rare earth elements include Cerium( Ce), Lanthanum (La),
Neodymium (Nd), and (Pr)) [54].
Alloy

Mg

AZ91

Al

Zn

Mn

90.3

8.7 0.77

0.23

AE44

92.4

3.7

0.01

AM60

93.6

6.1

-------

Si

Cu

Fe

Ni

Be

Rare
Earth

0.006

0.002

0.002

0.002

0.001

------

0.20

0.004

0.001

-------

0.001

0.001

3.8

0.32

0.005

0.001

0.001

0.001

0.001

-------

Figure 3-1: Step-shaped plate casting geometry [41].
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Figure 3-2: High pressure die casting plate.

Figure 3-3: Different regions at gravity step casting.
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Sample Selection

The correlation of local properties with microstructure requires the selection of samples
which include a range of different quantity of mechanical properties and varying
microstructural features. For this reason, in this study some separate criteria were
considered to choose samples for spherical indentation testing. The first one is the
selection of a significant range of average grain size, the second is a wide range of yield
strength obtained from uniaxial stress and the third one is the samples which produced
with different solidification rates.
There are four regions in the step-casting as shown in the Figure 3-3. According to
criteria mentioned, four specimens from region 1, one specimen from region 3 and one
specimen from region 4 were selected for each alloy examined. Table 3-2, Table 3-3 and
Table 3-4 show the locations of different selected samples for three different step-casting
magnesium alloys AM60, AE44 and AZ91 respectively. One specimen was also cut from
high pressure die casting (HPDC) plate for alloys AE44 and AZ91.
Table 3-2: The location of different selected samples for step-casting alloy AM60.
Samples
Location

A

E

I

P

Y

Z

12mm from

60mm from

108mm

204mm

14 mm from

14 mm from

left

left

from left tip

from left tip

left

left

in reg1

reg3

tip

in

tip

in

Reg1

Reg 1

in Reg1

tip

in

tip

in

reg4

Table 3-3: The location of different selected samples s for step-casting alloy AZ91.
Samples
location

A

E

I

N

Y

Z

12mm from

60mm from

108mm

168mm

14 mm from

14 mm from

left

left

from left tip

from left tip

left

left

in Reg1

in Reg1

Reg3

Reg 1

tip

in

Reg1

tip

in

tip

in

Reg3

tip

in
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Table 3-4: The location of different selected samples for step-casting alloy AE44.
Samples
Location

A

E

12mm from
left tip in
Reg 1

K

60mm from
left tip in
Reg1

P

132mm
from left tip
in Reg1

Y

204mm
from left tip
in Reg1

14 mm from
left tip in
Reg3

Z
14 mm from
left tip in
Reg4

The mechanical properties of samples selected were determined from uniaxial tensile
testing by Weiler et al. Several tensile specimens were cut from the step-casting and high
pressure die casting plate, for each alloy examined and tensile testing was performed. The
resulting mechanical properties of samples determined from tensile testing, are shown in
Table 3-5, Table 3-6 and Table 3-7.
3-5: The mechanical properties of samples selected from step casting magnesium alloy
AM60 [55].
Samples

Ultimate
Tensile
Strength

Yield
Strength
(MPa)

Elongation
(%)

StrainHardening
Coefficient( n)

Strength
Coefficient(M
Pa)

(MPa)

A

231.1

62.4

17

0.441

440.18

E

211.4

58.8

13

0.419

411.3

I

238.9

55.2

16

0.472

478.59

P

195.2

52.7

12

0.392

407.45

Y

173.6

47.3

10

0.41

437.8

Z

169.7

45.6

9

0.413

441.9
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3-6: The mechanical properties of samples selected from step casting and high
pressure die casting magnesium alloy AZ91 [55].
Samples

Ultimate Tensile
Strength (MPa)

Yield Strength
(MPa)

Elongation
(%)

StrainHardening
Coefficient( n)

Strength
Coefficient
(MPa)

A

189.0365

80.39

5

0.294

453.82

E

162.1489

75.98

4

0.280

422.65

3

0.0298

554.9

N

131.0847

I

169.3211

67.46

5

0.0296

477.79

Y

116.9641

53.23

2

0.0284

434.1

Z

103.5275

46.67

2

0.0285

443.9

276.3128

154.5

6

0.214

488.65

HPDC

68.41

3-7: The mechanical properties of samples selected from step casting and high
pressure die casting magnesium alloy AE44 [55].
Samples

Ultimate Tensile
Strength (MPa)

Yield
Strength
(MPa)

Elongation
(%)

StrainHardening
Coefficient( n)

Strength
Coefficient(MP
a)

A

183.564

52

10

0.365

453.82

E

175.88

49

7.5

0.395

383.35

K

119.049

46.9

5

0.367

359.34

P

105.607

40.6

5

.0356

309.27

Y

93.791

36.3

4.5

.0353

293.92

Z

88.187

31.9

4.5

0.361

284.48

128.7

8.8

0.25

466.45

HPDC
260.61
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Metallographic Analysis

3.3

Samples for microstructure analysis were prepared using conventional metallographic
techniques but basically magnesium and its alloys are the most difficult metallic
specimens to prepare for microstructural examination. It should be considered following
points [56]:

1_ Magnesium and its alloys are typically soft and readily form mechanical twins that
may occur during cutting if pressures are excessive.

2_ Magnesium and its alloys are attacked by water. Therefore polishing and cleaning
operations should avoid or minimize the use of water.
3_The microstructure of magnesium contains primary or α phase and secondary or
precipitate phase. Primary or α phase is low in hardness and on other hand precipitate
phase is higher in hardness. This makes it difficult to eliminate scratches and lead to
relief problem. Therefore, keep polishing times as short as possible to avoid relief.

In this study, metallographic analysis was conducted in three steps; preparation of surface
samples, the use of etchants and optical examination.

3.3.1

Preparation of Surface Samples

The mounted specimens were ground using 180 to 4000 grit abrasive silicon carbide
papers. Only wet grinding processes were employed in this work. Because magnesium
alloys are quite reactive and a slight increase in temperature of the alloy during the
grinding process can lead to burning of the sample.

The specimens were polished by the automatic polisher. Alumina was used as an aqueous
suspension and mixed ethanol as the polishing agent. The applied force and the polishing
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speed can be controlled during use of the automatic polisher. The force was applied 15 N
and a polishing speed of 20 rpm.

3.3.2

The Use of Etchants

Before using optical microscopy, specimens are often etched. In the case of magnesium
alloys, a variety of standard etchants were used to reveal the microstructure. Table 3-8
shows etchants used and their composition. The specimens exposed to etchants solution
from 3 to 5 seconds [56].
Table 3-8: Etchants were applied for three different kinds of magnesium alloys.
Alloys

Etchant Used

Composition

AM60

1% Nital

Ethylene 99% , Nitric acid 1%

AZ91

10% HF

10 mL HF, 90 mL Water

AE44

Glycol

3.3.3

1 mL HNO3, 24 mL Water, 75 mL Ethylene

Optical Examination

After, the specimen is suitable to be studied under an optical microscope. The obtained
image was analyzed using digital image analysis (DIA). This method enabled the direct
and automatic estimation of the quantity of the porosity, grain size and dendrite arm
spacing. Parameters such as grain size, percentage porosity and secondary dendrite arm
spacing were determined by SimplePCI (Hamamatsu Crop) digital image analysis
software.
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Figure 3-4:a) Optical micrograph of AM60 step casting b) Same Micrograph
showing grain size as the selected region of interested (using SimplePCI).

3.3.3.1

Determination of Average Grain Size

In most cases the grain diameter (G.D) is considered for grain size measurement. In this
study, the grain size variation has been examined both in transverse and longitudinal
directions. The SimplePCI software is capable of determining the diameter of specific
area. For using this method, the region of interest is marked and subsequently the
software selects similar regions on the basis of intensity, color and lightness. Once the
region of interest is marked the software carries out the diameter measurements for
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individual grains (Figure 3-4). The numerical average of all the diameter measurements
gives the average diameter grain for that particular image.

3.3.3.2

Determination of Porosity Fraction

Similarly, average pore area for particular image is determined by SimplePCI software.
The porosity fraction for the specific region can be calculated using following formula:
“Porosity Fraction (%) = Total Pore Area (pixels2) * 100 / (Area of each field of
measurement (pixels2) * number of fields of measurement representing the region)” [41]
In the case of magnesium alloys, etchants ‘darken’ the intermetallic phase, while pores
are also observed as black spots on the optical micrograph. Therefore, the presence of
precipitates makes it difficult to define pore area (Figure 3-5). For this reason, aspolished metallographic sections are used to determine porosity fraction.

Figure 3-5: a) presence of pore before using etchant solution. b) The intermetallic
phase and pores are also observed like black spot on optical micrograph.
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Determination of Dendrite Arm Spacing

Dendrite arm spacing is defined as the separation between two adjacent parallel dendrite
arms. The dendrites, like other microstructural features were identified by visual
investigation of the optical micrographs. Dendrite arm spacing was measured using
SimplePCI software. An average of 5 measurements for each micrograph has been
considered to provide the average arm spacing.

3.4

Indentation Testing

Instrumented indentation, sometimes referred to as microindentation, is a technique used
for measuring mechanical properties - specifically elastic modulus, E, and hardness, H. A
general schematic of an instrumented indentation system is shown in Figure 3-6. Force is
often applied using electromagnetic and a capacitive sensor is typically used to measure
displacement.

