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Abstract

Microstructure and Creep Behavior of Mg-Al Alloys
Containing Alkaline and Rare Earth Additions

By

Nicholas David Saddock

Co-Chairs: J. Wayne Jones and Tresa M. Pollock

In the past few decades governmental regulation and consumer demands have
lead the automotive companies towards vehicle lightweighting. Powertrain components
offer significant potential for vehicle weight reductions. Recently, magnesium alloys
have shown promise for use in powertrain applications where creep has been a limiting
factor. These systems are Mg-Al based, with alkaline earth or rare earth additions. The
solidification, microstructure, and creep behavior of a series of Mg- 4 Al- 4 X:(Ca, Ce,
La, and Sr) alloys and a commercially developed AXJ530 (Mg — 5 Al —3 Ca — 0.15 Sr)
alloy (by wt%) have been investigated.

The order of decreasing freezing range of the five alloys was: AX44, AXJ530,
AJ44, ALa44 and ACe44. All alloys exhibited a solid solution primary a-Mg phase
surrounded by an interdendritic region of Mg and intermetallic(s). The primary phase

was composed of grains approximately an order of magnitude larger than the cellular
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structure. All alloys were permanent mold cast directly to creep specimens and AXJ530
specimens were provided in die-cast form. The tensile creep behavior was investigated at
175 °C for stresses ranging from 40 to 100 MPa. The order of decreasing creep
resistance was: die-cast AXJ530 and permanent mold cast AXJ530, AX44, AJ44, ALa44
and ACe44.

Grain size, solute concentration, and matrix precipitates were the most significant
microstructural features that influenced the creep resistance. Decreases in grain size or
increases in solute concentration, both Al and the ternary addition, lowered the minimum
creep rate. In the Mg-Al-Ca alloys, finely distributed Al,Ca precipitates in the matrix
also improved the creep resistance by a factor of ten over the same alloy with coarse
precipitates. The morphology of the eutectic region was distinct between alloys but did
not contribute to difference in creep behavior.

Creep strain distribution for the Mg-Al-Ca alloys developed heterogeneously on
the scale of the a-Mg grains. As additional bulk strain accumulated, strain localized
along grain boundaries between grains with significantly different Schmid factors. At
these locations cavities and cracks formed that led to the eventual creep failure. Grain

size influenced the plastic strain distribution during creep.
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Chapter 1

Introduction

1.1 Background and Objectives

The continued push for transportation system lightweighting has been a governing
force in materials design and applications. Rising energy costs, stringent emission
requirements, and increased customer demand have been major factors in the
implementation of lighter material systems. Within the automotive industry, the largest
impact of vehicle lightweighting will be realized in structural and powertrain
components, each having unique design criteria. This investigation is focused on
magnesium alloys that are promising for automotive powertrain applications.

Within the last decade, one approach to decreasing powertrain mass has focused
on the substitution of low cost, creep resistant magnesium alloys for steel and aluminum
components [1, 2]. This has stimulated the development of several candidate magnesium
alloys that contain aluminum, alkaline earth and/or rare earth additions. Though many
investigations have examined the microstructure and creep behavior, there remains a
limited understanding of the influence of these additions on the solidification behavior,
castability, microstructure, and creep deformation mechanisms.

Some of the magnesium alloys developed were based on the binary magnesium-
aluminum system, with Al additions between 5 and 9 wt%. Aluminum additions improve
the strength, corrosion behavior, creep resistance, and castability of magnesium at a
reasonably low and stable price, compared to other alloying alternatives. Magnesium-
aluminum alloys have been increasingly used in automotive applications for steering
wheels, seat brackets, and instrument panels. Unfortunately, the creep behavior of these
alloys is marginal at temperatures beyond 150 °C and 50 MPa [3], whereas powertrain
components typically operate between 150-200 °C and at stresses up to 100 MPa. The
poor creep resistance has been attributed to the formation of the thermally unstable -

Mg7Al;; phase [2, 4-8] and the development of more creep resistant magnesium alloys



has focused on the identification of alloying elements that hinder the formation of this
phase.

Some of the earliest creep resistant magnesium alloys contained rare earth (RE)
additions [9], which are typically added in the form of a naturally occurring ore termed
mischmetal. Mischmetal is comprised of lanthanum, cerium, praseodymium and
neodymium which account for approximately 50%, 25%, 15% and 10% weight percent
of the ore, respectively. Rare earth additions of a few weight percent (2-5 wt%) provide a
dramatic increase in the creep behavior compared to the binary Mg-Al alloys, although
recent data has suggested that microstructural instabilities limit use at temperatures above
150 °C [10, 11]. An understanding of the different mischmetal constituents and their
effect on microstructure and creep has yet to be developed. Rare-earth containing
magnesium alloys are of interest to the automotive industry [12-14], but due to their
relatively-high costs, many alloy investigations have shifted to less expensive alloying
additions of Ca and Sr.

Within the last decade a group of creep resistant magnesium alloys with
aluminum additions between 4 and 8 wt%, and ternary additions of either calcium and/or
strontium, between 1 and 3 wt%, have been developed for powertrain applications.
These alloys have excellent creep resistance in the die-cast state, in some cases up to 175
°C with stresses of 100 MPa. BMW AG has begun commercial use of a composite
aluminum-magnesium engine block using the magnesium alloy AJ62 (Mg-6 Al-2 Sr
wt%) [15]. The USCAR MPCC project has selected several components (oil pans, valve
covers, timing chain covers and engine blocks) for feasibility studies of the recently
developed creep resistant alloys (primarily containing Al, Ca, and Sr additions) in the
development of a magnesium intensive powertrain [16, 17].

Despite the favorable properties of these recently developed creep resistant alloys,
little is known about the influence of alloy composition on solidification, microstructure
development, and creep deformation mechanisms. The objective of this research is to
investigate the role of composition on solidification behavior, permanent mold
castability, microstructural development and mechanisms of creep in a series of ternary
magnesium alloys. The nominal alloy compositions selected for this research are the four

ternary systems of Mg — 4 Al — 4 X:(Ca, Ce, La, Sr) and the commercial AXJ530 alloy.



The specific objectives of this research are:
1) To investigate the influence of the ternary additions of Ca, Ce, La and Sr on the
freezing range of the alloys.
2) To develop a permanent mold casting technique and to characterize as-cast

microstructure as a function of composition.

3) To investigate the tensile creep behavior at 175 °C for stresses between 40 and
100 MPa.
4) To develop an understanding of the influence of microstructure on the creep

behavior of these alloys.
5) To study the creep strain distribution on the length scale of the microstructure and

identify approaches for improvement of the creep resistance of this class of alloys.

1.2 Approach

Master alloy ingots were procured from the Norsk Hydro Company with
compositions of Mg — 4 Al — 4 X:(Ca, Ce, La, Sr). The AXJ530 alloy was provided by
the General Motors Company.

The solidification behavior of each alloy was examined by inductively melting
~100 g samples of each alloy and recording the solidification cooling curve, with a
calibrated, special limits of error type K thermocouple to determine liquidus and the
temperature at which solidification terminated.

A permanent mold casting cell was constructed in Ann Arbor, MI at the Ford
Motor Company ELM casting facility. The master alloy ingots were permanent mold
cast for microstructural characterization and creep studies. Tensile creep testing of these
alloys was completed across the stress range of 40 to 100 MPa at 175 °C.

Microstructural investigations of the as-permanent-mold-cast samples were
completed using optical and scanning electron microscopy. The primary alpha grain
interiors were examined for precipitates using a Phillips CM12 TEM. Investigations of
the grain structure for each alloy were completed using a Phillips XL30 FEG equipped
with an electron back-scatter detector used for OIM analysis. Solidification induced
segregation was measured by wavelength dispersion analysis (WDS) using an EPMA and

the data was analyzed using a standard technique [18-20]. Estimates of the strengthening



effects of solutes were calculated from an equation for solid solution strengthening in
Mg-Al binary solutions [21].

The creep strain distribution at the length scale of the grain structure was
quantified using a digital image correlation-based strain mapping technique [22, 23].
Creep tests were periodically interrupted and the strain distribution, on the length scale of
the microstructure, was measured via analysis of surface marker displacements. The
distribution of creep strain and the onset of creep damage was observed and its relation to
creep strain accumulation and creep life was examined.

This dissertation contains seven chapters. A brief background, objective and
approach of the research are provided in Chapter 1. A review of the literature relevant to
the creep behavior, microstructure, processing and deformation for magnesium alloys is
covered in Chapter 2. Experimental procedures and analysis techniques used throughout
the study are presented in Chapter 3. Chapter 4 describes the results and their
significance from the solidification analyses, permanent mold casting, and
characterization of microstructure. In Chapter 5 the tensile creep behavior and the
influence of microstructure on creep behavior are presented. Chapter 6 presents the
results of the strain distribution and damage accumulation studies for the permanent-
mold-cast alloys. Chapter 7 summarizes major conclusions and their significance and

provides recommendations for future studies.



Chapter 2

Background and Literature Review

This chapter surveys the literature most pertinent to the objectives of this thesis.
The background and review is divided into three main sections. Section 1 provides a
brief overview of the uses of magnesium and its alloys, an introduction to elemental
magnesium, some physical metallurgy, a short explanation on magnesium naming
conventions, and a discussion of casting processing routes (i.e. sand-cast, permanent-
mold-cast (gravity-cast). Section 2 reviews the composition, microstructure and creep of
magnesium and its alloys with three subsections that focus on: commonly used
magnesium alloys, die-cast creep resistant alloys and heat-treatable creep resistant alloys.
Section 3 concludes with a summary of the literature and key observations pertaining to

the objectives of this research.

2.1 Magnesium and its Alloys

2.1.1  Applications

Currently magnesium is gaining use in numerous applications from electronic (i.e.
cell phones, electronic cases), consumer goods (i.e. hand held appliances and tools),
automotive (i.e. powertrain, body panels), and aerospace (i.e. helicopter transmission
casings). This chapter discusses the composition, microstructure, and creep of a few
common alloys, including die-casting alloys, and heat treatable alloys.

The components that are currently being investigated for use in magnesium
powertrains fall into two categories: (a) operating up to 150 °C and (b) above 150 °C.
The first set of these powertrain components are subjected to a less severe environment,
typically having no contact with engine coolant and maximum operating temperatures no
greater than 150 °C [3]. They consist of the intake manifold, transfer case, automatic

transmission housings, and various accessory mounts and brackets (i.e. air conditioner,



power steering pump, emissions air pump). Currently available creep resistant
magnesium alloys meet or exceed the design requirements of many of these components
(e.g. the transfer case) and have been in service for some time. The second set of
components consists of the cylinder block, cylinder heads, oil pan, and engine front
cover. These components are subjected to the harshest environment of the powertrain
components, experiencing stresses and temperatures from the combustion chamber,
corrosion issues from the coolants, contact with circulating oil, and the need for a
multitude of gaskets and fasteners. They typically operate in the temperature range of
175-200 °C at stresses between 50-100 MPa [3]. The highest commercial payoff for

creep resistant magnesium alloys is at these higher temperatures and stresses.
2.1.2  Elemental Magnesium and its Physical Metallurgy

Magnesium was first isolated by British chemist Sir Humphrey Davy in 1808
using wet magnesium sulphate in a voltaic electrolytic cell with a mercury cathode [3].
Pure magnesium exhibits a high reactivity with oxygen and water, in part, due to the two
valence electrons and electrode potential of -2.375 (potential Volts) [24]. Magnesium, if
left unprotected, develops a hydroxide film [4], which in contrast to aluminum, is not
protective against further oxidation. This reactivity varies with alloying additions, can be
controlled with careful engineering design (coatings, fixtures, and fastening), and is not a
key consideration in this investigation. The reactivity of magnesium limited its early uses
mainly to powder and ribbon applications for pyrotechnical purposes. It was not until
World War I and II and the advent of the aviation and missile industries, that the use of
magnesium and its alloys began to grow.

Magnesium crystallizes to a hexagonal close packed structure, Figure 2.1, with
lattice parameters of a = 0.3209 nm and ¢ = 0.5211 nm (c/a = 1.624, compared to that of
an ideal HCP structure 1.633) [3]. Five other metallic elements exhibit an HCP structure
at room temperature (zinc, titanium (below 882 °C), zirconium (below 863 °C),
beryllium, and cadmium), with respective c/a ratios of 1.856, 1.588, 1.590, 1.586, 1.886
[25]. The a and c lattice parameters expand with increased temperature, and in the case
of magnesium the change in lattice spacing from room temperature to 597 °C for the a

and c lattice parameter is reported to be 0.00573 nm and 0.00962 nm, respectively and c/a



(at 597 °C) = 1.62458 [3]. Alloying additions of aluminum decrease the a and c lattice
parameters, while increasing the c/a ratio, Figure 2.2. This is the expected trend since the
reported atomic bond length of aluminum (= 286 pm) is less than that of magnesium (=
320 pm) [26]. Lattice parameters of several other binary magnesium alloys have been
reported. Two values for the binary magnesium-calcium system are reported. For a Mg-
Ca alloy measured at the solubility limit (Mg- 0.73 at% Ca) the lattice parameters
increased from ‘pure’ magnesium to a = 0.32125 nm and ¢ = 0.52656 nm (c/a = 1.6391)
[27]. A binary Mg-0.61 at% Ca alloy quenched below the eutectic was also reported to
have lattice parameters of a = 0.32098 nm and ¢ = 0.52113 nm (c/a = 1.62356) [28]. This
follows the expected trend with calcium (= 394 pm) having a larger atomic bond length
than magnesium (= 320 pm) [26]. Magnesium lattice parameters with binary additions of
strontium, cerium and lanthanum (all of which have interest in automotive creep resistant
magnesium alloys) have not been reported [29-31]. This is due to the extremely low (<
0.5 wt%) solubility of these additions in the magnesium matrix. Lattice parameters with
binary additions of these elements would be expected to increase, due to the increase in

atomic bond length for these elements, Table 2.1.

Table 2.1 Atomic bond length (in pm) of alloying elements in creep resistant magnesium
[26]

Mg Al Ca Sr Ce La
320 286 394 430 365 374




Figure 2.1 Unit cell of hexagonal close packed (HCP) crystal structure. Model is drawn
to the dimensions for magnesium (atomic radius = 0.160 nm, a = 0.32092 nm, and ¢ =

0.52105 nm).

Lattice Parameter

Figure 2.2 (a) Change in a and c lattice parameter for alpha magnesium with increasing
composition of aluminum and (b) Change in c/a ratio with increasing composition of

¢ (nm)

Lattice Parameter with Increasing Al content

0.521 J'

L

u o 42 Hum A
i o 42 Ray
- 50 Bus
0.520 4 .
IB%'! = 57 Von
< B8 Har
0.519 4 Bon B4 Luo 4
Fay
L
0518 - a8 4
j B
0517 A5 U
agel
0.516 4
0515 | . 1 | . | . |
0321 4
-
Q ‘ L
0.320 | ,.@'g .
>
“a,
&
0.319 4 =
o
i
0.318 4 ad 4
A Q
0.317 T T T T T T T T
0 1 2 3 4 5 & 7 8 9
Al (Wt%)

aluminum [32].

c/a ratio

cf/a ratio with Al compaosition

1.627 T T T T T T T
Py
o]
1.626 A B
My B oA
A
A 6]
1625 o 4
/\it’. ray
A o 42 Hum J
.. o 42 Ray
. " & 50Bus
1.624 -
R = 57 \Von
59 Har |
7 84 Luo
1.623 T T T T T T T
0 1 2 3 4 5 6 7 9 10
Al wit%



2.1.3  Slip Systems in Magnesium

Numerous studies have focused on identification of the active slip systems in
magnesium alloys [33-49]. The observed slip systems in magnesium are basal {0001}
[36, 38-45], prismatic {1010}[33-38], first order pyramidal {1011} [41], and second
order pyramidal {1122} [46-49]. A summary of slip planes and directions with cited
investigations is reported in Table 2.2. While active slip systems in magnesium and its
alloys are still under investigation it is generally agreed that basal slip is favored, with
activation of other slip systems depending on stress level, temperature, and alloy
composition.

A study that investigated the room temperature critical resolved shear stress in
pure magnesium (approximately 99.99 wt%) determined 7. to be approximately 0.45
MPa (+/- 0.0074 MPa) for basal slip and 0.50 MPa for slip on the first order pyramidal
plane [41]. This indicates that slip would first occur on the basal plane but be closely
followed by slip on the first order pyramidal plane.



Table 2.2 Crystallographic Slip Planes, Slip Directions and References for Magnesium
and solid solution alloys.