Figure 3-6: Schematic of indentation system [61].
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In this work, spherical microindentation was employed for evaluating the local
mechanical properties of magnesium alloys. A Micromaterials (Wrexham, U.K.)
NanoTestTM microindentation hardness tester (Figure 3-7) was employed to perform
indention on the specimens. This instrument is computer controlled and load-unload
indentation can be adjusted; therefore, it is capable of performing multiple load-unload
indentation tests.
The mechanism of NanoTestTM microindentation hardness tester for evaluating hardness
is based on measuring the movement of stylus in contact with a surface. At beginning
maximum load is determined, and then the stylus starts to press into the surface with
increasing from zero to maximum load.

Figure 3-7: The Micromaterials NanoTestTM microindentation hardness
testing apparatus in which the spherical indentation was performed.
When the pre-determined maximum is reached, the load is reduced and the depth
decreases due to elastic recovery of the deformed material. The indentation depth and
load are monitored continuously during the movement of the stylus. As described in the

Structure-Property Relationships of Magnesium Alloys

49

previous chapter, the indentation stress-strain curve can be plotted using the indentation
depth and load.
At the heart of the NanoTestTM system is a pendulum which performs the indentation. A
coil is mounted at the top of the pendulum (Figure 3-8). When an electric current passes
through the coil, the coil is attracted towards a permanent magnet, causing the force
which indents the samples. The displacement of the indenter is measured by means of a
parallel plate capacitor; one plate of the capacitor is attached to the indenter holder. There
is the capacitance bridge unit close to the measuring capacitor. When the indenter moves
the capacitance changes and is measured by a capacitance bridge.

Figure 3-8: The NanoTestTM pendulum assembly showing the operation of the
indenter.
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Figure 3-9: The spherical indenter

3.4.1

The Conditions of Indentation Testing

Each sample chosen for indentation testing was first polished in slurries of alumina. After
fine polishing, the samples were prepared to insert in machine testing. In this
investigation, a high-carbon steel sphere of 0.795 mm radius was applied (Figure 3-9).
Eight partial cycles were performed during each test. The maximum indentation load
achieved during each test was 18000mN. The indentation was performed with a loading,
and unloading rate of 200mN/s.

3.5

SEM/EDX Analysis

A scanning electron microscope (SEM) is a type of electron microscope. The SEM is
widely used to identify phases based on qualitative chemical analysis and crystalline
structure. The SEM uses a focused beam of high-energy electrons to generate a variety
of signals at the surface of specimens [57]. The signals that derive from electron-sample
interactions reveal information about the sample. In this investigation phase studies were
carried out using LEO 440 SEM (ZEISS Ltd.), which is equipped with an energy
dispersive x-ray analyzer (EDS).
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Chapter 4

4

Experimental Results and Discussion

The purpose of this chapter is to present and discuss the experimental results of this
study. The relationships determined between the local mechanical properties of the ascast magnesium alloys and microstructural features are described in this chapter. The
following magnesium alloys as casting are investigated in this work:
1_ Gravity step-cast AM60
2_Gravity step-cast and high pressure die-cast AZ91
3_ Gravity step-cast and high pressure die-cast AE44
The results of the experiments includes, microstructural features, indentation testing and
microstructure influence. These are described in the first three sections of this chapter and
the last section compares the observed results of three different as-cast magnesium alloys.
[

4.1

Gravity Step-Cast _AM60

In the case of the step- castings, the cooling rate decreases with increasing distance along
the length of the casting (increasing distance from the chill block). On the other hand,
grain size and dendrite arm spacing are a function of the cooling rate, thermal gradient
and solidification velocity. Therefore, the grain size and dendrite arm spacing values vary
with increasing distance from the cooling end. This section presents and discusses the
microstructure of step-cast AM60 magnesium alloy and the results which are obtained
from spherical indentation testing. Six samples were selected from the different regions
of the step-cast.
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Microstructural Analysis

The base microstructure of as-cast magnesium alloy AM60 is comprised of primary αMg grains or dendrites surrounded by β-Mg17Al12 phase. The eutectic phase, between
primary magnesium α-Mg and β-Mg17Al12 phase, is formed from the last to solidify
liquid [41]. There are β-Mg17Al12 phase and divorced eutectic at grain boundaries as a
massive compound.
In the case of step-casting, the direction of solidification is from left to right; therefore the
grains coarsen from the left and elongate giving rise to dendritic structures. Figure 4-1
shows typical microstructure observed in several locations that are examined.
As described in Chapter 2, the cooling rate decreases with increase in distance from
region 1 to region 4, the size of grains is expected to increase with increasing distance
from the cooling end. In line with expectations, location A has minimum average grain
size and location Z has maximum average grain size.
At location I, the divorced eutectic structures (α-Mg and β-Mg17Al12 phases) were
observed and the grain structure was much more refined. Location I has also minimum
percentage of porosity. It was observed in region 1 that location A and P have significant
porosity in proportion to other locations. It was also found that the porosity fraction value
doesn’t show any direct dependency on increasing in distance from the cooling end.
Table 4-1 shows average grain size, secondary dendrite arm spacing (SDAS), porosity
friction and microstructural features for six locations examined. The optical micrographs
were analyzed for the grain size value, secondary dendrite arm spacing value, percentage
of porosity fraction and intermetallic phase content.

Structure-Property Relationships of Magnesium Alloys

53

A

E

I

P

Y

Z

Figure 4-1 Microstructure of the different locations tested with indentation.
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Table 4-1: Microstructural analysis of the examined samples cut from step-cast
AM60 magnesium alloy.

Location

Average Area

Average

of Grain (μm)2

Grain Size(μm)

SDAS(μm)

Porosity

Microstructural

Fraction

Features

(%)

A

254.5

18

34

0.4

Intermetallic Phase
(Less than1%)
Moderate Porosity

E

314.7

20

36

Less

Low porosity

than0.01

Intermetallic Phase
(Less than0.05%)

I

1017.4

36

48

0.01

P

1589.7

45

59

0.7

Intermetallic Phase
(Higher than 2.5%)

High porosity
Dendritic structure

Y

4415.6

75

87

0.1

Dendritic structure
low porosity

Z

7386.1

97

102

1.5

Vary large dendrites
High porosity
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Indentation Test Results

The following sub-sections describe the indentation load versus depth,

contact radius,

mean contact pressure and indentation stress versus strain graph. The results of
indentation and uniaxial tensile tests are compared.
Spherical microindentation tests are performed on the selected samples to determine the
effects of grain size on the local flow stress. With a spherical indenter of 0.795 mm
radius, this indenter samples approximately 10-60 grains in the indented region. Figure 42 represents typical residual three indentations on the surface of location Z after the
indentation testing.

Figure 4-2: Three indentations on the surface of location Z.
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Indentation Load and Depth Curve

As describe in previous chapters, the expanding cavity model indentation (2.6.2) is used
to deduce the average indentation plastic strain and stress that results from the indentation
testing. The NanoTestTM microindentation hardness tester was used to create an indent on
the surface of material. The NanoTestTM instrument produces continuous indentation load
with respect to depth of the profile. Figure 4-3 and Figure 4-4 show the resulting loaddepth curves of indentation tests performed on location A and I respectively. These
figures show the maximum depth indentation and the residual indentation depth
remaining after the indentation load has been removed. In order to measure the stressstrain from indentation load- depth curve, we need to measure plastic contact depth.
Table 4-2 presents the maximum indentation depth, plastic contact depth and residual
depth for each location after the last cycle.
Table 4-2: The maximum indentation depth, plastic contact depth and residual
depth for each location examined.
Location
Maximum

A

E

I

P

Y

Z

21.8

21.2

21.9

24.2

23.2

22.3

11.7

11.5

10.8

12.2

12.7

13.1

14.2

13.9

13.6

15.2

12.5

15.4

Depth(μm)

Residual
Depth(μm)

Plastic
Contact
Depth(μm)
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20000
18000

Indentaion Load(mN)

16000
14000
12000
10000
8000
6000
4000
2000
0
0

5000

10000

15000

20000

25000

Indentation Depth(nm)

Figure 4-3: The typical indentation load with respect to indentation depth for the
step-casting of location A.
20000
18000
Indentation Load(mN)

16000
14000
12000
10000
8000
6000
4000
2000
0
0

5000

10000

15000

20000

Indentation Depth(nm)

Figure 4-4: The typical indentation load with respect to indentation depth for the
step-casting of location I.
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Contact Radius

The value of actual contact radius depends on the work-hardening coefficient, n. The
actual contact radius, a, during indentation has been obtained using equation (2-9) from
section 2.6.3 as,
√

(4-1)

The dimensionless constant (c) was calculated using Equations (2.8) and (2.7) from
section (2.6.3) and consequently the contact radius of the indentations at maximum load
were obtained using Equation (2.8).
150
149
148

Actual Contact Radius(μm)

147
146
145
144
143
142
141
140
139
138
A

E

I

P

Y

Z

Location

Figure 4-5: Actual contact radius at different locations. The error bars represent
deviation resulting from three tests at each location.
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Figure 4-6: Indentations were performed near porosity at location A.
The work-hardening coefficient was taken as n=0.4 for the step-casting magnesium alloy
AM60. The value of n for this alloy, was measured from uniaxial tensile testing. Figure
4-5 presents the average actual contact radius for each location at last cycle.
Figure 4-5 represents that location Z has the larger contact radius and location I has the
least. The variation in contact radius can be attributed to varying presence of the β-phase,
varying average grain size and varying amount of porosity [5].
The error bars in Figure 4-5 represent the deviation resulting from three tests. The range
of error bars for location A and location P are the largest and location I is the lowest. The
variability in error bar is due to indent into surface contacting a pore. Figure 4-5 shows
that two indentations were performed near porosity at location A. The presence of a pore
near indenter means that less material is available to support the indentation load. This
results in much larger contact radius at location A. It is observed that at location A, two
indentations come in direct contact with the pore and the third indent almost closer to the
pore. This is shown in the Figure 4-6 and is the reason for the observed wide range of
error bar for location A.
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Average Plastic Strain

The average plastic strain, εavg, is a function of the ratio a/R. The Equation (2-10) from
section 2.6.4 was used to determine the average plastic strain as:
(4-2)

The radius of spherical indentation is 795μm. Figure 4-8 shows the calculated the
average plastic strain for each location. The value of contact radius for each location was
0.039

0.038

0.037

ɛavg

0.036

0.035

0.034

0.033

0.032
A

Figure 4-7:

E

I

P

Y

Z

Average indentation strain at different locations. The error bars

represent deviation resulting from three tests at each location.
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considered for last cycle. In this calculation, the value of R is constant and, therefore, the
trend of data presented in Figure 4-8 is similar to contacts values.
The error bars in Figure 4-8 represents deviation resulting from three tests. It is observed
that location A has the wide range of error bar and location E has small range of error
bar. These results represent the effect of porosity near indenter, on the value of contact
radius and subsequent on the indentation strain.

4.1.2.4

Mean Contact Pressure

The mean contact pressure or hardness is a function of the indentation load and contact
radius. The mean contact pressure, PM, during the indentation testing has been obtained
using equation (2-10) from section 2.6.4 as:

(4-3)

Figure 4-8 shows the value of mean contact pressure for each location, with location I
being the largest and location Z being the lowest. According to Figure 4-8 and Figure 49, location Z has the softest indentation response, because of having the lowest PM and
highest ɛavg. It is due to coarse grained microstructure at location Z.
As it can be seen in Figure 4-9, the hardness value doesn’t show any direct dependency
with the distance of location from the cooling end. We were expecting that the hardness
value decreases as the distance from the cooling end increases. As described in Chapter 2,
in the case of step-cast magnesium alloys, the cooling rate value decreases as a function
of distance from the cooling end. On the other hand, the grain size value increases as the
distance increases from the cooling end[41]; therefore we predicted that the hardness
value would show a reduction with the increase in distance from the cooling end.
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However, the observed trend of hardness value disagrees with the prediction based on
previous research. This can be attributed to the presence of higher concentration of βMg17Al12 phases which exists at location I and the presence of porosity near indenter at
location A.
The error bars in Figure 4-9 represents deviation resulting from three tests. As it can be
seen in Figure 4-9, the range of error bars for location A is the largest and location I is the
lowest.

300
295
290

PM(MPa)

285
280
275
270
265
260
255
250
A

E

I

P

Y

Z

Loaction
Figure 4-8: The mean contact pressure at different locations. The error bars
represent deviation resulting from three tests at each location.
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As described in last sections, the variation in hardness can be attributed to indentations
made near pores. The indentations near a pore would decrease the value of mean contact
pressure of that sample. It should be mentioned that the data presented in Figure 4-9 is
only for the last cycle. Similar calculations were performed for each of the eight cycles
for each location. These data can be obtained from an indentation response plot as PM
versus ɛavg .Figure 4-10 shows the PM plotted as function of ɛavg for the each location
examined.
On comparing with the strain versus mean contact pressure curve for the location I, it can
be observed that the slope of the other locations are significantly lower than the location
I. This means, when the strain increases, the stress increases more rapidly at location I
than other locations. This can be attributed to the presence of higher concentration of βMg17Al12 phases which exists at location I. The β-Mg17Al12 phase increases hardness and
subsequent improves resistance of surface against indenter.
A spherical indenter of 0.795 mm radius sample approximately 10-60 grains in the
indented region, therefore β-phase can have significant influence to increase hardness.
All locations except I follow similar trend (Figure 4-10) and when comparing these data
with the microstructure of each location, it suggests that the β- phase plays a major role in
increasing hardness.
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Figure 4-9: The mean contact pressure with respect to the average indentation
strain for the locations tested with spherical indentation.

4.1.2.5

Plasticity Parameter and Constraint Factor

The plasticity parameter, ɸ, and the constraint factor, Ψ, are used to correlate each
measured mean pressure PM to the average flow stress, σavg, observed during uniaxial
tensile testing. In this study, equation (4-4) proposed by Mesarovic is used to determine
relationship between the mean contact pressure and the flow stress [53]. The following
equation was applied to calculate the plasticity parameter, ɸ, for each cycle and for each
location indented as:

(4-4)
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As describe in Chapter 2, the constraint factor is a function of the plasticity parameter and
following equation shows the relation as,

Ψ=1.3+0.0037ɸ

(4-5)

The linear approximation of the Ψ-ɸ relation can be used whenever ɸ is lower than 100.
Otherwise the value of the constraint factor should be considered as 1.65 (Figure 4-11)
when ɸ is greater than 100. Figure 4-12 shows the plasticity parameter, ɸ, plotted versus
each cycle for each location examined.

Figure 4-10: The constraint factor Ψ, as function of ɸ in the plastic regime in
elastic-plastic regime [53].
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Figure 4-11: Plasticity parameter, ɸ, with respect to each cycle.

4.1.2.6

Indentation Stress vs. Strain Curve

The average indentation stress, σavg, around a spherical indentation depends on the mean
contact pressure, PM , and a constraint factor, Ψ. The following equation can be
established based on the local indentation stress-strain curve.

(4-6)

Figure 4-13 shows local indentation stress-strain curves that were derived from PM versus
εavg data for each location examined. The flow stress equations for each location can be
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derived from indentation stress-strain curve. The flow stress equation expresses the
stress, σ, required to sustain plastic deformation at a particular strain, ɛ, as:

(4-7)

Where K is the strength coefficient and n is the strain hardening coefficient. The
magnitudes of n and K are obtained from stress-strain curve to be presented at Table 4-3.
There are magnitudes of strength coefficient in range 230-261 MPa and the strain
hardening coefficient of 0.1026-0.1869. The results from the indentation stress-strain
curves indicate there is no significant difference in the parameters of flow stress between
the location Y and location Z and on the other hand, it is observed that there is a
considerable difference in the these parameters on other locations.

4-3: The magnitude of parameters of flow stress equation for each location
examined.
Parameters of

A

flow stress

E

I

P

Y

Z

equation

n
K(MPa)

0.1026

0.1042

0.1869

0.1145

0.1574

236

244

334

230

262

0.1591

261
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Figure 4-12: Indentation Stress with respect to the average indentation strain for the
location indented.
The stress-strain curve for location I shows a steeper slope as compared to other
locations, thus indicating the work hardening behavior at location I. Caceres et al
reported that the influence of large Mg17Al12 on work hardening behavior of AZ91
magnesium alloy. They observed the formation of Mg17Al12 precipitates upon ageing
promotes cross-slip and produces dislocation tangles that increase work-hardening [18].
At location I, considerable concentration of Mg17Al12 precipitates are formed during
solidification process. Therefore the work hardening behavior of location I can be
attributed to the presence of precipitates that interact with the moving dislocations.

Structure-Property Relationships of Magnesium Alloys

69

4.1.2.7
Comparison of Results obtained from Indentation
Tests and Uniaxial Tensile Tests
Figure 4-14 shows the indentation stress-strain of location I and location P, and the
strain_stress curve is determined by tensile testing for similar locations. Figure 4-14
indicates that the indentation stress-strain curves are comparatively higher than the tensile
testing curves. The tensile testing curves in location I and location P exhibit the values of
strain-hardening coefficient equal 0.317 and 0.320 respectively, while the

200
180
160

σavg(MPa)

140
120
100
80
60
40
20
0

0.01

0.02
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Indentation Test (I)

Indentation Test(P)

Tensile test(I)

Indentation Test (p)

Figure 4-13: The indentation stress -strain curves of locations I and P that
compared with the strain-stress curve derived via uniaxial tensile test, for the same
locations.
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hardening coefficient paramater is lower in the microindentation test. The strength
coefficient K is 350 MPa and 320 MPa for location I and location P respectively during
uniaxial tensile testing. These results are in accordance with the indentation tests for the
same locations (Table4-3).
The results from indentation stress-strain curves of AM60 alloy agree with the findings of
Weiler et. al., who reported the strain-hardening coefficients in the range of 0.150-0.225
for the die-cast magnesium alloy AM60 based on microindentation testing.

Weiler et. al. also reported the indentation stress-strain response of the skin region for
the mentioned alloy, compares quiet well with the results of tensile tests, while the
results are not complementary for core region. This variation was attributed to the
differences in the microstructure between the skin region and core region. The
microstructures of core region in the die-cast magnesium alloy AM60, typically include
very larg α- dendrites and regions of porosity [28]. The variability observed (Figure 4-14)
between indentation stress- strain curves and tensile testing curves can be explained by
effect of microstructure on the indentation results. In the case of the step-casting, it was
observed the Mg17Al12 precipitates distributed uniformly in the inter-dendritic zone.
Therfore, during the microindentation testing, the indenter more likely comes contact
with the area which contains a higher concentration of Mg17Al12 precipitates. This would
serve to strengthen locally around the indent.

4.1.3

Microstructural Influence

As described in Chapter 2, mechanical properties of magnesium alloys are affected by the
microstructure. In this section, the effects of grain size and dendrite arm spacing on flow
stress are investigated.
As discussed in Chapter 2, there are several reasons which make it difficult to measure
the grain size of magnesium alloys. One of them and most important, the variation in the

Structure-Property Relationships of Magnesium Alloys

71

observed grain sizes caused by very large α-Mg dendrites , might result in the average
measured grain size not being representative of the actual grain size; therefore average
grain size and dendrite arm spacing are considered to evaluate their effects on mechanical
properties.