Crystallographic Normal to Slip Slip Slip

Plane Plane Plane  Direction ererence
Basal
i
- :
I I {0001} <1120>  [36, 38-45]
- A A
)
{1010} <1120> [33-38]
Pyramidal 1
{1011} <1120> [41]
Pyramidal IT
{1122} <1123> [46-49]
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2.14 Overview of Cast Microstructures

A schematic illustration of the major characteristics of cast magnesium alloy
microstructures is shown in Figure 2.3. The a-Mg grain size varies with cooling rate
during casting, where coarser grains are associated with slower cooling rates. Within the
grains there is dendritic structure, porosity and eutectic phases. The influence of cooling
rate on cell size, grain size, and eutectic structure are discussed in more detail in the
following sections. The influence of composition on grain size and eutectic morphology

is also presented and the influence of processing on porosity formation is addressed.

Microstructure Schematic

Sand Cast Permanent Mold Cast
-w .'

S .
‘ "

e P L.‘, o, -,. -.‘-
Primary a-Mg cell a-Mg grain Porosity Porosity
Eutectic Structure
Morphological Differences Refinement Differences

o 0,
150 Increase Cooling Rate s

Figure 2.3 Schematic representation of magnesium alloy microstructure and influence of
cooling rate, composition, and processing. Note that adjacent cells of the same
orientation (indicated by color) are defined as a grain.
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Cooling rate during solidification influences the microstructure of cast Mg alloys.
Sand casting has a slower cooling rate (~ 1 °C/s) than permanent mold casting (~10 °C/s)
or die-casting (~100 °C/s) resulting in a modest increase in the average cell size of the a-
Mg and a large increase in grain size. Sand cast and permanent mold cast microstructures
have grain sizes on the order of hundreds of micrometers (100-300 pm), while die-cast
microstructure have grain sizes on the order of tens of micrometers (10-20 um). Later it
will be shown that die cast microstructures have clusters of cellular alpha magnesium that
form larger individual grains (30-60 pum). The cooling rate also has a pronounced
influence on the scale of the eutectic phases. In the case of Mg-Al-Ca system, alloys that
were solidified at 1 °C/s to 100°C/s exhibited the same intermetallic phase with the C36
crystal structure [50, 51], along with a markedly refined morphology. Compositional
changes have little effect on the cellular morphology.

Sand cast microstructures have very low levels of porosity and with proper design
of chills, vents, and risers it can essentially be eliminated. Porosity in permanent mold
cast alloys is primarily shrinkage porosity and in this study it has been measured at <<1%
volume fraction in the gage region. Die cast alloys have significant entrapped gas and
shrinkage porosity (5-10% volume fraction) [52]. Entrapped gas limits the ability to

heat-treat the alloys because of blister formation at the solution temperatures.
2.1.5 Magnesium Alloy Designation

The naming convention of magnesium alloys is based on an alpha-numeric
designation system, Table 2.3. For example the Mg alloy AZ91 has a nominal
composition of Mg — 9 Al — 1 Zn (by wt%). A brief description is provided here and a
detailed explanation of this standardized system can be reviewed elsewhere [53]. Table
2.4 contains two commercial alloys that are discussed in this study but do not use the

standard naming convention.
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Table 2.3 Alloy designation alphabetical symbols and corresponding elemental
addition(s).
Designation A E H J K M Q S T W X Z

Element Al Rare Earths Th Sr Zr Mn Ag Si Sm Y Ca Zn

Table 2.4 Dead Sea Magnesium creep resistant alloys and compositions (wt%).
Alloy Mg Al Ca Mn Sr Zn Sn
MRI230D Bal 6.45 225 0.27 025 <001 0.84
MRI153M Bal 7.95 098 0.20 0.27 <0.01 <0.01

2.1.6  Processing Routes

Magnesium alloys may be cast or wrought. For this thesis only cast processing
will be considered. The casting techniques that are currently in use, in order of their
respective cooling rates from slowest to fastest include: sand casting (~1 °C/s), squeeze
casting (~10 °C/s), permanent mold casting (~10 °C/s), thixocasting (~50 °C/s), and high
pressure die-casting (~100 °C/s) [54, 55]. Powertrain components are primarily
fabricated via sand-casting and die-casting. The greatest differences in manufacturing
between sand casting and die-casting is the associated costs and cast component
complexities. Prominent metallurgical differences between sand-casting and die-casting
are grain size, segregation, porosity, and intermetallic formation.

Sand casting, although more expensive in terms of large batch (millions of
castings) manufacturing costs compared to die-casting, has the advantage of being able to
produce more geometrically complex components. Die-casting is constrained by tooling
limits (two die halves that must mate and a limited number of accessory die-slides)
whereas sand castings can be produced with more complicated inserts and cavities
through use of complicated core structures.

Sand-casting allow a quiescent fill and slower solidification rate, while die-
castings fill turbulently with a more rapid solidification rate. Die-casting, due to the
inherently turbulent mold filling, provides little time for the gas occupying the mold prior
to metal injecting to escape during each shot. Inevitably a significant fraction (5-10%

volume fraction) becomes entrapped and remains in the component after solidification.
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Heat-treating a die-cast component causes blisters (surface ruptures) where entrapped gas
expands and damages the component [56]. Thus, one advantage of sand-casting over die-
casting is the ability to heat-treat the sand cast components. Through heat treatment,
precipitates are formed in the a-Mg grains. These precipitates, in combination with other
strengthening mechanisms, provide a creep resistant microstructure. Many of the creep
resistant alloys used in aerospace applications are sand cast and then heat treated to
develop optimal creep strengths. Die-casting has not been favored for these components
since they have only been required in limited volume.

Recently, Suzuki et al. [57], have successfully developed lower temperature short-
time aging treatments (200 °C, 1 h) for the automotive die-cast alloy, AXJ530. These
heat-treatments provide some additional creep resistance through precipitation. The
studies were completed on die-cast tensile specimens and volume fraction porosity was
not reported. Final die-cast powertrain components have large (> 5% volume fraction)
amounts of porosity. These findings provide a foundation for experimentation with
different processing methods (e.g. vacuum die-casting to further reduce porosity [56])
and low temperature short time aging studies on die-cast components.

Varying microstructural refinement between sand casting and die-casting leads to
differences in the mechanical behavior. A refined cell size and much finer grain size of
the primary alpha magnesium is present for die-casting, due to high cooling rates.
Refinement of the intermetallic phases within the eutectic region has also been observed.
This decrease in grain size, following the Hall-Petch relationship [58, 59] Equation 2.1,
would be expected to increase the yield strength of the material. Depending on the
operative creep mechanism, a decrease in grain size would also be expected to decrease
the creep resistance of an alloy. This is discussed further in the following section on

creep mechanisms, section 2.1.7

1
o, =0, +kd? Equation 2.1
Understanding the interrelationship between processing routes, chemistry,
microstructure, and mechanical behavior is important for optimizing properties of
magnesium alloys. This investigation will utilize permanent mold cast samples to study

the influence of composition on microstructure and creep behavior. Permanent mold
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casting was selected for its attractive costs, intermediate cooling rate and availability

when compared to sand-casting and die-casting.
2.1.7  Creep mechanisms

The phenomenon of creep in metallic systems has been extensively studied over
the years and detailed descriptions of the fundamental phenomena are reviewed
elsewhere [60-66]. In general, creep strain is accumulated through either dislocation
motion (i.e. glide, glide-climb) or diffusional flow [60]. While a unified model
accounting for the creep behavior and operative mechanisms across all stress,
temperatures, and alloys has yet to be defined, classes of models exist that broadly
describe the creep behavior of crystalline materials. These mechanisms and models,
briefly discussed below, lie in two main categories: diffusional creep and power-law
creep.

When creep strain accumulates via diffusional it is either referred to as Nabarro-
Herring creep (diffusional flow through grains) or Coble creep (diffusional flow along
grain boundaries). Other mechanisms of creep deformation are Harper-Dorn creep
(mechanisms remain under debate [67]), power-law creep (dislocation and diffusion), and
power-law breakdown (which involves dislocation climb under higher vacancy
concentration than thermal equilibrium, associated with larger stress exponents (> 7 in
pure metals) [68]). Grain boundary sliding (GBS) is an accommodating mechanism in
creep, operating with diffusion creep [64] or intragranular slip [69], and up to 80% (or
more) of the accumulated strain has been attributed to this mechanism [69]. Two sub-
categories of GBS termed Rachinger or Liftshitz have been identified, both resulting in
grain boundary offsets. In Rachinger GBS, strain accumulation is rate controlled through
a displacement of adjacent grains that maintain their original shape but exhibit relative
displacements, typical of superplastic behavior. Rachinger GBS is identified by an
overall increase in the number of grains within gauge, along the stress axis. Liftshitz
GBS occurs as an accommodating process for stress-directed vacancy diffusion (i.e.
Nabarro-Herring/Coble Creep), and is marked by grain elongation along the tensile axis

[69].
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Ashby [70] developed plots that predict the deformation mechanism from
predictive models for deformation and material properties. From these plots deformation
mechanisms are inferred for a given system, grain size, loading, and homologous
temperature. Frost and Ashby [60] published a compilation of these deformation maps
and the magnesium map is shown in Figure 2.4 Though these creep mechanisms have
been widely accepted in the field, debate continues over the validity of certain
mechanisms [71-74] and existing models [68]. These debates are founded in the inability
of models to accurately predict creep behavior across many different materials and

microstructures.

Deformation Mechanism Map for Pure Mg
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Figure 2.4 Mg deformation mechanism map [60].

Diffusion creep is generally represented with use of the Nabarro-Herring [75,
76], Equation 2.2 or Coble [77], Equation 2.3 models, where Dy is the diffusion
coefficient (sd — self diffusion, gb — grain boundary diffusion), o is the applied stress, b is
the Burgers vector, k is Boltzmann’s constant, T is temperature, d is grain size, and o is a

material constant. Another diffusional based creep model that accounts for deformation
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through grain boundary sliding accommodation is that developed by Raj and Asby [78],
Equation 2.4, where 1, is the applied shear stress, Q is the atomic volume, and d is the
grain size.

In the diffusional models, grain size (d) has a significant influence on creep rate.
Depending on the operative creep mechanisms (e.g. dislocation climb, diffusion, grain
boundary sliding), the grain size may play a substantial role in the creep behavior of a
material. Sand cast alloys, having a larger grain size than die-cast alloys, should thus
theoretically exhibit an improved creep behavior [79, 80] for diffusion-driven creep
mechanisms, while trading off room temperature yield strength, as predicted by the Hall-
Petch equation. Therefore, a compromise on grain size would be necessary to powertrain
components to assume sufficient room temperature mechanical strength and adequate
creep resistance if diffusional creep mechanisms are expected to contribute significantly

to the overall creep deformation.

) 3
£ = % Equation 2.2
kTd
_a;D gbab4 Equation 2.3
- kTd’
7. Q 1 .
=42 s D, Equation 2.4

Numerous models for power-law creep have been proposed with the predominate
theme that of a combination of diffusion and dislocation motion through either solute
drag or dislocation glide-climb controls creep. In its most general form power-law creep
is represented with Equation 2.5 where C is a constant, ¢ — applied stress and n — the

stress exponent.

e=Co" Equation 2.5
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The power-law models have numerous forms based on material, temperature,
stress, and presumed mechanisms [63, 64, 68, 69, 81] and, in general terms, may be
modeled by the Arrhenius equation of the form of Equation 2.6. Here A is a material
constant, ¢ is the applied stress, n is the stress exponent, Q. is the creep activation energy,
R is the ideal gas constant, and T is the absolute temperature. More complex power-law
models account for the macroscopic variables of stress and temperature and incorporate
microstructural variables and physical properties (i.e. lattice parameter, atomic volume,

bond energies, moduli, diffusion) [60].

g=Ac" exp| — 9 Equation 2.6
RT

The stress exponent, n, and creep activation energy, Q., are often used to assess
the dominant creep mechanism. In the case of pure metals and Class M alloys (solid
solution alloys behaving similar to pure metals) [82], n is between 4-7 and has been
traditionally referred to as dislocation climb controlled creep or 5-power-law creep [64].
In power-law creep of multiphase materials n has a much larger range and has been
reported to be as high as 30-40 for precipitation strengthened alloys [63]. Solid solution
alloys, designated as class I [63] or class A alloys, have a stress exponents near 3 [83].
Stress exponents of ~1-2 have been attributed to diffusional creep and GBS [69].

The creep activation energy, Q., is nearly the same as the activation energy for
self diffusion, Qyg, in pure metals above a critical temperature (generally > 0.5 Ty),
indicates that diffusion-controlled creep is dominant [63]. In multiphase materials this is
not the case and Q. is often much higher than Q4 [63]. Investigations of activation
energies and stress exponents in magnesium alloys have also reported Q. higher than Qg

[38, 69, 84-86].
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2.2 Microstructure and Creep

2.2.1  Pure Magnesium

Shi and Northwood [87] examined the creep behavior of pure polycrystalline
magnesium. Tests were conducted under constant load for stresses between 20 and 50
MPa and for temperature between 150 and 200 °C. From power law creep, a stress
exponent was calculated to be n=5.86 and a creep activation energy of Q=106 kJ/mol.
These values were in the range generally reported of creep controlled by dislocation
climb. The authors report that the data collected supports dislocation network models for
recovery creep in single phase materials and class II alloys (solid solution alloys)[63].

Milicka [88] investigated the primary and steady-state creep behavior of fine
grained (grain size not reported) magnesium at stresses of 9.8-19.6 MPa and temperatures
between 197 — 497 °C. Stress exponents were not reported but creep activation energies
(Qc) dependent on applied stresses were reported. Values ranged between 167.5 — 220
kJ/mol for the loads between 19.6 to 9.8 MPa, respectively. These values are greater than
that reported for self diffusion of magnesium 125 kJ/mol [63]. This investigation
concluded that the elongation in the primary stages of creep in polycrystalline magnesium
above 0.5T, is described by a power-law behavior.

A companion study by Milicka et al. [89] investigated the high temperature (127 —
527 °C) creep mechanisms in polycrystalline Mg for stresses between 10 — 100 MPa.
The investigation reported two distinct regions (dependent on applied load) of creep
behavior that was separated by a narrow transition (of ~9 MPa) between the two. In the
high stress region (¢ = 40 to 100 MPa), the creep activation energy (Q.) was found to be
close to that for lattice self diffusion, 134 kJ/mol. In the lower stress region, Q. was
reported to decrease (216.9 kJ/mol to 153.7 kJ/mol) with increasing stress (10 to 40
MPa), respectively. The stress exponent for the high stress region varied from 7.5 to 10
and was constant (across the stresses investigated) for a given temperature. In the low
stress region (¢ = 10 — 31 MPa), stress exponents varied between 7.5 — 20 and was
dependent on both load and temperature. The authors concluded, though no TEM
investigation were completed, that the rate controlling process in the low stress region

was ‘nonbasal slip of screw dislocations in pyramidal slip systems limited by a nucleation
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of kink motion’. The rate controlling mechanism in the high stress region was ‘the
velocity of dislocation being controlled by nonconservative motion of jogs on screw

segments’
2.2.2 Mg-Al Alloys

Magnesium-aluminum alloys form the base for many of the commercial alloy
systems (AMS50, AM60, AZ31, and AZ91). Figure 2.5 shows the Mg-Al binary diagram
[32]. Aluminum is one of the most soluble elements in magnesium at a maximum of 12.7
atomic % at 437 °C. At appropriate levels of binary addition, Al provides a good balance
of strength, ductility, castability, and corrosion resistance [90]. Alloying magnesium
with aluminum is also relatively affordable. The Mg-Al system has poor elevated
temperature properties which have been attributed to the eutectic morphology [5, 6] and
formation of the -Mg;7Al;, phase [2, 4, 7, 8].

Manganese (in minor additions of about 0.25 wt%) is a common ternary addition
to the Mg-Al alloys and improves the corrosion resistance by tying up elemental
impurities of Fe, Ni, and Cu that are detrimental to corrosion properties through the
formation of intermetallic phases (e.g. Als,(Fe,Mn)) [53]. No effect on bulk mechanical

properties from the manganese additions are reported [53].
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Figure 2.5 The magnesium-aluminum binary phase diagram [45].
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The casting [90, 91], solidification behavior [5, 92-94] and mechanical properties
[21, 95-100] of Mg-Al alloys have been studied by numerous researchers. The addition
of aluminum for die-casting has been reported to increase fluidity, surface finish, and to
decrease the tendency for die soldering [90, 91]. Binary aluminum additions also
increase the yield strength, but contribute to a decrease in ductility as Al content
increases (specifically over 9 wt% [90, 101]). This has been attributed to the formation
of the brittle intermetallic phase Mg;7Al;;. Micrographs of AM60 and AMS50 are shown
in Figure 2.6.