4.1.3.1

Effect of Grain Size

The Hall-Petch equation expresses yield strength or flow stress is directly dependent on
the grain size. It requires deriving the indentation yield point, σy, from the local flow
stress equation. σy can be approximated by linear extrapolation of the power curve for the
σavg vs. εavg to zero plastic strain, as shown in Figure 4-14.
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0.035

0.04

Y

Figure 4-14: The average indentation stress, σavg, with respect to average strain, εavg,
showing extrapolation of determine the initial Point.
Figure 4-15 shows the dependence of yield strength on grain size according to Hall-Petch
relationship. The values of yield strength were determined from the spherical indentation
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and uniaxial tensile testing. These results were compared with previously published
results of similar alloy. Figure 4-16 indicates that the experimental data has a relatively
good match to the regression line as in the following Equations 4-7 and 4-8:

Indentation Testing
Uniaxial Tensile Testing

(4-8)
= 29 +158.75

(4-9)

We investigate in more detail the parameters of the Hall-Petch equation for the gravity
step-cast magnesium alloy AM60. Both Hall-Petch parameters: the intercept stress, σo,
and the slope, k, can be derived from Figure 4-16. The Hall-Petch slope, k, is 184 MPa√

and the intercept stress, σo, is 85 MPa (R2 =0.96) during spherical indentation

testing.
The magnitude of the Hall-Petch parameter, k, is also in accordance with published result
that demonstrates that the as-cast magnesium alloy AM60 (k=183 MPa-√μm) reported by
Lee [58]

The Hall-Petch parameters of die-cast magnesium alloy AM60 during indentation testing
are reported as k = 274 MPa--√μm, and σo = 10 MPa (Figure 4-16) [28,58]. Therefore
there is little consensus on the magnitude of the Hall-Petch parameters, k and σo, between
gravity step-cast and die-cast magnesium alloy AM60 during indentation testing. This is
due to variation in the range of average grain size. The average range of grain size is from
4μm to 14μm for die-cast and 15μm to higher than 100μm for gravity step-cast.
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Figure 4-15: The Hall-Petch relationship between yield stress and grain size for the
step-cast magnesium alloy AM60, determined from indentation test and uniaxial
tensile test. This figure also represents the Hall-Petch relationship for similar alloy
from the literature [28,58].
As described in previous section, average indentation stress at various values of strain can
be derived from indentation stress-strain curve. Figure 4-17 shows average indentation
stress, σavg , plotted as a function of average grain size, D(-1/2) , for different level of plastic
strain. The values of σavg should be more accurate than the σy as shown in Figure 4-15.
Because σavg values are determined directly, without the need for extrapolation from the
power curve for the σavg vs. εavg .
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Figure 4-16: The average indentation stress, σavg , plotted as a function of average
grain size for different level of plastic strain.

As it can be seen in Figure 4-17, average stress indentation, σavg, shows a linear
relationship with average grain size. This agrees with the theory of Hall-Petch that shows
the linear relationship between average grain size and average stress values which were
obtained from indentation testing.
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Effect of Dendrite Arm Spacing

Figure shows a dependence of yield strength on variation of secondary dendrite arm
spacing (SDAS). Figure 4-18 indicates that the linear relationship between yield stress
and SDAS is coherently established well as in the following empirical equations:

Indentation Testing

(4-10)

Uniaxial Tensile Testing

(4-11)

These equations reveal the yield strength has a relationship Hall-Petch with secondary
dendrite arm spacing similar to that obtained for average grain size. The Hall-Petch
parameters: the intercept stress, σo, and the slope, k can be derived from Figure 4-18. The
Hall-Petch slope, k, is 333 MPa-√μm and the intercept stress, σo, is 70 MPa (R2=0.96)
determined by spherical indentation testing. Both Hall-Petch parameters compare
accurately with results were obtained from tensile tests. It confirms the indentation yield
stress depends upon dendrite arm spacing.
These values compare accurately with previously published results in the literature. The
Hall-Petch parameters of as-cast magnesium alloy AZ91 during tensile testing are
reported as k = 305.5 MPa-√μm, and σo = 62.6 MPa. These results agree well with the
values parameter Hall-Petch which were observed during indentation testing as shown In
Figure 4-18.
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Figure 4-17: Hall-Petch relationship between the secondary dendrite arm spacing
and yield stress which was determined from indentation test and uniaxial tensile
test. This Figure also shows the found results in comparison with published results
on AZ91 [59].
Figure 4-19 shows the variation of average indentation stress, σavg, as a function of
secondary arm dendrite spacing, SDAS(-1/2) , for different level of plastic strain. Figure 419 also represents a linear dependency, similar to the trends seen for average indentation
stress, with respect to average grain size. These results indicate Hall-Petch relationship
was found, applies at different level of plastic strain.
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Figure 4-18: The variation of average indentation stress, σavg , as a function of
secondary arm dendrite spacing for different level of plastic strain.

4.2

Step Casting and High Pressure Die Casting _ AZ91

This section presents and discusses the microstructure of step-cast and high pressure diecast AZ91 magnesium alloy and the results obtained from spherical indentation testing.
Six samples were selected from the different regions of step-cast and one sample from
the high pressure die-casting.
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Microstructural Analysis

Variation in solidification rate on step casting and high-pressure die casting leads to the
observation of different microstructure. Figure 4-20 shows typical microstructure of
gravity step-cast observed in several locations. The base microstructure of step-cast AZ91
consists of eutectic α-Mg grain and primary α-Mg grains or dendrites surrounded by βMg17Al12 phase.
As described in Chapter 2, grain size and dendrite arm spacing show a progressive
increase with decrease in the cooling rate. In the case of gravity sand-cast the cooling rate
decreases with increasing distance from region 1 to region 4. As we were expecting,
location A has minimum average grain size and location Z has maximum average grain
size. Similarly, secondary dendrite arm spacing increases from location A to location Z.
It can be observed fine dendrites at location A and location E. On the other hand
microstructural feature of location Z contains coarse dendrites.
In location I, divorced eutectic structures (α-Mg and β-Mg17Al12 phases) were observed
and the grain structure was much more refined. It was observed in region 1, location E
has significant porosity proportional to other locations. It was also observed that the
porosity fraction value doesn’t show any direct dependency on increasing in distance
from the cooling end. This finding is similar that observed for the AM60 magnesium
alloy step casting.
However, the significant gas pores have been found at location Z and location E (Figure
4-20). The gas pores can be observed at locations which are last-to-fill such as location Z.
The presence of gas pores is due to the variable solubility of gas in solid and liquid metal
[29]. Table 4-4 shows average grain size, secondary dendrite arm spacing (SDAS), and
porosity fraction and microstructural features for the samples examined.

Structure-Property Relationships of Magnesium Alloys

79

Figure 4-19: Microstructure of the different locations of step-cast magnesium alloy
AZ91 . From top, Left- to- right, locations, A, E, I, N, Y, Z.
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Figure 4-20: The typical microstructure of high pressure die-cast
The base microstructure of high pressure die-cast AZ91 consists of primary α-Mg grains
or dendrites surrounded by β-phase Mg17Al12 and divorced eutectic. Figure 4-21 shows
the typical microstructure of high pressure die cast magnesium alloy AZ91. As it can be
seen in Figure 4-21, significant large grains are surrounded by numerous small grains and
grain boundary. The size of the large grains has significant variation over the sample,
resulting in the observed difference of the grain distribution. It can be difficult to measure
average grain size. The sample selected has an average grain size of approximately 14μm.
The shrinkage pores and gas pores are observed at the sample cut from high pressure diecast AZ91 magnesium alloy. Like gas pores, the shrinkage pores have been found in
locations such as last-to-fill. Shrinkage pores have long irregular arms and no defined
shapes [29]. Figure 4-21 shows the pores are a combination of gas and shrinkage at the
sample examined.
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Table 4-4: Microstructural analysis of the examined samples for die-cast and stepcast magnesium alloy AZ91.

Location

Average

Average

Area of

Grain

Grain

Size(μm)

SDAS(μm)

Porosity

Microstructural

Fraction

Features

(%)

(μm)2

A

362.9

21.5

23

0.4

Fine dendrites

E

660.2

29

31

0.9

Fine dendrites
Gas pores

I

1287.6

40.5

25.5

0.2

Intermetallic
Phase (Higher than
2%)

N

1884.8

49

33.5

0.6

No specificant
feature

Y

6862.7

93.5

63.5

0.5

very large dendrite

Z

9241.2

108.5

75

1.1

very large dendrite
Gas pores

HPCD

154.9

14

21

1.8

Gas pores and
shrinkage
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Figure 4-22 and Figure 4-23 show the SEM images for AZ91 magnesium alloy step
casting at location I and the sample cut from high pressure die casting respectively. Xray energy mapping was performed on the SEM images. Figure 4-22 and Figure 4-23
also show elemental analysis of SEM images. In the both samples, the majority of
aluminum is present at the grain boundaries. In the case of step-cast, aluminum content is
in range
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Figure 4-21: An SEM image of AZ91 magnesium alloy step-cast at location I. This
Figure also shows X-ray energy mapping of SEM image.
13-26 wt% while the center of the grains contains less than 5%wt Al. These results
confirm with the findings of Dahle et al. who reported higher than at grain boundaries in
AZ91 magnesium alloy [8]. Figure 4-23 and Figure 4-24 represent aluminum
concentrations for grain boundary and grain region for step-cast and high pressure diecast magnesium alloy AZ91.
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Figure 4-22: An SEM image of AZ91 magnesium alloy high pressure die-cast at
location I. This Figure also shows X-ray energy mapping of SEM image.
It was observed that the step-casting contains higher aluminum content than high pressure
die casting. The high pressure die-casting contains approximately 9-13wt% Al, in the
grain boundary while step-cast contains 13-26% Al. The increased aluminum content in
the grain boundary implies higher intermetallic phase. This confirms results which were
obtained from image analysis.

Figure 4-23: EDX spectrum for AZ91 magnesium alloy step casting a) grain
boundary b) grain region.
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Figure 4-24: EDX spectrum for AZ91 magnesium alloy high pressure die casting a)
grain boundary b)grain region.

4.2.2

Indentation Test Results

This section presents and discusses the data obtained from the microindentation testing.
Microindentation tests were conducted on seven samples selected from an AZ91
magnesium alloy gravity step casting high pressure die casting to determine the effects of
microstructure on the local mechanical properties.
Figure 4-26 and Figure 4-27 show typical residual indentations that are left on the surface
of samples cut from gravity step-cast and high pressure die-cast alloys respectively. An
indent on the surface of a high pressure die cast alloy will cover more grains than on a
step-cast alloy as the microstructure consists of lesser average grain size.
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Figure 4-25: Three indentations are left on the surface of location N. Some defects
are observed near indents.
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Figure 4-26: Three indentations are left on the surface of sample cut from high
pressure die casting. Several pores are visible around indents.

4.2.2.1

Indentation Load versus Depth Curve

The microindentation tests produce a continuous indentation load with respect to depth
profile. Figure 4-28 and Figure 4-29 show the resulting load-depth curves of indentation
tests performed on location A and I respectively and Figure 4-30 also presents typical
indentation load with respect to indentation depth for the sample cut from high pressure
the die-casting (HPDC). The maximum indentation depth, plastic contact depth and
residual depth can be derived from indentation load and depth curve. Table 4-5 presents
the maximum indentation depth, plastic contact depth and residual depth for each sample
examined at last cycle.

Structure-Property Relationships of Magnesium Alloys

88

Table 4-5: The maximum indentation depth, plastic contact depth and residual
depth for each sample examined.
Location

A

Maximum

E

N

I

Y

Z

HPDC

17.3

18.1

18.6

18.1

20.1

23.2

21.7

7.38

9.572

10.1

8.71

11.7

13.4

11.1

9.81

11.7

12.3

10.3

13.8

15.8

13.7

Depth(μm)

Residual
Depth(μm)

Plastic
Contact
Depth(μm)

20000
18000
Indentation Load(mN)

16000
14000
12000
10000
8000
6000
4000
2000
0
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Indentation Depth(nm)

Figure 4-27: The typical indentation load with respect to indentation depth for the
step-casting of location I.
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Figure 4-28: The typical indentation load with respect to indentation depth for the
step-casting of location Z.
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Figure 4-29: The typical indentation load with respect to indentation depth for
thesample cut from high pressure die-casting.
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Contact Radius

The actual contact radius, a, has been obtained using Equation (4-1). As describe in
Chapter 2, the value of actual contact radius depends on the work-hardening coefficient,
n. The value of n for the step-casting and high pressure die-casting were obtained from
uniaxial tensile testing. In the case of the step-casting magnesium alloy AZ91, the workhardening coefficient, n, equals 0.3 and was taken as n=0.2 for the high pressure diecasting. Figure 4-31 shows the average actual contact radius for each sample examined at
the last cycle. Each data point represents the value of contact radius for three tests which
were performed on the surface of each sample.
160
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Figure 4-30: This graph plots the contact radius of seven samples tested with
spherical indentation. The error bars represent deviation resulting from three tests
at each sample.

Structure-Property Relationships of Magnesium Alloys

91

Figure 4-31 represents that location Z has the highest contact radius and location A has
the least. The difference in observed contact radius quantities is due to reflection of the
local microstructure. Microstructural features of the samples such as grain size, porosity
and amount of β-phase has strong influence in value of contact radius. The contact radius
value of the sample cut from the high pressure die-casting (HPDC) is comparable to
location Y.
The error bars in Figure 4-31 represent the deviation resulting from three tests. The range
of error bars for location E and location Z are the largest and sample HPDC is the lowest.
As described in previous sections, the variation in error bar can be attributed to indent
into surface contacting a pore. The indentation contacting a pore would increase the value
of contact radius of that sample because the presence of a pore near indenter means that
less material is available to support the indentation load. This is the result observed for
the wide error range at location E and location Z.

4.2.2.3 Average Plastic Strain and Mean Contact Pressure
Equation (4-2) was applied to determine the average plastic strain, ɛavg. Figure 4-32
shows the calculated the average plastic strain for each location. The value of plastic
strain for each location was considered for the last cycle. Each data point represents the
value of average plastic strain for three tests which were performed on the surface of each
sample. Figure 4-32 illustrates that sample Z has the highest plastic strain and sample A
has the least. The error bars in Figure 4-32 represents deviation resulting from three tests.
It is observed that sample E and sample I have the wide range error bar and sample
HPDC has small range error bar.
The mean contact pressure hardness, PM, was determined using Equation (4-3). Figure
4-33 shows the value of mean contact pressure for each location. Figure 4-33 illustrates
that sample A has the highest value of mean contact pressure and sample Z has the least.
The error bars in Figure 4-33 represents deviation resulting from three tests. It is
observed that sample E and sample I have the wide range error bar and sample HPDC has
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Figure 4-31: This graph plots the average indentation strain of seven samples tested
with spherical indentation. The error bars represent deviation resulting from three
tests at each sample.
small range error bar. Figure 4-33 indicates the value of hardness decreases from location
A to location Z . It means that the variation of hardness is a function of the distance from
the cooling end. This is due to increase of grain coarsening from the cooling end in the
case of the step casting.
As described in Chapter 2, in the case of step-cast magnesium alloys, as the distance
from the cooling end increases, the cooling rate showed a decrease and subsequent
increase in grain size.

As it can be seen in Figure 4-33, contrary to prediction, the

hardness value of location I is higher than location E and N. It is difficult to confirm the
influence of the grain size on hardness. This can be attributed to presence of an increased
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concentration of Mg17Al12 precipitates. It was determined from image analysis that
location I contained a higher concentration of Mg17Al12 precipitates than other locations.
The presence of Mg17Al12 precipitates at location I, leads to an increase in the hardness
and strength. Considering that the indenter covers a limited region of the surface of the
sample that is not representative of all microstructural features observed in that sample.
On comparing with results were observed during tensile testing, it is suggested presence
of Mg17Al12 precipitates have strong influence on local properties.
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Figure 4-32: This graph plots the mean contact pressure or hardness of seven
locations tested with spherical indentation. The error bars represent deviation
resulting from three tests at each sample.
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Figure 4-34 shows the mean contact pressure plotted as function of average plastic strain
for the each sample examined. Comparing the mean contact pressure-average plastic
strain curves indicates sample Y is similar in response to the sample HPDC. As can be
seen in Table 4-4, there is big difference between average grain size of sample HPDC and
other samples. This suggests that the hardness value of HPDC should be higher than
other locations. It can be seen in Figure 4-33, it does not confirm the effect of grain size
on mechanical properties.

Two reasons for this observation are possible. First, it was

observed that the sample cut from the step-casting contained a higher concentration of
Mg17Al12 precipitates than the HPDC. Second, during microindentation testing, indenter
covers a limited region of the surface of several grains that are not representative average
grain size of found in that sample.
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Figure 4-33: The mean contact pressure with respect to the average indentation
strain for the locations tested with spherical indentation.
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Indentation Stress vs. Strain Curve

Using the constraint factor, Ψ, the mean contact pressure PM can be correlated to the flow
stress obtained from uniaxial tensile testing. Equation (4-6) indicates the direct
dependency of the constraint factor, Ψ, to the plasticity parameter, ɸ. Equation (4-4) was
applied to calculate the plasticity parameter, ɸ, for each cycle and for each location
indented. Figure 4-35 shows the plasticity parameter, ɸ, plotted versus each cycle for
each location examined.
Local indentation stress-strain curves can be plotted using Equation (4-6). Figure 4-36
shows the local indentation stress-strain curves that were derived from PM versus εavg data
from each sample examined. The parameters of flow stress for each sample can be
derived from indentation stress-strain curve. The magnitudes of n and K are obtained
from stress-strain curve to be presented at Table 4-6.
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Figure 4-34: Plasticity parameter, ɸ, with respect to each cycle.
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Table 4-6: The magnitude of parameters of flow stress equation for each sample
examined.
Parameters of

A

E

N

0.2603

0.1803

0.1618

552

340

311

flow stress

I

Y

Z

0.2213

0.1787

0.1848

450

284

HPDC

equation

n
K(MPa)

0.1386

245

246

250
230
210

σavg(Mpa)

190
170
150
130
110
90
70
50
0

0.005
A

0.01
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0.015
N

0.02

0.025

ɛavg
I

0.03
Y

0.035
Z

0.04

0.045

HPDC

Figure 4-35: Indentation Stress with respect to the average indentation strain for the
sample indented.
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Comparison of Results Derived from the Indentation Tests
and Uniaxial Tensile Tests

Figure 4-37 and Figure 4-38 show the stress-strain curve from indentation tests compared
with the stress-strain curve obtained from uniaxial tensile tests on the same sample. In the
case of the step-castings, the indentation stress-strain curve is higher than the tensile
testing curve as shown Figure 4-37. This can be attributed to presence of higher
concentration of Mg17Al12 precipitates at samples which selected from step casting. Table
4-6 exhibits the values of strain-hardening cofficient in the range of 0.2603 to 0.1787 for
the step casting, while the values of this paramater for the tensile testing equals 0.3. The
strength coefficient, K, during indentation testing, was
250
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Figure 4-36: The indentation strain-stress curves of sample I was compared with the
strain-stress curve derived during uniaxial tensile test, for the same sample.
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found to vary from 245 MPa to 552 MPa. This is in good aggrement with the resutls
which obtained from uniaxial tensile testing.
In the case of the high pressure die casting, the tensile testing stress-strain curve is higher
than the indentation curve. The trend of these results shows good agreement as compared
to the results which were observed during indentation testing for AM60 magnesium alloy
die casting as shown in Figure 4-38. When compared with the results of step casting as
shown in Figure 4-37, leading to the most favorable influence of Mg17Al12 precipitates
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Figure 4-37: The indentation stress -strain curves of sample HPDC was compared
with the stress – strain curve derived during uniaxial tensile test, for the similar
sample. It also represents the results which obtained from the indentation testing
and tensile testing for die-cast magnesium alloy AM60.
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to increase local mechanical properties. Because it was determined from image analysis
that the samples of step-casting contained a higher content of Mg17Al12 precipitates than
the sample cut from high pressure die casting.