—

100 um [ LR &t

Figure 2.6 Magnesim-lminum alloys of AM6.0-nd AO, resjpectively. The AM60
on the left is an optical micrograph of a permanent-mold-cast alloy [48]. The AMS50 on
the right is a BSE-SEM image of a high-pressure-die-cast alloy [53].

The creep behavior of Mg-Al alloys has been investigated to understand the
phenomenological behavior of commercial alloys [95, 102, 103] and to develop an
understanding of the microstructural influence and creep mechanisms [99, 104-106].
Mg-Al alloys have relatively poor creep resistance compared to the other commercial
magnesium alloys. Regardless, AM50 and AM60 have sufficient creep resistance at
stresses below 50 MPa and temperatures below 150 °C [3]. Researchers [2, 7] attribute
the reduction in creep properties at higher temperatures to softening of the Mg;;Al >
phase, though Dargusch [86] has pointed out that the research of Fukuchi and Watanabe
[107] demonstrates that near stoichiometric Mg;7Al;, remains brittle above 200 °C and
does not exhibit appreciable plasticity or a decrease in yield stress for temperatures in
excess of 260 °C. Dargusch [86] also indicates that the elevated temperature properties
are poor, not due to softening of the intermetallic phases, but rather some other
undetermined mechanisms [104, 106]. In a related investigation [104] it was

experimentally determined that by increasing the aluminum content in magnesium,

21



(simultaneously increasing the volume fraction of the B-Mg;;Al;; phase) the creep
resistance increased (marked by a decrease in creep rate and creep strain), indicating that
it is not a softening of the eutectic that governs the creep behavior as has been suggested
[2, 4, 7, 8], but other materials properties. The authors discuss that aluminum in solution
is a likely creep strengthening mechanism, along with continuous precipitation of the f3
phase which are assumed to act as effective obstacles to dislocations. It is noted by
Dargusch et al. [ 104] that these obstacles have thin plate morphology, parallel to the basal
plane and therefore do not present significant cross sections to dislocations that would be
mobile on that plane. It is also of note that Dargusch, et al. observed displacement of
surface line markers in AZ91 after creep at 150 °C for low stresses (20 - 40 MPa) and
strains up to 20% [99] and they attribute this to grain boundary sliding.

The degree of solute strengthening at various temperatures has been the focus of
many investigations in magnesium [21, 36, 47, 108]. These investigators aimed at
understanding the influence of alloy additions and concentration on the lattice parameters
of Mg. The changes in lattice parameters were then used to account for strengthening (or
softening) mechanisms. An addition of a solute atom expands (or contracts) the unit cell
unevenly resulting in a change in the c/a ratio. This c/a ratio will have influence on the
Terss OF each slip system. The ultimate goal was to tailor solute concentrations to control
the c/a ratio and influence the s on various slip systems in the HCP Mg lattice.

Examining the 7. and c/a ratio of other HCP metals provides additional insight.
For HCP metals there is an order of magnitude difference in the 1. for the same slip
systems. In the case of Mg, Cd, and Zn, the 1. (at room temperature) on the {0001}
(basal) is 0.43 MPa [41], 0.57 MPa [109] and 0.18 MPa [110], respectively. Yet for Ti
and Be the 1.5 on the {0001} is approximately 110 MPa and 39 MPa, respectively. This
difference is used to explain why other slip systems (i.e. prismatic slip on {1010} planes
in the <1120> directions) are favored in different HCP metals. A complete
understanding for this difference has yet to be reported but it has been noted [25] that
there are variations between the lattice parameters and thus the c/a ratios of these metals,
Table 2.5. Mg, Cd, and Zn all have near or larger than ideal basal plane separation (using
a hard packed sphere model) (and they all have lower 1. on the basal plane). Ti, Zr, and
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Be, have smaller basal plane separation (and higher 7. on the basal plane) supporting

slip dominant on other crystallographic planes and directions other than basal.

Table 2.5 Reported c/a ratios of hcp metals [25].
Metal = Ideal Cd Zn Mg Zr Ti Be
cla 1633 1886 1856 1.624 1590 1.588 1.586

Returning to the discussion on Mg solute strengthening, Agnew et al. [47] have
attempted to significantly influence the lattice parameters of a-Mg by alloying with
various elements, the goal being to activate different slip systems to increase the
deformability for sheet metal forming. The effect of dilute solute (Al, Li, Cd, Zn, Pb, In)
on single crystal magnesium alloys has been investigated [37, 45, 108] and it is agreed
that the solute increases the t.s on the basal plane by a factor of (c-c,)”, (¢ is the
concentration of solute atoms, c, is the minimum concentration for solute strengthening
(=0.1 at. %) and n is 1/2~2/3). Others [21] have studied the effect of concentrated Mg-Al
alloys taking into consideration many of the commercial complexities not considered in
the single crystal studies. For example, in commercial alloys with concentrations of 6-10
wt% Al, there is a trade off of basal strengthening and prismatic softening, and increases
in Al act as a grain refiner in Mg alloys (Hall-Petch effect) paralleling increases in solid
solution strengthening. Equation 2.7 has been proposed to account for the material
strength, the Hall-Petch flow strength and the solid solution strengthening (where o, =
11 MPa, k=0.3 MPam™?, B, =21.2 MPa (a‘[.)'”2 or 39.5 MPa (at.)'2/3, and m= 5.6 or 5
when n = 1/2 or 2/3, respectively). The results closely follow those reported for the
single crystal dilute alloys that had been oriented for basal slip. It was concluded that
solute strengthening on the basal plane is the dominant effect for solid solution

strengthening in these polycrystalline alloys.

o,=0,+kd”""? +mB,c" Equation 2.7
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2.2.3  Mg-Al-Zn Alloys

The Mg-Al-Zn alloy system, with the most common alloy AZ91D, is most often
used in room temperature applications as seat frames and instrument panels (although it
is rapidly being replaced by AM60 due to inferior energy absorbing capability). It is not
generally utilized as a creep resistant alloy. The creep rupture life is less than 250 h for
stresses greater than 60 MPa and/or temperatures above 150 °C [111], and is thus not
considered for use in automotive powertrain applications. An understanding of the
microstructure and creep behavior provides insight into the creep strengthening
mechanisms for magnesium alloys.

The microstructure of this alloy has been analyzed for die-cast and permanent
mold cast conditions (samples from the center of ingots). In the permanent mold cast
condition Regev et al. [112], observed a magnesium solid solution matrix containing
approximately 5 wt% Al in solution (from EDS). A second phase, decorating the grain
boundaries was reported as f-Mg;7Al2. The reported size of the a-Mg grains was about
300 um. The die-cast alloys exhibit the same general microstructure as the permanent
mold cast ingots, except for two major differences. The grain size of the die-cast alloy
was approximately 15 pum and the volume fraction of the B-phase was higher [111].
Reports on the amount of solute in solution were not provided.

In the die-cast condition, AZ91 was reported to have a minimum creep rate an
order of magnitude higher than in the coarse grain ingot [111]. This is opposite to trends
reported in the Mg-Al-Ca alloy system for coarse versus fine grained microstructures [84,
113]. No explanation for the difference in the minimum creep rates of die-cast versus
ingot cast AZ91 was provided [111]. The stress exponent for the course grained
magnesium is reported as n=11 and independent of temperature (tests were conducted
between 120-180 °C) and stress (between 40-115 MPa). The stress exponent measured
for the die-cast AZ91 was reported as n=6.9 at 150 °C and n=5.4 at 180 °C, for stress
between 30-100 MPa. In die-cast AZ91 dislocations were observed on planes other than
the basal plane. Regev et al. [111], attribute this as a likely source of the significant
elongation observed in these alloys. In the case of coarse grained AZ91 it has been
proposed that creep deformation is governed by dislocation motion on the basal plane,

cross slip on non-basal planes, and intergranular cavitation [112]. Along with this
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difference in creep, elongation between 9 and 15 %, for the coarse grained AZ91 [112],
and between 7 and 15 % for the fine grained die-cast AZ91 was reported [111]. These
elongations are more than that reported in the creep of pure magnesium (~ 3% [87]) and
may be attributed to slip on many systems allowing for the increase in ductility [111].
More recent investigations have focused towards precipitation hardening of AZ91
[114, 115]. Peak hardness was achieved through precipitation of B — Mg;Al;,
asymmetric-lozenge-shaped plates lying parallel to the basal plane [114]. It is noted that
the aging response is not as large as in many aluminum alloys because the precipitates are
not efficient obstacles for dislocations and the values of N, (number of precipitates per
unit volume) are (at least) an order of magnitude less than in high-strength precipitate

strengthened aluminum alloys.
2.24  Mg-Al-Ca Alloys

Mg-Al-Ca alloys currently demonstrate the most promise for a combination of
improved creep resistance, die-castability, and reasonable cost for automotive powertrain
applications. Alloys based on the Mg-Al-Ca system have seen service in various
powertrain components including oil pans, valve covers, and front engine covers [17].
This class of alloy continues to show promise as research on processing and creep
strengthening mechanisms continues.

Investigations on calcium containing magnesium alloys [116, 117] reported that
calcium additions greatly improved the creep resistance of magnesium alloys with Ca
additions. Poor die casting characteristics (e.g. hot tearing/cracking, die sticking) were
reported, especially for Ca additions over 0.5 wt%. The poor die-castability limited
commercialization of these alloys. Later research [8, 84, 117-122] on the Mg-Al-Ca
system demonstrated improved creep resistance, with much of the research focused on
alloying to improve the castability. Lou and Shinoda [117] found that elevated levels of
zinc (~8%) restored die-castability in Mg- 8Zn - 5Al - (0.2-1.2)Ca, while maintaining
some improvement to the creep resistance. There is no report of the mechanisms for this
improved castability [123]. Sohn et al. [8, 124, 125], reported incremental improvements
in creep of AMS50 through Ca additions between 0.25 and 0.88 wt%, especially at the
elevated temperatures (150-200 °C), while still retaining the ability to die-cast the alloys.
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The study of Horie et al. [121], was in strong agreement with the previous creep
strengthening results of Sohn et al. [8, 124, 125]. Lou and Shinoda [95], and Pekguleryuz,
M. and J. Renaud [8, 117, 122] on the role of Ca additions.

Powell, Lou, and co-workers [84, 118-120] die-cast a series of alloys containing
elevated levels of Ca (1.8-3.1 wt%) with a nominal Al content of 5 wt%. Surprisingly at
these high Ca levels these alloys were not subject to the previously reported hot
cracking/die soldering and retained the improved creep properties from the Ca additions.
The studies identified an optimum composition of Mg - 5 Al - 3 Ca - 0.15 Sr for
castability and creep resistance (AXJ530). Terada et al. [126], successfully cast a Mg-5
Al-1.72 Ca alloy with results similar to those of Powell, Lou, and co-workers [84, 118-
120].

The investigations on Mg-Al-Ca discussed above all observed a microstructure
containing a primary o-magnesium solid solution phase surrounded by intermetallic
compounds at the interdendritic regions. Figure 2.7 shows a die-cast and permanent-
mold-cast microstructure of Mg-Al-Ca alloy (AXJ530). Initial studies on Mg-Al-Ca
alloys [116, 117] did not describe the formation of the intermetallic compounds, but did
determine that alloying with Ca fully suppressed the formation of the intermetallic f
phase, Mgi;Al;,. Pekguleryuz and Renaud [122], Sohn et al [8]., and Lou et al. [84], all
reported an Al,Ca (or Mg,Al),Ca compound, with increasingly (with respect to the listed
order of publications) sophisticated levels of experimentation (standard-less EDS, X-Ray
diffraction, and TEM diffraction, respectively) to develop this conclusion. It was
proposed that this higher temperature phase Al,Ca fully suppressed the formation of the
low temperature Mg;;Al;; phase resulting in “metallurgical stability of the grain
boundaries at elevated temperature” [122] as being the key component to alloy
strengthening at 150 °C. Sohn et al [8], noted that the volume fraction of the Al,Ca phase
increased with increasing concentration of Ca. They also attributed the improved creep
resistance to the increase in Al,Ca. Lou et al. [84], reported the compound as hexagonal
(Mg,Al),Ca with an improved thermal stability compared to Mg;7Al;; and a coherent
interface with the a-Mg matrix. They argued that the calcium containing phase was
effective at pinning the grain boundaries, therefore improving the overall creep

resistance.
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Figure 2.7 Micostructures of Mg-EPCL; alloy (AXJ530) (A) BSE-SEM Die-cast [20] and
(B) BSE-SEM Permanent-mold-cast [83]. Note, the difference in coarseness between the
two processing conditions. Both exhibit an a-Mg primary phase, surrounded by eutectic,
C36 an a-Mg primary phase, surrounded by eutectic, C36 and Mg.

More recently, investigations by Suzuki, et al. [50, 51, 127] have been conducted
on the Mg-Al-Ca system, including electron diffraction analysis for phase identification
[50], phase stability [127], and determination of solidification paths [51]. It was found
that, contrary to the published literature, the major eutectic phase formed was a
dihexagonal C36 (Mg,Al),Ca phase that was stoichiometrically close to Mg,AlsCa;. The
C36 phase was found to be thermally stable at 773 K (500 °C), but decomposed to C14
(Mg,Ca) and C15 (AL,Ca) at 673 K (400 °C) and below. At the operative temperature of
powertrain components, the decomposition of C36 is reported as sluggish.
Spherodization of C36 and CI15 occurred at higher temperatures (200 °C) with
sufficiently long aging times ( 1000+ hrs) [127].

The solidification path and liquidus projection for the Mg-rich corner of the
ternary Mg-Al-Ca system was experimentally determined [51], Figure 2.8. The phases
that may form are C14, C36, and A12 (p —Mg;7Al;,) with a saddle point at Mg-14.5Al-
7.5Ca at a temperature of 807 K (534 °C). The solidification path of most Mg-Al-Ca
commercial alloys intersect the eutectic valley near this saddle point. The saddle point is
of importance, since small variations in Al and/or Ca may push the alloy onto a
solidification path towards the Al12 phase (B —Mg;7Al;2), which is thought to be

detrimental to the creep resistance of these alloys.
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Figure 2.8 Liquidus projection of the Mg rich corner for the Mg-Al-Ca system [86].

The creep characteristics of calcium-containing magnesium alloys have been
extensively studied [57, 84, 85, 113, 118, 120, 121, 125, 126, 128-138]. Many of these
investigations inferred operative creep mechanisms by calculating the stress exponent
from experimental results (assuming the validity of a power law creep expression). Some
of these studies considered both the creep constitutive response along with
microstructural observations [57, 132, 136], but detailed reports of operative creep
mechanisms have yet to be completed.

Terada et al. [126] studied die-cast Mg - 5% Al — 0.29% Mn — 1.72% Ca alloy
and its creep properties. The stress exponent in the temperature range of 150 — 225 °C
was reported to be n = 10. The calculated activation energy for creep in this alloy at
these temperatures was Q. = 142 kJ/mol, which is close to the activation energy for self
diffusion in magnesium. Using classic power law creep models, they concluded that
these values indicate that the dominant creep mechanism was controlled by dislocation
climb in the a-Mg grains [126]. A significant improvement (3x) in creep properties of
AMS530 was reported for these calcium additions. The creep mechanism affected by
addition of calcium was not reported.

Lou, Powell, and co-workers [84, 118, 120] studied the effects of calcium and
micro-alloying additions of strontium (<0.20 wt%) on die-cast magnesium-aluminum
alloys. In these study it was inferred from the stress exponent (n=1.5) at 175 °C and low
stresses (<70 MPa) that grain boundary sliding dominated the creep deformation. At
high stresses (>70 MPa, n=8.5) creep was driven by dislocation controlled climb and

glide. This study also discussed the significance of the formation of the intermetallic
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(Mg,Al),Ca and proposed this compound as having a positive effect on the creep
resistance of these alloys. The study found that within the matrix of Mg-Ca-Al-Sr alloys
studied, the alloy with a chemistry of 5 wt% aluminum, 3 wt% calcium, 0.15 wt%
strontium, had the highest resistance to creep. The role of the Sr addition on the creep
behavior is not well understood.

Horie, et al. [121], studied the creep behavior of die cast and permanent mold cast
Mg - 27Zn - 0.8Ca — 2 RE (rare earth mischmetal) — 0.5Zr, between 120 — 180 °C at
stresses between 40 - 100 MPa. The die-casting samples were reported to have decreased
thermal stability, yet still maintained a 10-fold improvement over the permanent mold
cast samples in creep resistance. A stress exponent for the die-cast alloys was calculated
at greater than seven. Fine precipitates within the a-Mg grains were reported and it was
concluded they play a very important role in improving the tensile properties and creep
deformation of Mg-Zn-Ca-RE-Zr alloys.