4.2.3

Microstructural Influence

This section will discuss the effects of grain size and dendrite arm spacing on the yield
stress which was obtained from the indentation and uniaxial tensile testing. The
parameters of the Hall-Petch relationship will be determined for evaluating of the
influence grain size and dendritic arm spacing on mechanical properties.

4.2.3.1

Effect of Grain Size

Figure 4-39 shows a dependence of yield strength on variation of the average grain size
according to Hall-Petch. The yield strength values were determined from the spherical
indentation and uniaxial tensile testing. As mentioned previously, the yield indentation
point was determined by linear extrapolation of the power curve for the σavg vs. εavg to
zero plastic strain. These results were compared with previously published results of ascast magnesium AZ91 alloy. The yield strength depends linearly upon average grain size
as in following equations:

Indentation Testing

(4-12)

(R2=0.83)
Uniaxial Tensile Testing
(R2=0.93)

= 24 +262.14

(4-13)
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Both Hall-Petch parameters were derived from Figure 4-39 and compared to the results
which were observed by Lee [59]. The Hall-Petch slope, k, is 313 MPa-√

and the

intercept stress, σo, is 64 MPa, obtained via indentation testing. These values compare
accurately with results that were obtained from tensile tests. It is suggested that the local
mechanical properties such as the yield stress depends upon average grain size. Both
Hall-Petch parameters calculated from the indentation testing compare quite well with
reported values in the literature. It was reported the value of k, is 318 MPa-√

and the

intercept stress, σo, is 75MPa.
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Figure 4-38: The yield stress, plotted as a function of grain size in comparison with
published results on as-cast magnesium AZ91 alloy [59].
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Figure 4-40 shows the average indentation stress, σavg, plotted as a function of average
grain size for different levels of plastic strain encountered during microindentation
testing. This Figure 4-40 shows a linear relation between average grain size and average
indentation stress which is directly from indentation strain-stress curve. These results
show Hall-Petch relationship was found to apply at different levels of plastic strain.
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Figure 4-39: The average indentation stress, σavg , plotted as a function of average
grain size for different level of plastic strain, encountered during indentation
testing.
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Effect of Dendrite Arm Spacing

Figure 4-41 shows a dependence of yield strength on variation of secondary dendrite arm
spacing (SDAS). Figure 4-41 indicates that the experimental data has a relatively good
match to the regression line as in the following Equations 4-7 and 4-8:

Indentation Testing

(4-14)

(R2=0.97)
Uniaxial Tensile Testing

(4-15)

2

(R =0.94)
These equations show the yield strength has a Hall-Petch relationship with secondary
dendrite arm spacing as well as average grain size. The Hall-Petch slope, k, is 409 MPa√μm and the intercept stress, σo, is 42 MPa (R2=0.98) based on spherical indentation
testing. Both parameters of Hall-Petch values agree with results that were obtained from
tensile tests.

As can be seen in Equation, values of Hall-Petch Parameters show excellent agreement
with results reported by Lee [59]. The Hall-Petch parameters of as-cast magnesium alloy
AZ91 during tensile testing are reported as k = 305.5 MPa-√μm, and σo = 62.6 MPa.

The yield stress was plotted as a function of average grain size and secondary dendrite
arm spacing and then fitted to a linear model. The secondary dendrite arm spacing as
compared to grain size, it is observed that it fits better to a linear model. This can be
attributed to possible inaccuracy of the average grain size values. As described in Chapter
2, the as-cast microstructure of magnesium alloys typically contains primary α-Mg
dendrites which have been formed during solidification. It can be difficult to define
grains that are constrained with the dendrite arms. It is suggested that the secondary
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dendrite arm spacing can be used instead of grain size for finding the effects of
microstructure on properties of step casting magnesium alloy AZ91.
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Figure 4-40: The Hall-Petch relationship between the secondary dendrite arm
spacing and yield determined from indentation test and uniaxial tensile test. This
Figure also shows the results found comparison with published results on
magnesium alloy AZ91 [59].
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Figure 4-41 shows average indentation stress, σavg , plotted as a function secondary
dendrite arms spacing (SDAS(-1/2)) for various levels of plastic strain. This Figure also
represents a linear dependency, similar to the trends seen for average indentation stress,
with respect to average grain size.
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Figure 4-41: The variation of average indentation stress, σavg , as a function of
secondary arm dendrite spacing for different level of plastic strain.
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Step-Cast and High Pressure Die-Cast_ AE44

This section will present and discuss the microstructural observations for step-cast and
high pressure die-cast AZ91 magnesium alloy and the results obtained from spherical
indentation testing and uniaxial tensile testing. Six samples were selected from the
different regions of step-cast and one sample from the high pressure die-cast.

4.3.1

Microstructural Analysis

The base microstructure of as-casting magnesium alloy AE44 is characterized by eutectic
α-Mg grain and primary α-Mg grains or dendrites surrounded by intermetallic phase like
Al11La3 and Al11Ce3 [60]. Figure 4-43 shows the typical microstructure of gravity stepcast magnesium alloy AE44 observed in this study.
Figure 4-44 shows typical microstructure of high pressure die casting magnesium alloy
AE44. As can be seen Figure 4-44, significant large grains are surrounded by numerous
small grains and grain boundary. The optical micrographs were analyzed for the grain
size distribution over the sample. It was observed the size of large grains has very
significant variation over the sample and on the other hand, the variation of the size of
small grains is very little from location to location. It can be difficult to measure average
grain size. However, the sample examined has an average grain size of approximately
13.7μm.
Figure 4-45 shows typical microstructure of gravity step-cast observed in several
locations. It was observed that the average grain size and secondary dendrite arm spacing
showed a progressive increase from location A to location Z. Table 4-7 shows average
grain size, secondary dendrite arm spacing (SDAS), and porosity friction for the samples
examined.
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Figure 4-42: The typical microstructure of gravity step-cast magnesium alloy AE44

Figure 4-43: The typical microstructure of high pressure die-cast
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Figure 4-44: Microstructure of the different locations of step-cast magnesium alloy
AE44. From top, Left- to- right, locations, A, E, K, P, Y, Z.
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4-7: Microstructural analysis of the examined samples for die-cast and step-cast
magnesium alloy AE44.

Location

Average area of

Average Grain

Grain (μm)2

Size(μm)

SDAS(μm)

Porosity
Fraction
(%)

A

415.6

23

14

0.7

E

490.6

25

18.5

0.1

K

614.4

28

21

0.1

P

1391.5

41

25

0.9

Y

3316.7

65

35

0.2

Z

3737.3

69

47

1.1

HPCD

136.2

13.1

15

0.8
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4.3.2 Indentation Test Results
This section will present indentation results of gravity step-cast and high pressure die-cast
(HPDC) alloy AE44. The following sub-sections describe indentation load and depth,
contact radius and mean contact pressure, and stress versus strain curve.

Further, the

indentation results will be compared to the uniaxial tensile tests.
Figure 4-46 shows typical residual indentations that are left on the surface of samples cut
from gravity step-cast magnesium alloy AE44. In the case of gravity step casting, with a
spherical indenter of 0.795 mm radius, the indenter samples approximately 10-60 grains
in the indented region, while it samples 10-160 grains for the high pressure die casting.

Figure 4-45: Three indentations are left on the surface of location Y after using
etchant solution.

Structure-Property Relationships of Magnesium Alloys

4.3.2.1

110

Indentation Load and Depth Curve

The NanoTestTM microindentation hardness tester was employed to preform indentation
into surface of material. Figure 4-47 and Figure 4-48 show the resulting load-depth cures
for indentation tests performed on location P and Y respectively. The typical indentation
load with respect to indentation depth for the sample cut from high pressure the diecasting (HPDC) is also presented in Figure 4-49. The maximum indentation depth, plastic
contact depth and residual depth can be derived from indentation load and depth curve for
each cycle. In this study, just the last cycle is considered. Table 4-8 presents the
maximum indentation depth, plastic contact depth and residual depth for each samples
examined at last cycle.

4-8: The maximum indentation depth, plastic contact depth and residual depth for
each sample examined.
Location
Maximum

A

E

K

P

Y

Z

HPDC

20.6

21.5

20.4

19.7

23.2

20.9

22.2

11.5

11.6

12.5

13.2

13.3

14.8

11.7

13.8

14.1

14.5

14.9

15.8

16.4

14.3

Depth(μm)

Residual
Depth(μm)

Plastic
Contact
Depth(μm)
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Figure 4-46: The typical indentation load with respect to indentation depth for the sand_
cast of location P.
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Figure 4-47: The typical indentation load with respect to indentation depth for the sand_
cast of location Y.
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Figure 4-48: The typical indentation load with respect to indentation depth for the sample
cut from high pressure die-casting.