Sohn et al. [8, 124, 125], studied the bolt load retention (compressive creep), of
die-cast AM50 with Ca additions between 0.25 and 0.88 wt%. They reported a stress
exponent of 6-9 for stresses ranging from 40 to 70 MPa at 150 °C and concluded that for
the alloying range studied, calcium had no significant effect on the stress exponent. The
improvement in creep behavior through the Ca additions was attributed to the
microstructural change at the grain boundaries.

Suzuki, et al. [57], studied the effect of precipitation strengthening on die-cast
AXJ530 and found an improvement in the creep rate on the order of 2-5x of that observed
in an as-cast sample (without precipitates). Figure 2.9 shows the density, spacing, and
morphology of the precipitates as a function of time for 300 °C heat treatments. The
improvement in creep behavior at 175 °C for 80 and 100 MPa for AXJ530 processed to
the optimum hardness condition is shown in Figure 2.10. The C15 - Al,Ca precipitates
are disc-shaped, contained within the a-Mg grains, and are oriented parallel to the basal
plane. Improvements in the volume fraction of precipitates and optimization of alloying

and heat treatment could possibly further improve creep strengthening.
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Figure 2.9 TEM BFI for precipitation of Al2Ca (dark contrast phase) within a-Mg grains
for die-cast AXJ530 as a function of time (a) 0 s (b) 30 s (¢) 100 s (d) 600 s (e) 3.6 ks (f)
36 ks[20] Note optimal hardness is achieved at 3.6 ks (1 hr).
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Figure 2.10 Creep behavior of die-cast AXJ530 at 175 °C at 80 and 100 MPa in as-die-
cast and optimum precipitate conditions [20].

In a companion study by Suzuki et al. [139], the effect of strontium additions on
the microstructure and strength of Mg-5A1-3Ca was studied by substituting the Ca for Sr
at the levels of 0.25, 0.5, 0.75, 1, 2, and 3 wt%. With as little as 0.25 wt% Sr, the
Mg;Sr, intermetallic was observed in the interdendritic regions of the microstructure,
which had not been reported in AXJ530 (0.15 Sr wt%). This indicates, as would be
predicted by the binary phase diagram, that limited strontium is soluble in a-Mg but
remains available in the liquid, during solidification, to form intermetallic phases. The

strontium additions did have an influence on the a-Mg, contributing to an increase in the
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lattice parameters (c and a) with up to ~0.5 wt% additions, and then a decrease in lattice
parameters for Sr additions between 0.5 and 1.5 wt%. Larger additions had little to no
further influence on the lattice parameters. This gradual decrease in lattice parameters
was marked by an increase in both hardness and elastic modulus in the range of 0 - 1.5 wt
% Sr and the hardness/elastic modulus remained constant for Sr additions from 1 wt% up
to about 3 wt % (Mg-5A1-3Sr).

Suzuki et al. [139] also demonstrated how strontium affects the microstructure
and strength through partitioning of the ternary elements (Sr/Al) during solidification.
For solidification of Mg - 5 Al - 3 Ca alloy, a tie line can be constructed between the a-
Mg and liquid phase (Figure 2.8), where the intersection of this line with the Mg-Al
boundary corresponds to the maximum Al content in a-Mg. The same construction can
be completed considering the Mg - 5 Al - 3 Sr alloy (Figure 2.12) where the maximum Al
content in the a-Mg is increased. Therefore the partitioning influence of alloying
additions affects the solidification path. Strontium additions greater than 1% improved
the solid-solution strengthening of the a-Mg phase by increasing the Al in the a-Mg.
This suggests that tailoring alloy compositions and processing (solidification path) could

lead to improvements in hardness and creep behavior.

2.2.5 Mg-Al-Sr Alloys

The Mg-Al-Sr ternary system is currently the only magnesium system used in the
commercial production of engine blocks. A microstructure of the Mg-Al-Sr alloy, AJ62x
is shown in Figure 2.11. The BMW Company produces a composite aluminum-
magnesium crankcase (engine block) with a Mg - 6Al - 2Sr (wt%) alloy [15], AJ62x.
The AJ62x is die-cast around a pre-cast aluminum insert (the insert makes up the engine
cylinders, all coolant passages, and the crank seats of the block) where the Mg alloy
comprises the surrounding structural block. In development of this program the target
alloy was Mg - 5Al - 2Sr, AJ52x, but it was found that the addition of one percent
aluminum offered improvements in die-castability while maintaining sufficient elevated
temperature properties. It has also been reported that strontium additions may contribute
to a decrease in surface tension of the alloy. Which was believed to increase

intergranular capillary feeding during solidification [140]. The same report outlined
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improvements in grain refinement in sand cast AZ91 through minor additions (0.02%) of

Sr.

%

o . 20 pm
Figure 2.11 SEM micrograph of die-cast AJ62x [108]. The dark contrast phase is a-Mg

solid solution. The eutectic contains Mg and the major phase Mg;;Sr,. The bright
contrast, low volume fraction phase is Al4Sr.

Research on Sr-containing alloys has focused on solidification paths [141-143],
castability [140, 144, 145], and elevated temperature properties [146, 147]. Shown in
Figure 2.12 is a calculated/experiment ternary liquidus projection for the Mg-Al-Sr
system. Based on alloy compositions of the commercial Mg-Al-Sr alloys, the
solidification path will follow through the a-Mg phase field to the eutectic valley for
Mg;7Sr; + Mg and then follow this valley to the valley between the Al4Sr and Mg. Both
of these phases have Al solubility and have previously been incorrectly identified as
AlgMgSryp [142] and Al3Mg;3Sr [147]. This path is in excellent agreement with

microstructural observations, Figure 2.11.

32



Sr

Saddle point

Al4Sr, sample 4-11, 1517
{Mg), sample 1-3
Mg, 7Sr,, sample 21,22
(Al), sample 19

€) Liquidus Projection

o]
v
L]
A
[ ]

01

QAT
01

0

oo x x
06 0.7 0g 08 (A1

Mg Mol. Fraen. Al Al

Figure 2.12 Calculated liquidus projection of the Mg-rich corner of the Mg-Al-Sr system
with plotted experimental compositions [104].
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Although a detailed understanding of the mechanisms for improved creep
resistance is lacking, it is reported to be due to a combination of solute strengthening of
the primary phase and the intermetallic melt temperature and morphology. The creep
resistance of the AJ62x alloy system is reported to be comparable (or even improved)

over the rare earth system, AE42 alloy [144, 147].
2.2.6 Mg-Al-RE Alloys

Rare earth (RE) containing magnesium alloys were the earliest developed creep
resistant alloys [9]. By the mid-1900’s, these magnesium alloys were receiving
significant attention [116, 148-150]. Rare-earth alloys are of interest to the automotive
industry [12-14], but their high cost and susceptibility to hot tearing during die-casting,
has increased interest in lower cost alloying additions (i.e. Ca, Sr, Si).

The rare earth containing alloys use mischmetal as an alloy constituent rather than
a ‘pure’ elemental addition for cost savings. Mischmetal is a naturally occurring ore
largely containing lanthanum (>50%), cerium (20-35%), praseodymium (4-10%) and
neodymium (10-20%) [151], and other rare earth impurities. The Al and rare earth

additions provide significant improvements in creep behavior [149, 150]. Further
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investigations [152] of mischmetal-containing alloy systems have shown that ternary
additions of zirconium [150] and manganese further improved the creep behavior. Creep
strengthening mechanisms of these alloys were believed to be precipitation of
intermetallic phases along the grain boundaries, though detailed investigations of the
microstructure were not possible due to equipment limitations of the time. Later studies
utilizing modern microscopy techniques (TEM) [153] identified precipitates within the
alpha magnesium of permanent mold Mg-1.3RE after aging.

Recently interest in the AE series has increased [11-14, 151]. These studies have
seen successful adoption of ACM522 (Mg- 5Al- 2Ca - 2RE) and AE44 for automotive
applications such as oil pans [13] and die-cast structural engine cradle [14], respectively.
Commercial implications for these systems motivate a more detailed understanding of the
creep resistance and phase formation / stability in Mg-AI-RE containing alloys.

Although detailed investigations on solidification paths and phase
formation/stability (with detailed TEM diffraction analysis) for the AE series of alloys
have yet to be completed, XRD analysis has been conducted [10, 11]. The
thermodynamic modeling for the rare earth alloying additions is lacking with many of the
mischmetal elemental constituents (i.e. La, Pr, Nd) not being modeled in thermodynamic
databases [154]. The compounds reported include Mg;,RE [155, 156], Al;;REs [11,
157], ALRE [11, 86], and ALLRE [11] with significant dependence of the intermetallic
compounds that form on cooling rate and on thermal exposure cycles.

Sieracki et al. [158] reported a decrease in the creep behavior of AE42 above test
temperatures of 175 °C. Powell et al. [10, 11] later attributed this decrease in creep
resistance at elevated temperatures to a decrease in the volume fraction of eutectic
Al 1RE3, marked by a simultaneous increase in Al,RE and the formation of Mg;;Al».
The resultant microstructure is shown in Figure 2.13, where the changes in eutectic

morphology can clearly be seen.
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Figure 2.13 BSE SEM images of (a) AE42 as-die-cast and (b) AE42 after creep testing at
175 °C[115].

Moreno et al. [156, 159], investigated the creep, microstructure, and stability of
two rare-earth magnesium alloys, AE42 and MEZ. The composition of AE42 was Mg -
3.7A1 - 2.69 RE - 0.21 Mn and MEZ was Mg - 1.92RE - 0.33Zn - 0.26Mn. In their study
the AE42 alloy exhibited superior yield and tensile strengths due, in part, to solid solution
strengthening from Al of the primary a-Mg. Creep tests in the regime of 150 and 175 °C,
75 and 80 MPa respectively, showed that this solid solution strengthening did not
translate to improved higher temperature long-time creep resistance. Creep stress
exponents varied between n = 3 to 7, indicative of power law creep with dislocation glide
or climb. It was also determined through TEM analysis that microstructural instability in
the near-grain boundary areas occurred during creep and it was speculated that this had a

significant effect on creep behavior.
2.277  Mg-Al-Si Alloys

Volkswagen was the first automotive company to use a creep resistant magnesium
alloy in an elevated temperature application with the VW Beetle’s engine block being
cast from AS41, during the 1970’s. An example of a die-cast Mg-Al-Si alloy (AS21) can
be seen in Figure 2.14. The ternary system exhibits moderate creep properties at elevated
temperatures up to about 150 °C. These alloys (AS21, AS41) do not have sufficient
creep resistance for modern powertrain applications, yet remain attractive for lower
temperature applications due to their moderate creep strength, castability, and cost. An
investigation on their microstructure and creep behavior provides insight on creep

strengthening mechanisms.
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Figure 2.14 (A) SEM image of the microstructure for a high-pressure die-cast AS21 .alloy
depicting the different phases. (B) TEM micrograph of Mg2Si particle with branched
arms into neighboring a-Mg grains [129].

To achieve moderate creep resistance in these alloys, they must be die-cast to
obtain a fine dispersion of the Mg,Si particles along the grain boundaries [1]. In
permanent mold or sand cast conditions these alloys have very poor mechanical
properties. Recent investigations have found that calcium additions [160] can improve
sand castability by modifying the morphology of the Mg,Si and Mg dendrites. Creep
resistance remains low due to the low volume fraction of the Mg,Si precipitates in the
sand cast condition.

Brofin et al [161], studied the solidification features of die cast magnesium-
aluminum-silicon alloys. EDS analysis showed that the majority of the precipitates were
the intermetallic compound Mg,Si. These particles have Chinese script morphology.
The investigation also reported the existence of the Mg;;Al;, phase, which has previously
been discussed as being detrimental to the creep behavior of magnesium alloys. The
results are in strong agreement with another study on the AS alloys [162].

Dargusch et al. [162] investigated the role of silicon content on microstructure
and creep in Mg-Al-Si alloys. They observed that as Si concentration increased above
the eutectic (>1.14 wt%) some of the Mg,Si particles appear with a block morphology
amongst the Chinese script-type morphology observed at lower Si contents (<1.14 wt%).
It was also reported that Si additions up to 2.64 wt% continue to significantly decrease
the creep rate in these die cast alloys. Dargusch et al. [162] hypothesize that due to the

branched arms of the Chinese script Mg,Si, a more creep resistant microstructure was

36



formed through connecting neighboring grains. Another important strengthening
consideration from the study was the solute aluminum within the a-Mg dendrites and its
segregation behavior during solidification. The aluminum content from the dendrite core
to edge varied from 4 to 11 wt%, or a difference of 7 wt%. This segregation behavior
may contribute to the strengthening of the o-Mg dendrites. In this alloy fine B
precipitates were observed in the high aluminum regions within the o-Mg and are

believed to have formed after casting, during the cooling process.

23 Heat-treatable Magnesium Alloys

2.3.1 Mg-Th and Mg-Th-RE Alloys

The magnesium-thorium and magnesium-thorium-rare earth alloy systems were
first investigated in the 1940s [163, 164]. Initial investigations focused on the hot-
formability of these alloys (0-10 wt% thorium) [163]. Leontis [164] investigated the
creep behavior of these alloys with rare earth additions. Though this alloy system had
good creep resistance, it saw limited use due to the radioactivity of thorium. The
mechanisms for improvement in creep resistance were not thoroughly investigated, but
were hypothesized as an effect of fine grain size, and undissolved compounds [148, 163-
165]. Use of experimental techniques (i.e. TEM investigations) was limited due to the

era of these studies and thus no reports of precipitation strengthening were presented.
2.3.2 Mg-Y-Nd-HRE (Heavy Rare Earths) Alloys

The most widely used creep resistant aerospace alloy system is the Magnesium-
Yttrium-Rare Earths (WE alloys) system. The major rare earth element in these alloy
systems neodymium with heavy rare earth impurities. These alloys exhibit dramatically
improved creep properties, when compared to the current automotive alloy systems,
capable of withstanding stresses of 100-200 MPa at temperatures above 200 °C. The
alloys are processed through sand casting and in some cases extruded. The
improvements in creep are gained from precipitation through solution treatment,

quenching, and ageing. Microstructures for this group of alloys are shown in Figure 2.15.
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Figure 2.15 Microstructure of Mg-Y-Nd alloys for an (A) SEM image of Mg - 2.5Y -
2.5Nd - 0.4Zr [133] (B) TEM image of Mg - 5Y - 2Nd - 1.5HRE - 0.4Zr aged at 250 °C
for 48 h showing metastable B’ precipitates [134] and (C) TEM image showing same
alloy from (B) aged at 250 °C for 2400 h. Note precipitates observed within the a-Mg
grains [166].

233  Mg-Ag-RE(Nd) Alloys

Following the development of Mg-RE-Zr alloys, investigations were continued to
improve the age hardenability of this alloy system though Nd and Ag additions [3]. The
hardenability was successfully increased by Ag and Nd additions that lead to the
development of the aerospace alloy QE22, with creep resistance up to 250 °C. The
increase in hardenability and improvements in creep were attributed to the formation of a
Mg 2Nd,Ag phase through an unknown precipitation sequence [167]. An example of a
Mg-Ag-RE(Nd) alloy micrograph is shown in Figure 2.16. Note both the precipitates in

the a-Mg and eutectic intermetallic phases along the grain boundary.
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Figure 2.16 A TEM image of QE22 in T4 (solution) heat treatment condition. Maker bar
is equal to 1 micrometer. Note the intermetallics along the grain boundaries and
precipitates within the a-Mg grains [136].

Investigations on alumina fiber reinforcement of this alloy system have reported
additional improvements to the creep properties [168-171], with incremental creep

improvements at moderate temperatures of 200 °C.
234  Mg-Sc Alloy

To further improve the creep resistance and mechanical properties of aerospace
alloys, scandium additions to Mg alloys have been investigated [172-174]. These alloys
are precipitation hardened by Mn,Sc plate-like precipitates parallel to the basal plane
[174]. The Mg - 6Sc - 1Mn as-cast alloy has improved creep properties when compared
to the WE43 alloy in both the as-cast and T6 heat treatment condition. Figure 2.17a
shows the general microstructure of Mg - 6Sc - 1 Mn and Figure 2.17b shows a TEM
micrograph of an a-Mg grain interior with Mg,Sc precipitates. Figure 2.18 compares the

creep behavior of WE43-T6 to several scandium containing Mg alloys.
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Figure 2.17 (a) Micrograph of an as-cast Mg — 6Sc — 1Mn Alloy [140] and (b)
Micrograph of an annealed (350 °C 30 min) Mg — 3.71Y — 2.12Nd — 1.28 Sc 1.18 Mn
(Wt%)[142]. Note basal oriented Mn2Sc precipitates.
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Figure 2.18 Creep behavior of scandium containing Mg alloys compared to WE43-T6
[140].