4.3.2.2

Contact Radius

As described in previous sections, to determine the actual contact radius, the workhardening coefficient, n, is needed and was obtained from uniaxial tensile tests. In the
case of the step-cast magnesium alloy AE44, the work-hardening coefficient, n, equals
0.37 and was taken as n=0.25 for the high pressure die-casting. Figure 4-50 shows the
variation of actual contact radius with respect to the each sample examined. Each data
point represents the value of contact radius for three tests which were performed on the
surface of each sample. The error bars in Figure 4-50 represents deviation resulting from
three tests. There is a significant deviation observed for sample A and sample P. This
deviation is probably due to presence of a pore near the indent. As can be seen in Figure
4-51, at location P, one indentation come in direct contact with the pore and the two
indents almost come in contact with the pore. The value of contact radius of the sample
cut from the high pressure die-casting (HPDC) is comparable to location Y. Similar
results have been observed in the case of magnesium alloy AZ91 as shown Figure 4-31.
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Figure 4-49: Actual contact radius at different samples. The error bars represent
deviation resulting from three tests at each location.

Figure 4-50: Indentations were performed near porosity at location P.
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Average Plastic Strain and Mean Contact Pressure

Figure 4-52 presents the variation of actual contact radius with respect to the each sample
examined. The value of plastic strain for each location was considered at the last cycle.
Each data point indicates the value of average plastic strain for three tests which were
performed on the surface of each sample. The error bars in Figure 4-52 represents the
deviation resulting from three tests. It is observed that sample A and sample P have the
wide range error bar and sample HPDC has small range error bar. The observed
deviations are similar to that for contact radius.
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Figure 4-51: This graph plots the average indentation strain of seven locations
tested with spherical indentation. The error bars represent deviation resulting from
three tests at each location.
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Figure 4-52: This graph plots the mean contact pressure or hardness of seven
locations tested with spherical indentation. The error bars represent deviation
resulting from three tests at each sample.
Figure 4-52 shows the value of mean contact pressure for each location, with sample A
being the biggest and sample Z being the lowest mean contact pressure. It is due to fine
grained at location A and coarse grained microstructure at location Z. Figure 4-52
indicates hardness values decrease from the location A to location Z while average plastic
strain increases. This agrees with the theory of decrease in the hardness values with the
increase in average grain size. The error bars in Figure 4-52 represents deviation resulting
from three tests. There is significant a deviation observed for sample A.
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Figure 4-53: The mean contact pressure with respect to the average indentation
strain for the locations tested with spherical indentation.
Figure 4-53 shows the PM plotted as function of ɛavg for the each location examined. The
PM-ɛavg curve for HPDC shows similar response as compared to sample Y. This confirms
the observed results in PM-ɛavg curves for magnesium alloy AZ91.

4.3.2.4

Indentation Stress - Strain Curve

Using the constraint factor, Ψ, mean contact pressure PM can be correlated to the flow
stress obtained from during the uniaxial tensile testing. Figure 4-54 shows the plasticity
parameter, ɸ, plotted versus each cycle for each location examined. As it can be seen in
Figure 4-54 the values of constraint factor in the range of 50 to 209 for step casting
magnesium alloy AZ91, while in the case of high pressure die casting, the value of this
parameter varies from 23 to 76. Figure 4-55 shows local indentation stress-strain curve
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which were derived from PM versus εavg data from each sample examined. The
parameters of flow stress for each sample can be derived from indentation stress-strain
curve.
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Figure 4-54: Plasticity parameter, ɸ, with respect to each cycle.
Table 4-9: The magnitude of parameters of flow stress equation for each sample
examined.
Parameters of

A

E

K

P

Y

Z

HPDC

n

0.2463

0.2771

0.2993

0.3335

0.3376

0.4115

0.3387

K(MPa)

379

408

430

468

450

545

484

flow stress
equation
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Figure 4-55: Indentation Stress with respect to the average indentation strain for the
sample indented.
The magnitudes of n and K are obtained from stress-strain curve to be presented at Table
4-9. The strength coefficient values of step casting magnesium alloy AE44 were found to
vary from 379 to 546 and the strain hardening coefficient in the range 0.2463-0.4115.
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Comparison of Results Derived from the Indentation Tests
and Uniaxial Tensile Tests

Figure 4-56 shows the indentation stress-strain curves of sample A and sample E in
comparison with the results from uniaxial testing performed on the similar location. In
the case of step-casting, the indentation stress-strain curves are higher than the tensile
testing curves. Similar results are observed in Figure 4-14 and Figure 4-36 that present
strain-stress curves that were observed during microindentation and tensile testing for
AM60 and AZ91 respectively. It is due to presence of intermetallic precipitates.

As

mentioned previously, intermetallic phase has the most favorable effect
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Figure 4-56: The indentation stress -strain curves of sample A and sample E in
comparison with the strain-stress curve derived during uniaxial tensile test, for the
same sample.
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on local mechanical properties as compared to overall properties. It was determined that
the samples cut from the step-casting contained a higher content of intermetallic phase
than high pressure die-casting. Figure 4-57 shows the indentation stress vs. strain curve
of the sample cut from high pressure die casting in comparison with the stress-strain
curve obtained from during uniaxial tensile tests on the same sample. In the case of high
pressure die casting, the tensile testing stress-strain curve is comparatively higher than
the indentation curve. These results shows good agreement as compared to the results
which were observed during indentation testing for AE44 magnesium alloy high pressure
die casting as shown in Figure 4-37.
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Figure 4-57: The indentation stress -strain curves of sample HPDC compared with
the strain-strain curve derived during uniaxial tensile test, for the similar sample.
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4.3.3 Microstructural Influence
As described previously, mechanical properties of magnesium alloys are affected by the
microstructure. In this section, the effects of grain size and dendrite arm spacing on yield
stress are examined. The parameters of the Hall-Petch relationship will be determined by
using yield stress which are found from microindentation testing and compared with the
observed results during uniaxial tensile testing.

4.3.3.1

Effect of Grain Size

Figure 4-58 shows the dependence of yield stress on average grain size. The yield
strength value was determined from the spherical indentation and uniaxial tensile testing.
As mentioned previously, the yield indentation point were determined by linear
extrapolation of the power curve for the σavg vs. εavg to zero plastic strain These results
confirm the Hall-Petch relationship. This is described by the empirical following
equations.

Indentation Testing

(4_16)

(R2=0.8914)
Uniaxial Tensile Testing

= 24 + 200

(4_17)

(R2=0.97)

The Hall-Petch slope, k, is 250 MPa-√μm and the intercept stress, σo, is 50MPa
(R2=0.98) during spherical indentation testing. Both Hall-Petch parameters agree well
with results were obtained from tensile tests.
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Figure 4-58: The Hall-Petch relationship between the yield stress and grain size of
AE44 magnesium alloy casting alloy determined via indentation test and uniaxial
tensile test.
Figure 4-59 shows the average indentation stress, with respect to average grain size, for
different level of plastic strain, encountered during microindentation testing. This figure
shows a linear relation between average grain size and average indentation stress which
is directly from indentation strain-stress curve. These results show Hall-Petch
relationship was found, applies at different level of plastic strain.

Structure-Property Relationships of Magnesium Alloys

123

200
190
180

σavg(MPa)

170
160
150
140
130
120
110
100
0.1

0.12

0.14

0.16

0.18

0.2

0.22

D(-1/2)(μm)(-1/2)
2% Strain

3% Strain

4% Strain

6% Strain

Figure 4-59: The average indentation stress, σavg , with respect to average grain size,
D-1/2 for different level of plastic strain.

4.3.3.2

Effect of Dendrite Arm Spacing

Figure 4-60 shows a dependence of yield strength on variation of secondary dendrite arm
spacing (SDAS). This Figure represents the yield strength depends linearly upon
secondary dendrite arm spacing. It is described by the following equations.

Indentation Testing
(R2=0.98)

(4-18)
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(4-19)

2

(R =0.96)

The Hall-Petch slope, k, is 230 MPa-√μm and the intercept stress, σo, is 44.3 MPa
(R2=0.96) during spherical indentation testing. Both Hall-Petch parameters compare
accurately with results obtained from tensile tests. In the case of secondary dendrite arm
spacing, it is observed to give a better fit to the linear model as compared to the average
grain size.

However, there is a considerable deviation observed from the linear equation in the case
of the relationship between average grain size and yield stress. It is due to average grain
size that cannot be accurately determined on the as-cast microstructure magnesium
alloys. Similar results are observed in Figure 4-40, that represents the Hall-Petch equation
for step cast magnesium alloy AZ91. This suggests that the secondary dendrite arm
spacing is more significant instead of average grain size, for finding the effects of
microstructure on properties of as-cast magnesium alloys.
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Figure 4-60: The Hall-Petch relationship between the secondary dendrite arm
spacing and yield stress determined from indentation test and uniaxial tensile test.
Figure4-61 shows average indentation stress, σavg , plotted as a function of secondary arm
dendrite spacing, [SDAS](-1/2) for various level of plastic strain. This figure also suggests
a linear dependency, similar to the trends seen for average indentation stress, with respect
to average grain size. This agrees with the theory of Hall-Petch that shows the linear
relationship between secondary arm dendrite spacing and average stress values that were
obtained from indentation testing.
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Figure 4-61: The variation of average indentation stress, σavg, as a function of
secondary arm dendrite spacing for different level of plastic strain.

4.4

Comparison of the Results for all Alloys Examined

Previous sections presented the experimentally obtained results and correlation of those
results with established relationships between microstructure and mechanical properties
for each alloy examined. This section serves the purpose of comparing the observed
results of three different as-cast magnesium alloys (AM60, AZ91 and AE44).

Structure-Property Relationships of Magnesium Alloys

127

This section presents the difference of indentation strain-stress curve and also the
variation of flow stress parameters and Hall-Petch parameters during microindentation
testing and uniaxial tensile testing.
0.45
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0
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AE44

Figure 4-62: The variation of strain hardening coefficient, n, with respect to three
different step-cast magnesium alloys. The error bars represent deviation resulting
from three tests at each location.