2.3.5 AMC-SC1 Alloy

The alloy system designated as AMC-SC1, was developed by the Australian
Magnesium Corporation (AMC), for sand cast (SC) automotive powertrain applications
[55]. The alloy composition is Mg — 1.7 Nd — 1 RE — 0.55 Zn — 0.7 Zr [175] and was
selected by the USCAR-MPCC project to be used to cast the experimental engine blocks
[17]. Detailed reports of microstructure, alloying constituents, and mechanisms for creep
improvement for this alloy are not yet available in the literature. The alloy is strengthened
through solution treatment and precipitation strengthening, using a T6 heat treatment. It

is also reported, seen in Figure 2.19, that the microstructure contains a-Mg grains
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‘locked’ by magnesium-rare earth phases at the grain boundaries and triple points.
Clusters of rod shaped intermetallics phases within the a-Mg grains, with a stoichiometry

close to Mgj2(Lag43Ce.57), have been reported [176].
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Figure 2.19 Optical micrograph of AMC-SC1 in the T6 heat-treatment condition with (A)
marked out solid solution a-Mg grains, (B) magnesium-rare earth intermetallic phases at
the grain boundaries and triple points, and (C) clusters of rod-shaped intermetallics
within the a-Mg grains with stoichiometry close to Mgj2(Lag 43Ceo57) [176].

Dunlop, et al [177] examined the effect grain size had on the creep resistance of
AMC-SCI, through Zr additions. Interestingly, it was found that the creep rate increased
with decreasing grain size (as expected), up to a threshold (between 235 and 110 pm),
shown in Figure 2.20. With further grain refinement, to an average grain size of 46 um,
the creep rate decreased a 2 order of magnitude. The reported creep rates are sufficiently
low that the results must be viewed with skepticism. An alloy creeping at & ~ 5.5x107'°
(the fastest creep rate reported in the investigation) would accumulate less than 2% strain
over the course of a year. Regardless of the low creep rates, die-cast alloys have been

reported to have a grain size typically of 10-20 um raising the question of the effect the

grain size has on creep behavior in these magnesium alloys.
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Figure 2.20 Steady state creep rate as a function of grain size for AMC-SCI1, data from
[14].

24  Aging

The heat treatable sand case alloys (i.e QE, WE, ZK, and HZ), primarily used in
aerospace applications offer improved creep resistance, in comparison to the automotive
Mg alloys, at the expense of increased cost and density. Much of the strengthening of
these alloys is attributed to their ability to be precipitation hardened, which is evident
from the change in hardness observed in Figure 2.21. As previously discussed AXJ530
alloy has been reported to be age-hardenable [57], but this increase is only 7-10 Hv as
opposed to the 22 Hv seen in WE54 [166] and the 36 Hv in AZ91. The alloys in Figure
2.21 exhibit an increase in creep strength for the increases in hardness. This

improvement in hardness and creep strength is most evident in WE54.
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Figure 2.21 Hardness as a function of time for 3 Mg alloy systems (AXJ530 [40], AZ91
[146], and WES54 [93, 160]). Figure courtesy of A. Suzuki.
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An interesting observation in comparing the age hardenability of the die-cast
AXJ530 and sand cast WES54 is the habit plane and morphology of the precipitates
formed in each alloy. WE43 gains its full strength after a solution and aging treatment of
48 h at 250 °C. The precipitation sequence in WES54 is described in detail elsewhere
[166]. The morphologies and habit planes of each of the precipitates in each alloy are
unique. In WES54 precipitation first occurs as B’ irregularly faceted globules with the
relationship of (100)g//{1120}, and (001)p//{0001},. With additional aging a shear
assisted transformation of the globules to a metastable plate morphology occurs. This B;
phase has a habit plane parallel to the {1100}, and orientation relationship of (112)g//{1T
00}, and [110]g//[0001],. It is a combination of the globules and metastable f; plates,
both with a large cross-sections to the basal plane, that provide WE43 with much of its
creep resistance [166]. In AXJ530, C15 — Al,Ca precipitates form parallel to the basal
plane with the following relationship: {111}¢;s//(0001), [011]cis//[0110],.  The
decreased age hardenability of AXJ530 compared to the WE54 is attributed to the limited
basal cross-section the C15 precipitates have compared to the f; precipitates in WES4

[178].
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2.5 Summary of Creep Characteristics of Mg Alloys

The creep behavior of magnesium and its alloys has been the focus of numerous
investigations that are discussed above and summarized in Table 2.6. These studies were
conducted at stresses of 10 to 120 MPa for temperatures between 25 and 527 °C. In
general, the phenomenological creep behavior of magnesium and its alloys has been
described as having two definable regions of creep, a high stress and low stress region (in
some studies these regions were also temperature dependent). The transition stress
between these regions was alloy dependent. The reported stress exponents in the low
stress regions were 1.5 - 2 and for the high stress region between 4 and 20. It has
therefore generally been agreed throughout the literature on creep resistant magnesium
alloys that the rate creep behavior of the alloys is described by power law creep. This
indicates that the creep deformation rate is controlled by dislocation motion through
climb and/or glide, diffusion controlled dislocation motion, or dislocation motion
controlled by a solute atmosphere. At very high temperatures (outside of the interest
range for automotive applications) creep would be diffusion controlled and grain
boundary sliding (or diffusion accommodated GBS) would become more significant.

Reported creep mechanisms in magnesium alloys have often been inferred from
calculating the stress exponent and creep activation energy, determining the
stress/temperature regime that the alloy is operative in (from deformation maps), and
developing conclusions from the theories in the literature that use similar alloys and
reported stress exponent.  Unfortunately few investigations fully describe the
microstructure, details of creep strain accumulation (macro or micro) or creep damage
accumulation behavior. These investigations are crucial to understanding the creep
deformation behavior. For example, the generally accepted range of the stress exponent
for an alloy operating in the power-law creep regime is wide (n = 2 — 42) [83] . Stress
exponents have been measured from 1.5 to as high as 20 in Mg alloys with their behavior
still predicted by power-law creep [9, 84, 112]. Note that many investigations that report
low stress exponents completed relatively short time creep tests where primary creep

could still be operating.
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Table 2.6 Calculated creep parameters and proposed mechanisms for select magnesium alloys.

Stress

Temperature

Qc

Grain Size

Stress

Proposed

Alloy (MPa) (°C) (kJ/mol) (um) Exponent (n) Notes Mechanism Ref.
Mg Machined . .
99.99% 20-50 150-200 106 100 5.86 Ingot Dislocation Networks  [87]
Mg i i ey i 1Ok Powder Dislocations non-
99.99% 9.8-98 127-527 92-134 7:5-10% Metallurgy  basal and cross slip [89]
AZ91  60-120 25 - - 4.6 Die-cast Dislocation Climb [179]
o Dislocation motion on
AZ91  30-100 150-180 - 15 6.9 @ (150 OC) Die-cast basal as well as [111]
5.4 @ (180 °C)
other planes
AZ9L 40115 120180 22094+ 300 11 Machined  Dislocation motion, ., ; 5y
Ingot cross slip, caviation
AZ91  20-40  125-175  30-45 <10 2 Die-cast GBS-observed g5,
marker displacement
AZ91 50-80 125-175 94 <10 5 Die-cast - [86]
Diffusion controlled
AMB0B  20-60 150 - - 4 Die-cast Dislocation [95]
climb/glide
mechanism
AMBOB  >60 150 - - 10 Die-cast Break-down [95]
powerlaw
AM50  50-95 150 121 9.2 4-6 Die-cast _Hlgh-temperature .,
climb of dislocations
AM50  20-50 225 121 9.2 4-6 Die-cast _Hldh-temperature .,

climb of dislocations
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Table 2.6 Calculated creep parameters and proposed mechanisms for select magnesium alloys.

AM50

AMS0
AM50

AM50+
1.72Ca

AM50+
1.72Ca

AC53
AC53

AC53
AC53

AS21

AS21

AE42

AE42

* Reported as temperature dependent
** Reported as stress dependent

95-120

50-120

50-120

80-120

120-
150

42-70
42-70
70-97
70-97
20-70

70-80

20-80

50-100

150

225
150-225

150-225

150-225

150-200
100-150
150-200

100-150

125-175

125-175

125-175

125-175

162

162
126

142

142

120
40
120

40

30-45

94

30-45

9.2

9.2
10

10

10

10
10
10

10

<10

<10

<10

10-20

8-13

8-13

6

10

20

15
15
8.5

8.5

3-7

Die-cast

Die-cast

Die-cast

Die-cast

Die-cast

Die-cast
Die-cast
Die-cast
Die-cast

Die-cast

Die-cast

Die-cast

Die-cast

High-temperature
climb of dislocations
High-temperature
climb of dislocations

Dislocation climb
Dislocation climb

Dislocation climb

GBS
GBS
Dislocation climb

Dislocation Climb

GBS-observed
Marker Displacement

GBS-observed
Marker Displacement

Dislocation
Glide/Climb

[100]
[100]
[126]

[126]

[126]
[84]
[84]
[84]
[84]
[86]
[86]
[86]

[159]




Grain boundary sliding has been reported in magnesium alloys [9, 69, 86, 180].
There is nearly uniform acceptance of GBS as a significant and rate controlling creep
mechanism for multiphase Mg alloys. The first, and most convincing study on GBS
utilized a binary solid solution strengthened Mg - 0.78 Al (wt%) single phase alloy with
microstructural observation both pre/post crept and quantification of marker line offsets
at the grain boundaries [181]. Dargusch et al. [86] observed a region of localized
damage, presumably at a grain boundary, in a multiphase AZ91 sample that had been
crept to 20% strain. They hypothesized that this damage was a result of grain boundary
sliding and stated that they made no further attempts to quantify GBS in the study. An
alloy review paper [9], appropriately, discussed the supporting literature of GBS in Mg
alloys. This created additional support for GBS as a rate-limiting mechanism,
particularly in the low (< 2) stress exponent regime. Thus many of the reports [180, 182,
183] in the literature base GBS mechanisms on phenomenological creep behavior, not
microstructural evidence. Importantly, most investigations do not report grain size or
equate cell size with grain size, therefore quantification of GBS in dendritic Mg alloys is
difficult. This investigation implements a digital image correlation technique to measure
microstructural-scaled creep strain. Quantification of GBS in Mg alloys (at stresses and
temperatures representative of powertrain components) is accomplished by measuring
microstructural strain distribution measurements.

Alloying is also an important characteristic for creep strengthening. Mg-Al alloys
have poor creep resistance in comparison to other Mg based alloy systems (i.e. at 80 MPa
and 150 °C AM50: ¢ ~ 1072 [100] compare AX53: §¢ ~ 10 s [84]). The inclusion of Zn
in an Mg-Al alloy (AZ91) does not appreciably increase the creep strength. The poor
creep resistance of these alloys has been attributed to the formation of the f — Mg;7Al;,
phase during solidification. This phase has poor thermal stability [2, 4, 7, 8] and
unfavorable creep strengthening morphology [5, 6]. Sufficient addition of Si [161, 162]
or RE [149, 150] to the Mg-Al binary suppress the formation of the  and form different
eutectic intermetallics. The resultant microstructure (i.e. B suppressed) has improved
thermal stability of the intermetallics and creep strengthening morphologies. Additional
creep strength is gained through alloying Ca [116, 117] and/or Sr [146, 147] to the Mg-Al

binary. This also changes the solidification path, forming eutectic intermetallics other
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than . The understanding of the microstructural features that improve the creep strength
of the Mg-Al-Ca/Sr alloys over the Mg-Al-RE or Mg-Al-Si is incomplete. It is
interesting to note that many of the investigations (Table 2.6) report the creep rate
controlling mechanism as dislocation motion in the primary a-Mg grains and yet attribute

an improvement in creep strength to the formation of eutectic intermetallics.

2.6 Summary

The creep resistant magnesium alloys for automotive applications are based
mainly on the Mg-Al system with ternary and higher order elemental additions. The
higher order additions are typically lower cost elements that enhance castability and/or
mechanical properties (i.e. sufficient fatigue resistance, tensile strength, ductility,
corrosion). For the lower stress/temperature applications, alloys within the Mg-Al-Si
ternary system (i.e. AS21, AS41) have sufficient creep resistance. However, the stresses
and temperatures (100 MPa, 150-200 °C) of powertrain components require more robust
alloy systems with higher creep resistance. Currently alloy systems containing Mg-Al-Sr
have been cast around an aluminum crankcase, creating an aluminum core and
magnesium structure, for industrial products. Other alloy systems containing Mg-AI-RE,
Mg-Al-Ca and higher order systems have been developed (MRI-330D, AXJ530, Mg-Al-
Ca-Zn, etc). There is a lack of understanding of the microstructure and creep
deformation and strengthening mechanisms for these alloys systems.

The microstructure and creep resistance of the automotive Mg alloys have all
been investigated with varying degrees of microstructural analysis. These investigations
have not agreed on the microstructural features that provide the difference in creep
strength observed between alloys. Microstructural features influencing creep have been
listed as: intermetallics pinning the grain boundaries, softening (at temperature) of
eutectic, dislocation climb-glide, solid solution strengthening, and precipitation
strengthening. Some have suggested that solid solution strengthening contributes
significantly to the creep behavior, yet provide limited supporting data and do not
describe the mechanism by which solid solution strengthening is accomplished (i.e. strain

field interactions, stacking fault energies, diffusion). There has also been a lack of
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studies that systematically change solute content in a-Mg and quantify the resulting creep
strength. Others have argued it is the intermetallic phases formed, and their behavior
during creep (i.e. morphology, stability, melting temperature, strength), yet the
conclusions are often speculative with little or no data linking the properties of the
intermetallics to creep strength in support of the conclusions. Various investigations
suggest grain boundary sliding as a key deformation mechanism. Little data links the
influence of the eutectic region and specifically the intermetallic phases located within
these regions to the creep strength and mechanism of GBS. Neither do these studies
distinguish the grain structure from the cell structure. This aspect of structure (a-Mg
cells are not individual grains) will be clarified in this thesis along with particular
attention to the eutectic structure. Precipitation strengthening of the primary a-Mg phase
for the automotive creep resistant Mg alloys has received little study, probably largely
due to the lack of heat-treat-ability for die-cast components. Precipitation strengthening
of the a-Mg primary phase will be presented for the Mg-Al-Ca alloys.

This thesis investigates the influence of composition (i.e. the ternary addition of
Ca, Ce, La and Sr on Mg - 4 Al - 4 X along with the GM alloy AXJ530) on the
microstructure (i.e. intermetallic morphology, solid solution strengthening differences,
and grain/cell structure) and creep behavior. The alloys were permanent mold cast and
die-cast AXJ530 samples were provided by the GM for additional investigations. The
varied composition resulted in different microstructures. Experimental investigations of
each alloys microstructure and creep behavior linked the microstructure features to creep
strength for each alloy.

The composition affected the solidification path of each alloy which resulted in
the formation of different intermetallics and changes in segregation behavior. The size of
the grains was different for each alloy, but little change at the scale of the cells. Alloy
composition influenced the ability to precipitation strengthen certain alloys. Precipitates
formed (as a result of the processing route) in the Mg-Al-Ca alloys were observed in the
primary a-Mg grains. These precipitates influenced the creep behavior, in the best case,
by decreasing the minimum creep rate approximately an order of magnitude.

Creep strain developed heterogeneously on the length scale of the grain structure

during primary creep stain accumulation (approximate the strain at the €y,,). There was a

49



greater tendency for localized shearing across grains in large grain material. As creep
strain continued to accumulate, after the grains have strain hardened, localized damage
initiated along the grain boundaries, predominately at high angle grain boundaries. This
damage was of the form of cracks and cavities and was generally located at near grain
boundaries that experienced elevated strain (up to 40%) and evidence of significant
plasticity (slip offsets). The creep rate accelerated as additional damage formed and
coalesced up to failure. Extremely limited evidence (1 case) of damage indicative of

grain boundary sliding was observed, where shear was measured between two grains.
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Chapter 3

Experimental Procedure

This chapter discusses the experimental procedures, techniques, and analyses used
in this research. This chapter is divided into six sections: experimental materials,
solidification  studies, permanent mold casting techniques, microstructural

characterization, mechanical testing, and micro-composition analysis.

3.1 Experimental Materials

A series of master alloy ingots were supplied by the Norsk Hydro Company. The
nominal compositions are listed in Table 3.1. Compositional analyses (mass
spectroscopy, flame atomic absorption spectrometry, and ICP-AES) of the as received

ingots are in Table 3.2. AXJ530 ingot was provided by the General Motors Corporation.

Table 3.1 Nominal Composition (wt%) of magnesium alloys utilized in this study.