4.4.1

Flow Stress Parameters

Figure 4-62 shows the variation of strain hardening coefficient, n, with respect to three
different step-cast magnesium alloys. These results were obtained from microindentation
testing. Each data point represents the value of strain hardening coefficient for six
samples cut from the step-casting magnesium alloy. The error bars in Figure 4-62
represents deviation resulting from six samples.
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The strain hardening coefficient of the three alloys determined from indentation testing
showed lower values as compared to the observed results during uniaxial testing (as
shown in Table 3-5, Table 3-6 and Table 3-7). On the other hand, the strain hardening
coefficient, determined from microindentation testing agrees with the findings of Weiler
who reported the strain-hardening cofficients in the rang of 0.150_0.225 for the die-cast
magnesium alloy AM60 based on microindentation testing [5].
Similarly Figure 4-63 shows the variation of the strength coefficient, K, with respect to
three different step-cast magnesium alloys. Each data point represents the value of
strength coefficient for six samples cut from the step-casting magnesium alloy. The
strength coefficient value of three alloys which obtained from indentation testing shows
good agreement with the results of tensile testing.
AE44 has the highest average strain hardening coefficient and AM60 has the lowest.
Figure 4-63 illustrates a trend for average strength coefficient similar to strain hardening
coefficient. AE44 shows highest value of the average strength coefficient and AM60
shows lowest.

Structure-Property Relationships of Magnesium Alloys

129

600

500

k (MPa)

400

300

200

100

0
AM60

AZ91

AE44

Figure 4-63: The variation of the strength coefficient, k, with respect to three
different step-cast magnesium alloys. The error bars represent deviation resulting
from three tests at each location.

4.4.2

Stress-Strain Curve

Figure 4-64 shows the indentation stress-strain curve of location E selected from three
different step-cast magnsium alloys, in comparison with the strain_stress curve as
determined by tensile testing for similar location. As it can be seen in Figure 4-64 , the
indentation stress-strain curve of AM60 is higher than other alloys. The tensile strainstress curve of three different alloys shows similar trend as observed for indentation
stress-strain curve. This finding indicates the indentation stress-strain results of
magnesium alloys compare confirm with the results of uniaxial tensile testing.
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Figure 4-64: Comparison of results derived from indentation tests and uniaxial
tensile tests for three different step-cast alloys.
Figure 4-65 represents indentation stress-strain curves of samples cut from two different
high pressure die-cast magnesium alloys compared with the strain - stress curve, derived
from uniaxial tensile test, for the same sample.
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Figure 4-65: Comparison of results derived from indentation tests and uniaxial
tensile tests for two different high pressure die-cast alloys.

In the case of the high pressure die-castings, the tensile strain-stress curve is
comparatively higher than indentation strain-stress curve while indentation strain-stress
curve is higher than tensile strain-stress curve in the case of step-cast magnesium alloy.
This variation can be attributed to the difference in microstructure between high pressure
die-cast and step-cast magnesium alloys. As mentioned previously, there is typically a
higher intermetallic β-phase content in the step-castings. There is a strong contribution of
intermetallic β-phase to increase hardness and strength of material.

The difference

between the indentation results of step-cast and high pressure die-cast regarding the effect
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of β-phase suggests the most favorable influence of intermetallic phase on local
mechanical properties as compared to overall mechanical properties.

4.4.3

Hall-Petch Relationship

Figure 4-66 shows the indentation yield stress plotted as a function of grain size for three
different step-cast magnesium alloys. The experimental trend was fitted to obtain a linear
dependency. There is a significant deviation from linear model observed for AZ91 and
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Figure 4-66: The indentation yield stress plotted as a function of grain size for three
different step cast magnesium alloys.
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Figure 4-67: The tensile yield stress plotted as a function of grain size for three
different step-cast magnesium alloys.
AE44. This can be attributed to possible inaccuracy of the average grain size values.
However, this Figure represents indentation yield strength shows a direct dependency on
the grain size for three different magnesium alloys. The AZ91alloy has the highest value
of Hall-Petch slope, k, and AM60 has the least.
Figure 4-67 shows the tensile yield stress plotted as a function of grain size for three
different step-cast magnesium alloys. The experimental data was fit to obtain a linear
dependency for each alloy examined. The observed trends for each alloy examined, are
similar to results which were found from indentation testing. The AZ91 alloy has the
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highest value of Hall-Petch slope, k, and AM60 has the lowest. The same variation is
observed in results of indentation testing.

Figure 4-67 shows a dependence of indentation yield strength on variation of secondary
dendrite arm spacing for three different step-cast magnesium alloys. The experimental
data was fit to a linear model. These experimental results follow the Hall-Petch
relationship. Figure 4-68 represents indentation yield strength shows a direct dependency
on the secondary dendrite arm spacing for three different magnesium alloys.

90
80
70

σy(MPa)

60
50
40
30
20
10
0
0.08

0.13

0.18

0.23

SDAS(-1/2)(μm)(-1/2)
AM60

AZ91

AE44

Figure 4-68: The Hall-Petch relationship between the secondary dendrite arm
spacing and yield stress, encountered during indentation testing.
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Figure 4-69: The Hall-Petch relationship between the secondary dendrite arm
spacing and yield stress was found via uniaxial tensile testing.

Figure 4-69 shows the tensile yield stress plotted as a function of the secondary dendrite
arm spacing for three different step-cast magnesium alloys. The experimental data was
fit to a linear model. These experimental results show good agreement with the HallPetch relationship. The observed trends for each alloy examined compare quite well with
the results of indentation testing.

Structure-Property Relationships of Magnesium Alloys

136

Chapter 5

Conclusions and Future Work
The goal of this research was to understand the relationship between microstructural
features and the local mechanical properties. In this study, microindentation tests were
performed on several samples cut from as-cast magnesium alloys to determine the effects
of microstructural features on the local mechanical properties. The alloys examined for
this work are AM60, AZ91 and AE44 which were solidified by gravity step casting and
high pressure die casting. The last section discussed microstructural feature, indentation
testing and relationship microstructure and mechanical properties. This chapter presents
conclusions of the research results and recommendations to further understanding the
relationship between microstructural features and local mechanical properties.

a) Microstructural Analysis: It was observed that the microstructure of gravity step-cast
magnesium alloys contain primary α-Mg grains or dendrites surrounded by intermetallic
phase. The grain size values showed an increase with the increase in distance from the
cooling end, for three different step-cast magnesium alloys. The average measured grain
size of AM60 varied from 18 to 97 μm and from 22 to 108μm in the case of
AZ91magnsium alloy. The average grain size of AE44 was also found from 23 to 69.

In the case high pressure die-casting, it was observed that significant large grains are
surrounded by numerous small grains and grain boundary. The size of large grains has
very significant variation over the sample and on the other hand, the variation of the size
of small grains is very little from location to location. This variation in grain size was
observed in both AZ91 and AE44 magnesium alloys high pressure die casting.
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contact

radius

and

means contact pressure are produced for 20 samples cut from as -cast magnesium alloys.
It was found that the variation in indentation results of different samples. The variation in
the results of indentation testing can be attributed to the presence of β-phase, average
grain size and porosity. The presence of a pore near indenter results in less material
available to support the indentation load. This leads to increase contact radius and
indentation strain and consequently decrease hardness and indentation stress.

In the case of AE44 magnesium alloy step casting, it was found that the variation of
hardness was a function of the distance from the cooling end. Except for location I,
hardness values, for AZ91, showed a decrease with increasing distance. This is in
agreement with the theory of decrease in the hardness values with the increase in average
grain size. On the other hand, the hardness value doesn’t show any direct dependency
with the distance of location from the cooling end for AM60. This result can be explained
the presence of higher concentration of β-Mg17Al12 phases which exists at location I and
the presence of porosity near indenter at location A.

The Meserovic-Fleck approach was used to determine strain-stress curve from
indentation response. The indentation strain-stress curve of three different alloys shows a
similar trend as observed for tensile testing strain-stress curve. This finding indicates the
indentation stress-strain results of magnesium alloys confirm with the results of uniaxial
tensile testing.

In the case of step-cast magnesium alloys, the indentation strain-stress curve is
comparatively higher than tensile strain-stress curve while indentation strain-stress curve
is higher than tensile strain-stress curve in the case of the high pressure die-casting. This
variation can be explained by the difference in microstructure between high pressure diecast and step-cast magnesium alloys. It was determined that the samples of the stepcasting contained a higher content of intermetallic phase than the samples cut from high
pressure die casting. This finding shows a strong contribution of intermetallic phase to
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increase local hardness and strength of material. This effect of intermetallic phase is
never observed in results which were obtained from uniaxial tensile testing.

c) Microstructural Influence: The indentation yield strength showed a direct
dependency on the grain size for three different magnesium alloys. This confirms HallPetch relationship. It was found both Hall-Petch parameters agreed well with results were
obtained from tensile tests.

However, there is a considerable deviation observed from the linear model in the case of
the relationship average betweem grain size and yield stress for AZ91 and AE44. This
can be attributed to possible inaccuracy of the average grain size values.

It was determined that the dendrite arm spacing influences the yield stress obtained via
indentation strain-stress curve. The indentation yield strength has a relationship HallPetch with secondary dendrite arm spacing similar to that obtained for average grain size.
Both Hall-Petch parameters compare accurately with results were obtained from tensile
tests. It confirms the indentation yield stress depends upon dendrite arm spacing.

d) Future work: The following is recommended to develop the relationships between
local mechanical properties and microstructural features.

1) It is necessary to use

electron back-scattered diffraction (EBSD) for determination of average grain size. 2)
the comparison of results derived from the indentation tests and tensile tests is suggested
to develop correlations between β-phase content and local mechanical properties. 3) It is
suggested to simulate Hall-Petch equation for dendrite arm spacing and compare them
with experimental results.
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