Alloy Mg Al Ca Sr Ce La

AX44 Bal. 4 4 - - -

AJ44 Bal. 4 - 4 - -
ACe44 Bal. 4 - - 4 -
Ala44 Bal. 4 - - 4
AXJ530  Bal. 5 3 0.2 - -

Table 3.2 Measured composition (in wt% from mass spectroscopy, flame atomic
absorption spectrometry and ICP-AES) of magnesium alloys utilized in this study.

Ternary . .
Alloy Al Addition Mn Si Fe Cu Ni Mg

AX44  3.62 3.71 0.015 0.0030 0.0232  0.0014  0.0003  Bal.
AJ44 394 4.27 0.012  0.0029 0.0187  0.0006  0.0001  Bal.
ACed44 3.99 3.96 0.014  0.0032 0.0200 0.0005  0.0001 Bal.
ALa44 395 4.04 0.013  0.0029 0.0236  0.0006  0.0001  Bal.
AXJ530 4.83 2.90 0.300 - 0.0010  0.0020  0.0006  Bal.
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3.2 Solidification Cooling Curve Preparation and Collection

Analyses of solidification cooling curves were preformed with 100 g samples cut
from the master alloy ingots. These samples were melted with a controlled induction
melting system, Figure 3.1a. Traditional DTA or DSC analysis was not performed due to
the reactive and corrosive nature of liquid magnesium. The melting chamber, detailed
schematically in Figure 3.1b, consisted of a 10 kW induction coil, environmental
chamber, uncoated mild steel crucible and type K thermocouple for temperature
measurement. The chamber was backfilled with a protective cover gas of 1% sulfur

hexafluoride with a balance of argon to limit melt oxidation.

i

Figure 3.1 (a) 10 kW in:tion melting system used for alloying and thermal analysis (b)
Schematic of melting apparatus: A) cross section of induction coil, B) quartz
environmental chamber, C) crucible stand, D) cross section of crucible, E) thermocouple.

A single type K thermocouple, 0.040” in diameter (for rapid response to
temperature changes), was inserted in the center of a melt. Data was recorded every 500
ms on a DATAQ DI-1000TC device connected to a PC with WinDaq data acquisition
software. Calibration of the temperature measurements was completed using reference

temperatures of distilled H,0 as an ice bath and boiling water along with freezing
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temperatures of pure tin (232 °C), lead (328 °C), magnesium (650 °C) and aluminum
(660 °C) [24].

Liquidus temperatures and the temperature at which solidification terminates were
determined by differentiating the temperature-time cooling curve, and measuring the
deviation from linearity during cooling through the range from all liquid to all solid. An
example of a temperature-time cooling curve and the first derivative is shown in Figure
3.2. Negligible undercooling was observed for the alloys investigated. After thermal
analysis the sample was re-melted and cast into a steel crucible for microstructure

characterization, Figure 3.3. The crucible was coated with a light boron nitride refractory

coating.
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Figure 3.2 Example of a temperature-time cooling curve and first derivative (example
alloy AX44).

Figure 3.3 Button specimen cast after solidification analysis for microstructural
investigations.
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33 Permanent Mold Casting

The permanent mold used for specimen casting was designed according to ASTM
B108-02 with minor modifications for desired specimen geometry. The mold was CNC
machined from 1018 steel and machining prints are included in Appendix A. An image
of the machined mold is shown in Figure 3.4. The mold is two mirror halves, with the
left half in the figure standing on edge, viewed looking down the pour spout and sample
vents. The mold half on the right, lying on its back shows the geometric details of the
face of the mold. Knockout pins for part ejection, electric resistance heaters for
preheating the mold, and thermocouples for monitoring mold temperature were
incorporated in the mold. Each mold half contained six type K thermocouples, mounted
from the exterior side of each tool, within 1.6 mm (1/16°") of the mating tool surfaces.

The red dots in the figure denote the locations of the thermocouples.

Vent Pour Cup Vent

Pour Cup

Figure 3.4 Permanent mold (adopted from ASTM B108-02) used for casting tensile creep
specimens. The red dots denote locations of thermocouples that are approximately 1.6
mm from surface.
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3.3.1 Validation Modeling of Permanent Mold

The geometry of the permanent mold designed for casting specimens was meshed
using ProCast®, a FEM solidification code to analyze liquid flow during mold filling,
specifically in the gage region of the sample. Filling was analyzed to ensure that the two
liquid fronts (from the top gate and specimen) would not meet in the gage, and that the
thermal profile across the gage was reasonably uniform during solidification. Due to the
nature of a two gate system on each side (top and bottom) of the gage, the potential of
forming a knit line (the point where two liquid or semi-solids meet in a die cavity) within
the gage was a primary concern. A secondary consideration in mold design was that the
heat-transfer of the mold and solidifying metal would not be uniform across the
constrained gage. Lack of uniformity could potentially lead to hot tearing due to the
constrained geometry and thermal gradient.

The fluid flow during the mold filling sequence is shown in Figure 3.5, at three
progressive times during mold filling. Molten metal first fills the lower grip section of
the specimen and then flows quiescently up the gage. As the riser fills more rapidly the
molten metal reaches the upper gate prior to the gage being completely filled. Due to the
narrow cross section of the gates, the flow of metal is adequately slowed while the gage
is fully filled and the two liquid/semi-solid fronts meet somewhere in the grips. The
simulation was executed for mold filling pressures of 3 and 4 MPa, with little variation
between each pressure. These mold filling pressures were calculated as the head pressure
exerted by liquid magnesium prior to and just after filling the gage, respectively. No knit
lines were observed in the gage section of any castings produced.

After the mold was completely filled, the potential for hot tearing of the tensile
sample was addressed. The same mold model that was run for fluid flow during mold
filling was used to calculated heat flow during solidification and cooling. A snapshot of
the cast component temperature during the cooling sequence is shown in Figure 3.6. The
gage section temperature is fairly uniform, and both grip sections are only about 30 °C
warmer than the gage section. This is a strong indication that the castings cool with
sufficient uniformity to avoid hot tearing in the gage section. No hot tearing was
observed in the gage sections of the castings produced for this study, supporting this

prediction. However, near the pour cup and down sprue of the mold, where there is a
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large degree of geometric constraint from the wide pour cup and narrow down sprue, a
200 °C thermal gradient was calculated and the formation of internal cracks at this

location were observed with x-radiography.

(b) ! (©

Figure 3.5 Fluid flow of AM60 from the ProCast® mold model during part filling. (a)
~10 s (b) ~15s(c) ~20s.
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Figure 3.6 Calculated temperature distribution during cooling of ProCast® mold model.



3.3.2 Casting Parameters

Permanent mold casting of the each alloy was completed at the Ford - ELM
casting facility in Ann Arbor, MI. The casting cell, Figure 3.7, consisted of a 30 kW
resistance Striko-Dynarad melt furnace, furnace controller, and cover gas lid with cover
gas mixing control. The melt pot was an uncoated hemispherical crucible of 1008 series

mild steel, 23 cm in diameter.

R
casting laboratories, Ann Arbor, MI.

Figure 3.7 Permanent mold casting cell, ELM

Prior to casting, approximately fifty-pound charges of master alloy were melted,
yielding twenty to thirty castings per charge. After melting, the liquid was held for
approximately one hour before casting began. The isothermal hold temperature was 685
°C for the AX44, AJ44, and AXJ530 and 750 °C for the ACe44 and ALa44. The melts
was de-drossed before and periodically during the casting sequence as the surface of the
melt oxidized.

The melt handling tools (i.e melt skimmer, ladle) were spray coated with a boron
nitride refractory coating. These tools were pre-heated prior to handling the melt. The
melt was protected with a cover gas lid, designed with an access door actuated through a
foot operated pneumatic cylinder. The cover gas used for melt protection was a mixture

of 0.5% SF, in 25% CO,, and dry air (by volume).

The mold was spray coated with a boron nitride coating and subsequently baked

at 300 °C prior to casting. This coating was periodically reapplied to the mold, as
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necessary, during an alloy casting sequence. The mold was pre-heated to an initial
average temperature of 200 °C before casting. Mold temperatures were recorded during
mold pre-heat and the alloy casting cycle, using a National Instruments® data acquisition
board with Labview® software. Temperatures were measured every 500 ms at each
location and averaged across each tool half. Average mold temperature increased with
each casting, due to the superheat of the melt. The influence of the mold temperature on
microstructure and mechanical properties is discussed in detail in subsequent chapters.

A single casting consisted of the following sequence: ladling the superheated
liquid metal from the crucible (10-15 seconds), pouring the metal in to the pre-heated
mold (30-45 seconds), a dwell (105-120 seconds) to allow for complete solidification,
and part ejection (20-40 seconds). This cycle was repeated until the melt crucible was
empty of usable liquid metal, yielding approximately 20 castings. A solidified casting
after ejection from the mold is shown in Figure 3.8.

Optimum casting parameters (i.e. type of mold coating, mold pre-heat, melt super
heat, pour time, dwell time, part ejection) were determined prior to casting the alloys by
completing a parametric casting sequence for the alloy AM60. Minor adjustments were
made to the determined casting parameters for each alloy due to the difference in casting
behavior from the AM60 used in the parametric study. The most significant adjustment
was an increase in melt hold temperature from 685 to 750 °C for the rare earth containing
alloys. This increase led to a more complete mold fill for the rare earth alloys compared
to the incomplete mold fills at 685 °C.

(b)
114.3

31.75

Figure 3.8 (a) Permanent mold casting (AXJ530) (b) Cylindrical creep sample geometry
after removal from permanent mold casting (measurements in mm).
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3.3.3  Soundness of Castings

Variations in casting conditions (e.g. mold temperature) important to
microstructure development were monitored. Bulk composition was measured using
inductively coupled plasma (ICP) to assess compositional uniformity between castings.
Radiography of select castings was completed to examine bulk porosity, inclusions, and
internal cracks and voids. Selected gage sections were metallographically prepared to
examine the extent of porosity, the presence of inclusions and their variation between
casting cycles. Bulk density was also determined for select samples across a casting
campaign to investigate changes that may have occurred from processing.

Temperature variation in each mold half for each cycle was investigated during a
casting sequence that consisted of twenty to thirty pours over one to two hours. The
average temperature for each mold was determined by averaging the six thermocouples in
each mold at each time interval. The average temperature within an individual casting
cycle was determined by averaging the previously determined average mold temperature
over each cycle. Cycles were determined by a combination of the time, mold temperature
and an indicator flag (in the raw data file) that was marked at the beginning of each pour.
Comparisons were then be made between mold temperatures, casting cycle and specimen
microstructures.

Bulk compositions of selected cast specimens were measured at General Motors
Technology Center — Warren, MI, using an inductively coupled plasma (ICP) technique.
Samples (30 g) from the gage were dissolved into a hydrochloric acid solution. This
solution was ignited in a plasma flame and the light emissions were recorded using a
spectrometer. The unit was calibrated prior to and after use with a solution made from
pre-made standards, with known volumes (+/- 0.1 ml) of the elements under
investigation. Trace elements were investigated using 500 mg samples dissolved into
solution and measured using the same technique.

Radiography was completed at X-R-I Testing® located in Troy, MI. The x-ray
source used was a Phillips 320 kV tungsten target (anode) operated at 120 kV and 10
mA. A phosphor image capture plate, 43.8 x 35.5 cm (17x14 in), with a target to film
distance (TFD) of 1.5 m (60 in.) was used to collect radiography images. The phosphor
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image plate was digitized and analyzed using AGFA Rad view software with the
assistance of an XRI testing - ASNT NDT Level III radiography technician.

The samples that had been x-rayed were sectioned and metallographically
prepared for microstructure analysis. The resolution for defect detection (e.g. porosity or
inclusions) with x-rays is dependent on alloy and defect density and cross section
thickness. Because the alloys investigated have non-standard compositions and creating
standards (having a varying thickness with controlled defect size) is costly and time
consuming, it was assumed that defects less than 500 pum would not be visible in the
radiography results. Therefore the microstructure (cell size/area fraction) and defects
(porosity and inclusions) were investigated laterally across six regions of the gage of the
specimen at five different locations (from top to bottom) to ensure consistence with the
radiography results (i.e. consistent microstructure and low levels of porosity and
inclusions).

Density was measured using the Archimedes method (in air and ultra pure
ethanol). Triplicate measurements were made for each sample and averaged. The system
was calibrated before and after each run using a standard of lead-silica glass. The
resolution of the scales was +/- 0.0001 g and the accuracy of the technique was +/- 0.001

g/ cm’

34 Microstructural Characterization

3.4.1 Scanning Electron and Optical Microscopy

Samples removed from the gage were mounted in cold mount epoxy resin.
Metallographic preparation consisted of grinding the sample using silicon carbide paper
from 120 grit to 1200 grit, and polishing with 3 ym and 1 um diamond paste on neoprene
polishing pads. The final polish was completed by hand on a neoprene pad with 0.05 um
colloidal silica or 0.05 um diamond paste. For some investigations vibratory polishing
was completed with a 0.05 um alumina — ethanol slurry [92, 93]. When necessary,
samples were dip-etched in a solution of 5 ml nitric acid, 50 ml acetic acid, 60 ml

ethanol, and 20 ml de-ionized water.
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The microstructural examination of metallographically prepared samples was
conducted using a Nikon optical microscope and a Phillips XLL30 FEG SEM. For the
latter a typical working distance of 10 mm with an accelerating voltage of 20 kV, spot
size of 5, and aperture set at 2 were utilized for the majority of the microstructural
investigations. The volume fraction of the a-Mg phase was determined by the standard
point count method using a fine grid with 552 markers. Eutectic volume fraction was
calculated by difference. Alpha cell size measurements were completed by a line
intercept method using ten randomly placed lines per micrograph and calculating the

average cell size. At least 500 measurements were completed for each sample.
3.4.2  Transmission Electron Microscopy

Samples from the gage sections were prepared for TEM examination using
standard techniques. Sections of approximately 1 mm in thickness were ground to a
thickness of 0.120 mm by grinding on 1200 grit SiC paper. Samples were then punched
to obtain 3mm diameter discs. A final thinning and polishing was completed on a twin-
jet polisher using a solution of 8 vol. % perchloric acid in methanol. Electro-polishing
was completed at approximately -30 °C, at a voltage between 10 and 20 V with a
resulting current between 10 — 30 mA. A Phillips CM12 120 kV microscope equipped
with a Gatan double tilt holder was used for phase identification and microstructure

characterization.
34.3 Grain Size and Orientation

Orientation image mapping (OIM), or EBSD, was conducted on each alloy to
determine grain size and specifically, to locate grain boundaries relevant to strain
mapping experiments. A Phillips XL30 FEG equipped with an EDAX EBSD detector
and OIM TSL analysis software for data acquisition and pattern analysis was used.

Individual grains were identified from OIM scans and the line intercept method
was used to measure grain size. Due to time intensive nature of gathering OIM data,
fewer grains (20-50) were analyzed per alloy for calculation of an average grain size.
Additionally, grains in an etched Mg-4Al-4Ca alloy were imaged using polarized light on

an optical microscope which revealed different colors for individual grains.
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Sample preparation for OIM analysis involved electro-polishing the samples prior
to indexing. The electro-polishing process was required to remove residual stresses
introduced during solidification and subsequent machining of the samples. The
electrolyte used was an 8% perchloric acid, 35 % butyl cellosolve and 57% methanol
solution. The solution was cooled in an ethanol-LN bath to -40 °C. The sample was the
cathode and a platinum anode was used with a DC power supply operated at 30 V and 1
A. Electro-polishing was conducted for approximately 10 minutes after the temperature
stabilized. After polishing, samples were stored in a vacuum dessicator, to minimize
surface degradation. Care was taken to prepare samples as close as possible to the time at
which OIM analysis was conducted.

Samples were oriented 70° from the electron gun as recommended by EDAX for
their EBSD detector. An accelerating voltage of 20 kV was used. The gain and bias on
the EBSD detector was set independently for each set of experiments to optimize Kikuchi
patterns, confidence index, and frame rate. Generally, a frame rate of 4 fps or higher was
used. In some alloys/samples, depending on the quality of the surface finish, the
accelerating voltage was increased, spot size decreased, and aperture fully opened to
achieve indexable Kikucki patterns, confidence indexes and frame rates. The region
scanned and the step size also varied depending on the alloy and processing. Die-cast
alloy microstructures were investigated using EBSD and required a finer step size, ~0.5
um, (ultimately dictating a smaller scan area of 100 x 100 um) to complete scans in
reasonable times. The permanent mold alloys were scanned with step size of ~5 pm on

areas as large as 1000 x 2000 pum.

3.5 Thermal Exposure

Samples from each alloy were thermally aged for 500 hrs at 175 °C, the highest
creep temperature in this study, to investigate microstructural stability. The samples were
sectioned from the gage and sealed in a quartz tube that was twice evacuated and back-
filled with ultra pure argon. A thermocouple, attached to a data acquisition system, was
placed adjacent to the sample for the duration of the test to ensure constant temperature.

The temperature was recorded every 300 seconds over the 500 hrs. The samples were
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water quenched after aging by breaking the quartz tube in water immediately after its

removal from the furnace.

3.6  Mechanical Testing

Permanent mold creep samples were sectioned from the castings and machined
with grooves for extensometry and threads for grips. The gage section was left in the as-
cast condition except in cases where parallel flats were machined onto the gage region.
Drawings for the cylindrical samples and samples with parallel flats are located in
Appendix A. The flats, required for strain mapping studies, were machined using a
vertical mill. Shallow machining passes were used to minimize the formation of residual

stresses.
3.6.1 Tensile Testing

Tensile testing was performed to determine yield strength, ultimate tensile
strength and ductility of the cast specimens. Two specimens from each alloy were tested
at room temperature and the results did not deviate significantly between the two tests,
the average of these tests is reported. Tensile properties, at a strain rate of 10™ s for
each alloy are shown in Figure 3.9a. The averaged stress-strain curves for each alloy:
AX44, ACe44, ALad4, AlJ44, and AXJ530 are shown in Figure 3.9 b, ¢, d, e, and f,
respectively. All alloys exhibited tensile ductilities between 0.75 and 2.5 % strain and
very limited to no observable necking. Ultimate tensile strengths varied between 100 and
135 MPa. Yield strength was determined by taking the 0.2% offset for each stress-strain

curve. The tabulated values from the tensile testing are shown in Table 3.3.

Table 3.3 Tensile properties at room temperature of permanent mold cast alloys.

Alloy YS (MPa) UTS (MPa) % Ductility

AX44 85 127 2.30
AXJ530 90 135 2.25
AJ44 90 100 0.75
ALa44 65 107 2.00
ACe44 60 107 2.50
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The AXJ530 exhibited the highest yield strength and ultimate tensile strength.
The AJ44, had a similar yield strength but exhibited a much lower ductility and ultimate
tensile strength. The two rare earth alloys had the lowest ultimate tensile strength and
had similar yield strengths, ductilities, and ultimate tensile strengths.

AXIJ530 has a slightly higher yield strength and ultimate tensile strength than
AX44. Differences in grain size may contribute to small differences in yield strength.
AXJ530 had a measured average grain size of 148 um where AX44 had a larger grain
size of 257 um (presented in detail in Chapter 5). It is also possible that compositional
differences and differences in solute distribution between, AXJ530 and AX44 could

contribute to the differences in yield strength and this is discussed in section 4.5.
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Figure 3.9 Room temperature tensile behavior of permanent mold cast alloys for (a) all
alloys (b) AX44 (c) ACe44 (d) ALa44 (e) AJ44 and (f) AXJ530. Results are average of
two tensile tests at a strain rate of 10-4 s-1.
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3.6.2  Creep Testing

3.6.2.1 Equipment and Calibration

Creep tests were conducted with four Arc-weld constant load creep frames. A
schematic of the creep load train is shown in Figure 3.10. The creep frames utilized a
20:1 lever ratio in loading the samples. The tests were conducted according to ASTM
standard E319-00. The weights used for application of the load were calibrated to +/-
0.0005 kg (0.001 1bs) prior to the start of this investigation. The lever ratio of the creep
frames was adjusted as close (+/- .5 mm (1/64”)) to 20:1 as possible using a machinists
rule. A counter balance weight at the forward section of the lever arm was used to adjust
for variation in load arising from the extensometry, grips, and test sample. For
consistency, specific extensometers and grips were then exclusively used with a

corresponding creep frame.

. L1 L3,

M CFH

8 &l

B \7%7
T

Figure 3.10 Load train and relating components. A) Set screw for minor adjustments of

lever ratio B) Load tray with weights C) Universal joints for minor misalignments in

specimen and grips D) Clam-shell style tube furnace E) Creep specimen and F) Counter
balance. Note lever ratio of creep frame is fixed and computed from L1/L2 (20:1).

Each creep frame was calibrated prior to use with a calibrated load cell. The
weights were incrementally added to the load tray of the creep frame and the load cell
was positioned in place of the creep specimen. The load was incrementally stepped (0-
72.6 kg (0-160 1bs)) across the entire operable range of the load cell (0-1451.5 kg (0-3200
Ibs)) in five pound increments over a time period of approximately thirty minutes. The

output voltage was measured during loading and unloading to ensure consistent in the
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results. A typical calibration curve is shown in Figure 3.11 and the calculated lever ratios

for each creep frame are given in Table 3.4.
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Figure 3.11 Example (Frame 1) of a load cell calibration curve measured against applied

load.
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Table 3.4 Calculated lever ratios for creep frames from load cell calibration.

Creep Frame Calculated Lever Ratio
1 20.08
2 20.10
3 20.26
4 20.05

Super linear variable capacitance (SLVC) transducers were used to measure creep
displacements. The signal from the SLVC was converted to voltage (0-10 V) through a
signal conditioner prior to data acquisition and subsequent strain calculations. Each
SLVC was always connected to the same signal conditioner to ensure consistency
between tests. The SLVCs were calibrated on an annual schedule using a Mitutoyo® dial
indicator fixtured in a jig with a dial gage. The dial was incremented 0.127 mm (0.005
in) through the entire range of the SLVC 6.35 mm (0.25 in) and the resulting voltage was
recorded for each step. The SLVCs have a linear displacement to voltage output. The
correlation coefficient (R?) for all the SLVCs was calculated as 0.999995 or better and an
example of a calibration curve is shown in Figure 3.12. The SLVCs maintained the same

calibration over the three year of creep testing. The SLVCs are capable of accurately
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measuring displacements corresponding to 0.001 V or 0.00254 mm (0.0001 in). For the
gage length 31.75 mm (1.25 in.) of the specimens used in this study a strain resolution of
0.0008 or 0.08% was thus possible. It should also be noted that since the SLVCs were
only linear over 6.35 mm (0.25”) they were only capable of measuring creep strains up to

20% in these samples. The maximum strain accumulated in any sample was less than
14%.

SLVC Calibration Curve
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Figure 3.12 SLVC (Channel 7 L1-12-166) calibration curve showing linear output
voltage against indexed position.

3.6.2.2  Creep Testing Parameters

Creep testing was conducted between temperatures of 100 °C and 175 °C and
stresses of 40 to 100 MPa. Creep strain was measured via extensometry with two
attached SLVCs. The extensometry attached to the machined grooves on the specimen
shoulders directly above and beneath the sample gage. An example of a loaded creep
specimen, prior to installing in the furnace and creep frame is shown in Figure 3.13.

In reporting creep strain a single SLVC channel was used when the two channels
did not deviate. If there was minor deviation the channels were averaged post testing
through a data analysis algorithm. In the very few cases where there was significant
difference between each channel, SLVCs were spot calibrated and if both performed

according to their calibration, the creep test was considered invalid and a new test was
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performed for a complementary sample. The latter rarely occurred and resulted from
improper seating of the knife edges or mechanical problems with the extensometer shaft

sticking during creep.

Figure 3.13 Assembled creep extensometry showing (a) upper grip (b) specimen (c)
lower grip (d) extensometry (e) SLVC.

The data acquisition system for creep data collection used a National Instruments
data acquisition system with in house written Labview software®. Time, temperature

and each SLVCs displacement voltage were displayed on screen and updated every 500
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ms. These values were recorded to file every 4 seconds. In data analysis, the data is first
read into the program (time, voltage SLVC A, voltage SLVC B, and temperature). The
user specifies values: time to load specimen at start of test, number of point to average
across (using a central moving average), number of points to use in calculating a creep
rate (using a simple linear regression). The time required to load the specimen at the start
of the test is used to determine loading strain segment of the data recorded. The loading
strain, or strain accumulated during the loading of the sample was removed from further
analysis and written to a file for future reference. Thus the strains reported in this study
are creep strains.

Creep rates were calculated using a simple linear regression moving-fit routine.
Instead of averaging across the creep strain, a strain rate was calculated by making a
linear least square fit through the user-specified number of points (typically 200). The
strain rate routine used the already averaged creep strain data since it represented the
creep behavior and provided a smoothed data output for strain rate. This point is
important since in fitting a line through X number of already averaged data points
provided the operator with the ability to over analyze the data through data smoothing,
ultimately resulting in significant shifts of the creep strain rate curve. To combat this
possible error the operator had to first choose appropriate averaging and linear fit
windows and then check to ensure that the analysis was representative of the raw data
(not shifted from over-averaging and linear fitting). Generally, in cases where the data set
was very small or large (<20 hours or >1000 hrs, respectively) each set of raw creep data
was processed in two steps of the routine twice. The first step averaged and smoothed
the creep strain curve. The raw data was then processed again on the second step to
smooth the creep rate. This was completed by selecting first a large (120-300 pts)
averaging window and smaller creep rate liner fit window (<100 pts). The second
iteration would be used to do less averaging of the raw data (window <30 pts) but a large
window for the liner fit (200-400 pts). Data in question was always checked against the
raw data to ensure that the curves represented the data without shifting and only

smoothing.
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3.6.3 Measurement of Local Creep Strain Accumulation by Strain Mapping

A strain mapping technique developed by Biery et al. [22, 23] was used to
measure creep strain distributions at the microstructural length scale. The technique uses
a periodic array of markers, produced by vapor deposition, Figure 3.14, which are imaged
by scanning electron microscopy at selected intervals during creep to allow the
determination of the 2D displacement field resulting from creep. Differentiation of the
displacement field yields development of the 2D strain field, which can be compared

spatially with microstructural features (e.g. grain size and cell size).
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Figure 3.14 Schematic representation of the series of steps in calculating a strain
distribution on the microstructural scale for a sample. The gray cylindrical tube
represents the gage of the same and the steps progress from left to right.

A creep sample with machined flats is metallographically prepared to reveal
microstructure and the region of interest is masked using a fine nickel mesh. Markers are

created with the vapor deposition of gold through the nickel mesh. The mesh is removed
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after deposition, producing a periodic array of markers on the surface of the specimen. A
schematic detailing deposited markers and their respective spacing is shown in Figure

3.15.

12.86 pm

| S pm
&

Figure 3.15 Schematic of the deposited markers with size and spacing information.

The nickel mesh, in this study has 2000 lines per inch (5 pm squares with 12.86
um between markers, center to center measured tangentially). Two methods were used
for preparing the mask from the nickel grid. Both methods yielded similar results, but the
latter was more consistent. The first method was to cut, with a razor, a section from the
bulk sheet that was slightly smaller than the area of the gage. This section was then
secured with adhesive electrical tape at each end and rolled flat using a cotton swab and
ethanol. The ethanol aided in adhering the grid to the sample surface prior to taping.
This technique was that it led to cotton fibers and debris being trapped in some of the
holes of the mesh and often resulted in torn edges of the grid and folded regions where
the grid was constrained by the tape. These limitations produced some regions with
markers that were of insufficient quality to use in subsequent analyses.

An improved method used femtosecond laser to remove a section of grid from the
bulk grid. A larger section of the grid was mechanically removed from the bulk and
carefully taped to a glass slide. The section of interest was cut by making ten passes at a
velocity of 2 cm/s and a power of 220 mW. The grids sectioned in this manner could
then be adhered to the sample without using tape. Ethanol was used to float them on the
surface of the gage and a neoprene tube was used to roll them flat. Once the sample was
positioned, the edges were gently held down to prevent bowing while the ethanol

evaporated. This technique allowed the grids to be positioned accurately with no folds,
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limited dirt and debris in the grid area and greatly improved the quality of the vapor
deposited markers.

After the gold markers had been vapor deposited on the sample the same regions
imaged prior to deposition were again imaged to record the non-deformed state of the
markers. Care was taken to return to the same regions where the microstructure was
previously imaged. This provided a microstructure image and an image of the grids
before creep deformation. It was quite difficult to consistently return to the same region
on a microstructural level. However, features such as porosity, scratches and uniquely
shaped microstructural features aided this process.

Once the sample was imaged, it was loaded into a creep frame, thermally
stabilized and crept. At periodic strains (i.e. change of creep stage - primary to
secondary, 1% creep strain, minimum creep rate, or specific amount of accumulated
strain) the sample was removed from the creep frame and the same regions previously
imaged for microstructure and non-deformed girds were again re-imaged. These image
pairs of non-deformed and deformed markers were used to calculate displacements and
strain distributions. The technique was repeated for the same samples for increasingly
higher levels of strain.

The algorithms used to calculate the relative marker displacements and strain
distribution consisted of the following steps. First the two images, non-deformed and
deformed, are loaded into the program. These two images are used to determine the
average shape of the markers. Once the markers have been defined, the program assigns
a single pixel point to each marker and stores this data as an array for each image. The
algorithm then has the user select a reference marker (the same marker in each image).
This marker is used as the starting point to index through the array of pixels that represent
each marker. At each pixel the algorithm determines the amount of displacement the
pixel has experienced relative to the same marker in the non-deformed image. Once the
displacements for each matched marker are determined, strain is calculated and then 2D
Von Mises strain using Equation 3.1. Note that out of plane strain (g,,.€,y €,«) are assumed
equal to zero. The calculations provide a strain distribution across the region of interest.
This strain distribution is then overlaid on the microstructure and microstructural

features, if any, can be identified that are influencing the creep strain behavior.
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This technique was developed and implemented at Carnegie-Mellon and was
applied to y-titanium aluminides [22, 23], where it was shown to be capable of accurately
measuring strains on the scale of the microstructure (tens of micrometers). This
experimental technique was later used to study polycrystalline B2 RuAl [184], where it
was reported that bulk strain measurements, from extensometry, agreed well with
averaged strain mapping measurements made at the surface of the sample. This is one
indicator that the strain mapping technique is not just measuring surface strains, but
rather making fairly accurate measurements of strain that would be fairly representative

in the bulk.

3.7  Measurement of Elemental Segregation by Scheil Analysis

To quantify the segregation behavior, degree of solution strengthening, and the
solidification characteristics of the alloying additions, the element distributions on the
microstructural level were quantified in as-cast material. Micro-segregation was
analyzed with an electron micro-probe analyzer (EPMA) combined with a Scheil type
analysis [18-20, 185]. The micro-segregation analysis, coupled with analysis of solid
solution strengthening was used to assess the influence of the alloying additions on the
magnesium solidification and creep behavior.

Sample preparation for the EPMA was the same as that for microstructural
analysis. Colloidal graphite was lightly applied to the metallographic side of the epoxy
mount. The most consistent compositional data was collected when the surface was un-
etched, polished only with a diamond paste (0.05 um), and had a high mirror like luster
when inserted into the EPMA. A moderate to heavy pressure was used to achieve this
finish in polishing.

A representative region of the microstructure was selected and an array of points
was overlaid on top of the microstructure, a schematic of the microstructure and scan
points may be seen in Figure 3.16. The EPMA gathered compositional data at each of the
points in the array. In this study the array was large enough to include a region of 450 x

450 pm, representative of at least one grain (to fully represent the solidification
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sequence). The array was standardized between samples to be a square of 30 x 30 points,
with 15 pm between each point. At least two complete arrays were collected from each
sample. The first array was taken near the edge of the sample and the second array was
taken near the center of the gage of the sample. These arrays were compared to ensure
that there was no measurable difference in composition between different regions in the
same sample. In all cases it was found that the scans contained the same representative
data, and were therefore combined into one data set to provide a more detailed data set

for analysis.

Figure 3.16 Example‘ of the array of points, overlaid on microstructure, prior to
compositional analysis. Note this array is not the same dimensions (30 by 30 with a step
size of 15 um) as those used in actual studies.

The compositional data was filtered to remove any points that were out of the
compositional window of 99-101 total weight percent. Points that were outside of this
window are most likely due to oxides or films that formed on the surface of the sample
from preparation and handling, porosity (where beam interaction was uniquely reflected
to the detectors), topography on the surface of the sample, or occasional inclusions.

The compositional dataset was then sorted from highest to lowest composition
with respect to the major element in the primary phase (i.e. with respect to magnesium).
The ordering represents the solidification sequence, in the sense that magnesium was the

primary phase that first began to freeze during solidification. The first magnesium to
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freeze would contain the least solute in solution according to the binary or higher order
phase diagrams. In this study, the ternary additions were left associated to their
respective magnesium composition. For example, if a single point had 98.5 wt % Mg,
1.4 wt% Al and 0.1 wt% Ca, the column containing magnesium was sorted, the Al and
Ca (1.4 and 0.1 wt%, respectively) remained linked to the magnesium composition.

Next the total number of points was determined and an apparent fraction solid
was calculated. Therefore if 800 points remained after filtering non-representative points
from the data set, the first point was then assigned an apparent fraction solid of 1/800 or
125 % f,.  Each subsequent point was indexed (i.e. 2/800, 3/800...), representing
incremental steps during solidification. An example of several data points, prior to

sorting and sorted, with calculated volume fractions, is shown in Table 3.5.

Table 3.5 Example of raw data, as collected from EPMA, and an analyzed data set (wt%).

Faw Data Analyzed Data
Data Apparent Fraction
Foint | Mg Al Ca | Total Solid WMag | Al | Ca | Total
1 924 51 17 993 17899 | 00011 969 23 | 01 9894
Z 940 389 | 07 938 2899 00022 1968 21 01 | 891
3 959 23 | 01 994 3899 00033 966 21 01 990
4 9585 21 01 | 991 4/899 00044 965 23 | 01 990

896 960 26 02 | 939 896/899 | 09957 960 26 02 989
97 | 706 155 136 999 8977899 | 09978 940 39 | 07 9885
898 966 21 01 | 990 898/89%9 09989 924 51 1.7 993
899 965 23 | 01 0 990 899/599 | 10000 706 155136 999

This set of data was then plotted, Figure 3.17, and could representatively be
compared among the different alloy systems studied. Along with qualitative
comparisons, the solidification behavior of each alloy could be modeled using the Scheil
equation [186] Equation 3.2a/b or the modified Scheil equation [187], Equation 3.3. Csis
the composition of the solid, the Cp is the composition of the liquid, C, is the bulk
composition, fs is the fraction solid, and & is the distribution or partition coefficient. The a
term in the modified Scheil equations is the Fourier number and is defined in Equation

3.4. The terms in the Fourier number are D, diffusivity of the solute, t for time, and L for
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length scale of the back diffusion. The Scheil equation assumes that there is negligible
diffusivity in the solid or back diffusion, that the liquid remains homogenous and that the
solid-liquid interface is in equilibrium. The modified Scheil equation accounts for back
diffusion of solute through the incorporation of the Fourier term. Through curve fitting,
partition coefficients are calculated using the compositional variation of each elemental
addition. These partition coefficients can be compared for each element in each alloy
system and are valuable for determining the effect of segregation on the solidification
behavior. The change in solute distribution after thermal ageing and creep of the

specimens was assessed using this EPMA segregation technique.
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Figure 3.17 Analyzed compositional data plotted prior to Scheil curve fitting.

C, =kC,(1-f)"" Equation 3.2a
C, =C,(1-f)" Equation 3.2b
k-1 .
C,=kC,(0-(1-2ck)f,) 2 Equation 3.3
Dt .
a= ? Equation 3.4
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The compositions were measured using a Cameca SX100 electron micro-probe
analyzer (EPMA). The accelerating voltage and beam current were operated at 20 kV
and 15 nA, respectively. The crystal spectrometers used to gather the X-ray spectra are
listed in Table 3.6. Element, spectrometer crystal, characteristic x-ray line and standard
used for calibration are listed in Table 3.7. Beam alignment was completed using
Benitoite and spectrometer alignment with Androdite. The electron interaction volume of
the beam with the sample is reported to be 1-3 um [188]. Calibration of the instrument
was verified against known elements, alloys, and minerals. Step size and count time was

dependent on microstructural features that were investigated.

Table 3.6 Crystal Spectrometers abbreviations and chemical names.

Crystal Crystal Chemical
Abbreviation Name
TAP Thallium acid phthalate
PET Pentaerythritol
LIF Lithium Fluoride

Table 3.7 Element, spectrometer crystal, xray radiation line and material used for
calibration in EPMA investigations.

Element Crystal Line Calibration Standard
Mg TAP Ko Mg-4Al Homogonized
Al TAP Ka Al 100%

Ca PET Ka Wollastonite
Ce LIF La Phosphate Monzite
La LIF La Phosphate Monzite
Sr PET Ka Celestite

The EPMA compositions were used to quantify the degree of solid solution
strengthening of these alloys. Two representative concentrations were determined: the
average concentration of Al in solution of the o-Mg phase and the maximum
concentration of Al measured at the near grain boundary region. The average
concentration was determined by averaging the Al wt% of the EPMA measurements
across the apparent fraction solid a-Mg. The maximum concentration of Al was

determined by averaging twenty data points at the near grain boundary region to
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minimize the effect of scatter in the EPMA data. Equation 2.7 was used only considering
the term mB,c" (for solid solution strengthening of Al in the Mg matrix). As previously
described the term c¢ represents the concentration (in atomic percent) of aluminum in
solution. The ternary additions were not included as solid solution strengtheners due to

their limited solubility in the a-Mg
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Chapter 4
Solidification, Permanent Mold Casting, and Microstructure

This chapter describes the solidification analysis, permanent mold casting, and
microstructure of the series of five magnesium alloys (Mg-4Al-4X: (Ca, Ce, La, and Sr)
and AXJ530). The chapter is divided into the following five main sections: solidification
analysis, permanent mold casting results, microstructure, segregation analysis and

summary.

4.1 Solidification Analysis

The cooling curve for each alloy and its first derivative (dT/dt) is shown in Figure
4.1. The black arrows denote the approximate start and end of solidification as
determined from the temperatures at transitions from linearity in the first derivative. The
results are tabulated in Table 4.1. The calcium containing alloys have the largest freezing
range, followed by the strontium, and then the rare earth containing alloys, for the
cooling rates in this study (~0.5-1 °C/s). These reported temperatures are accurate to +/-
2 °C, accounting for the errors from calibration, data collection, and analysis.

Several other solidification events were detected between the liquidus and solidus
temperatures. Though these events were not characterized in this study, they are
representative of different reactions (i.e. phase transformations) occurring during
solidification. An example of one of these events is shown in Figure 4.1f, where the
solidification path of the Mg-Al-Ca alloy is known to follow the reactions of L 2 a-Mg
+L 2> a-Mg+C36+L 2> o-Mg+C36+C14 + L [51].

The liquidus and solidus temperatures and freezing ranges provide important
insight on process design for permanent mold casting of these alloys. The liquidus
temperatures of the alloys are similar (629 to 606 °C), but the freezing ranges vary
significantly (24 to 100 °C) among the experimental alloys. Alloys with a narrow

freezing range were difficult to cast and this is further discussed in subsequent sections.
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Table 4.1 Liquidus, solidus and freezing ranges measured from solidification analysis.
Alloy  Liquidus (°C) Solidus (°C)  Freezing Range (°C)
AX44 609 509 100
ACe44 629 605 24
ALa44 629 604 25
Al44 615 550 65
AXJ530 606 509 97
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Figure 4.1 Cooling curves and first derivatives for (a) combined alloys highlighting onset
of solidification (b) AX44 (c) ACe44 (d) ALa44 (e) AJ44 and (f) AXJI530. Arrows
indicate the approximate start and end of the recorded solidification events.
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4.2 Permanent Mold Castings

Representative permanent mold castings produced in this study are shown in
Figure 4.2. All alloys were successfully permanent mold cast using the parameters
described in section 3.3. Visual examination shows that the AX44 (a) and AXJ530 (e)
each have an excellent surface finish, while the AJ44 (d) has a good surface finish, with
minor surface oxidation. However the ACe44 (b) and ALa44 (c) alloys exhibited
significant surface oxidation. During ladling the ACe44 and ALa44 melts each rapidly

blackened on the liquid surface before being poured into the mold.

Figure 4.2 As-cast macro images of the permanent mold cast alloys. (a) AX44 casting 15
(b) ACe44 casting 15 (c) ALa44 casting 12 (d) AJ44 casting 14 and (e) AXJ530 casting
15. Note the differences in surface finish and in mold filling (partially frozen gates)
between each cast alloy.
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Although all alloys were cast with a method to achieve near-complete mold
filling, some pours resulted in incompletely filled castings. This was more often the case
for the ACe44 and ALa44 alloys. This is clearly seen in Figure 4.2 by comparing the
casting gates at the tensile specimen. In the AX44 and AXJ530 alloys the gates were
completely filled. In the AJ44 castings the gates were partially frozen off but still had
complete lower gates and good material flow where the gate did not freeze off. In the
ACe44 and ALa44 the gates are much less complete, though not as clear from the
images. In these cases the alloy had the appearance of being semi-solid when it reached
the gate. These cases always resulted in an incomplete fill of the mold and an unusable
casting. These results are consistent with the thermal analysis results. ACe44 and ALa44
had narrow freezing ranges of 24 °C and 25 °C, respectively, and partial solidification
during melt handling and pouring led to incomplete fills, freeze-offs and rougher

surfaces.
4.2.1 Thermal measurements during Casting

During each alloy casting run the mold temperature increased by a similar degree
for each pour as shown in Figure 4.3. Mold temperature increased at the onset of pouring
and continued to increase until the mold was nearly full. At this time the temperature
decreased somewhat during solidification and ejection. Since castings were poured in
consecutive fashion, with approximately 60-120 seconds between pours, the mold halves
did not have sufficient time to return to their initial start temperature of ~200 °C. This
resulted in an increase in average mold temperature as the number of castings increased.
A typical AT of 15-25 °C was recorded between the two mold halves, but this had no
influence on the microstructure or defects within any of the alloys studied. The average
mold temperature difference was caused by the method that the cover and ejector mold

halves were attached to the hydraulic press.
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Figure 4.3 The average of the six thermocoufT)llrgz (fso)r each mold half against time during a
casting campaign. Note the increase in mold temperature resulting from pouring the
superheated metal into the mold.

Figure 4.4 shows the average temperature rise in each mold half during each
casting run, which was calculated by averaging the temperature in each mold half across
the entire cycle. This provided an individual temperature of the mold for reference in
examining each casting. An increase in mold temperature over the entire casting
campaign was observed with no steady-state or plateau temperature being reached. From
the figure it appears that the rate of increase slows as the temperature nears 400 °C and it
could be inferred that a steady state mold temperature would be reached between 400 °C
and 500 °C. There is a notable down turn in temperature at cycles 8 and 9. This was
caused by the time required to recoat the mold with boron nitride, which allowed the
mold to cool prior to the subsequent cycle. A similar perturbation occurred for the same

reasons between castings 18 and 19.
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Figure 4.4 Average mold temperature as a function of casting cycle for a typical casting
campaign. Shown here is the mold history for AXJ530. Note the large mold temperature
difference of nearly 200 °C during the casting campaign.

4.2.2  Radiography

Radiographs of two castings of the AXJ530 campaign are shown in Figure 4.5.
Porosity, inclusions, internal cracks and/or voids are not observed in the gage sections,
which is typical of all castings that were radiographed. Inclusions that were observed in
the casting were always located at the bottom of the down sprue, as shown in Figure 4.5.
Porosity was mainly observed in the risers and occasionally in the specimen grips.
Porosity, though not desirable, is common in permanent mold casting and, given the
locations it occurred, is of no consequence to this study. In some castings cracking
between the pour cup and down sprue was observed (Figure 4.5a). This is consistent
with the high temperature gradient predicted for this location by the ProCast modeling.
Internal cracking was most often seen between sections that rapidly changed from a large
to narrow cross section (e.g. vents to risers, pour cup to down sprue). No notable
differences in the radiography results were observed as it related to cycle number (i.e.

mold temperature).
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Figure 4.5 Radiography results for two casting from the AXJ530 campaign (A) casting 1
(B) casting 15. Highlighted regions were determined by analyzing the entire casting and
then focusing on regions with notable characteristics.

4.2.3 Bulk Composition

Compositions for a number of different casting were determined by ICP to check
for uniformity in composition during a casting run and are reported in Table 4.2.
Composition was also measured at several locations across the gage of a selected sample
to ensure that no macro-segregation occurred. There was no notable difference in

composition between alloys that were cast early in a casting campaign or near the end.
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Table 4.2 Composition (wt%) measured between cycles for each casting campaign.

Alloy Cycle Al X Sr Mn Fe Cu Ni Mg
AX44 1 3..35 - 001 0.01 <0.003 <0.003 bal.
AX44 17 39 35 - 0.01 0.01 <0.003 <0.003 bal.
ACe44 16 39 42 - 0.02 0.02 <0.003 <0.003 bal.
ALa44 1 37 41 - 0.02 0.02 <0.003 <0.003 bal
ALa44 17 3.6 42 - 0.02 0.02 <0.003 <0.003 bal.
Al44 2 38 42 - 0.02 0.01 <0.003 <0.003 bal
AJ44 17 37 43 - 0.02 0.01 <0.003 <0.003 bal.
AXJ530 1 53 2.6 0.17 029 0.004 0.004 0.003 bal
AXJ530 15 5.1 25 0.16 0.31 0.004 0.004 0.003 bal.
AXJ530 22 53 26 0.17 030 0.004 0.004 0.003 bal

4.2.4

Density Determination — Archimedes Method

The Archimedes method was used to measure density across a series of melt

pours of a casting campaign in an effort to investigate variations in porosity arising from

the processing technique. The results of the measured density of the gages of six samples

from the casting campaign of AXJ530 are reported in Table 4.3. There is very little

variation in the measurements for each cast gage section. The apparent density varies

insignificantly indicating that there is little difference in porosity between the gage

sections of the castings as it relates to when that sample was casting in a campaign.

Therefore, mold temperature had no effect on the formation of porosity in this process.

Table 4.3 Apparent density determined using the Archimedes method for a series of

casting cycles of AXJ530.

Mass (g) in 2-Propanol Mass (g) in air Apparent
Pour 1 2 3 X 1 2 3 X P

1 0.856 0.856 0.856 0.86 | 1.522 1.523 1.522 1.52| 1.788

8 0.931 0931 0931 093 | 1.657 1.657 1.657 1.66 | 1.787
9 0.977 0976 0977 098 | 1.737 1.737 1.737 1.74| 1.789
I5 | 0962 0962 0961 096 | 1.709 1.709 1.709 1.71 1.789
22 1 0999 0999 0999 1.00 | 1.777 1777 1.777 1.78 | 1.789
29 1 0993 0993 0994 099 | 1.765 1.765 1.766 1.77 | 1.789
Average Apparent Density 1.789
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4.3 Microstructures of crucible cooled samples

The microstructures of the 30 g samples that had been thermally analyzed and
then cast into a steel crucible are shown in Figure 4.6. In all alloys the microstructure
consisted of an a-Mg solid solution primary phase, surrounded by a eutectic region of
intermetallics and a-Mg. Qualitatively the volume fraction of primary a-Mg is greater in
the AX44, AJ44, and AXJ530 compared to ACe44 and ALad44. There is also a slight
difference in dendritic cell size. It is of interest that the ACe44 and ALa44 each exhibit a
different eutectic morphology. The ACe44 has a very blocky intermetallic phase (bright
contrast) with a small volume fraction of a needle/plate shaped phase. The ALa44
exhibits limited blocky phase and is almost exclusively a needle/plate shaped phase in the

eutectic.

Figure 4.6 Microstructures of (a) AX44 (b) ACe44 (c) ALa44 (d) AJ44 and (e) AXJ530
from thermal analysis.
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4.4 Permanent Mold Cast Microstructures

All permanent mold cast alloys, shown in Figure 4.7, exhibit an alpha magnesium
primary phase, of dark contrast, surrounded by a eutectic region of magnesium and
intermetallic(s), bright contrast. Note that there is difference in eutectic morphology of
the rare earth containing alloys, specifically the ACe44. The alloys were examined in an
as-cast, post crept, and aged (500 h at 175 °C) conditions. The microstructures reported
are all from samples having the similar mold temperature during permanent mold casting
of approximately 300 °C. An example of the complex interdendritic eutectic morphology
(for AXJ530) is shown in Figure 4.8.

The cell size and area fraction of the primary a-Mg phase is reported in Table 4.4
and Table 4.5, respectively, for each alloy. Grain sizes were measured in the Sr and Ca
containing alloys using both polarized light optical microscopy and EBSD. Results of the

grain size measurements are shown in Table 4.6.

Figure 4.7 As-cast microstructure of permanent mold cast alloys. (a) AXJ530 (b) AX44
(c) AJ44 (d) ACe44 and (e) ALa44.
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S pm
Figure 4.8 Detail of eutectic structure of permanent mold cast AXJ530 in deep etched
condition.

Table 4.4 Area fraction (%) and standard deviations of a-Mg for permanent mold cast
alloys in as-cast, aged, and crept conditions. Area fraction of eutectic region represents
balance.

Alloy As-Cast o Aged c Crept c

AX44 79 1.2 84 1.3 83 2

ALa44 61 1.9 - - 57 3.1

ACe44 63 3.3 - - 62 1.3
AJ44 &3 2.5 79 3 85 1.7

AXJ530 &3 3.9 84 3.6 82 1.3

Table 4.5 Average cell size (um) of a-Mg for permanent mold and standard deviations
cast alloys in as-cast, aged, and crept conditions with first standard deviation (o).

Alloy  As-Cast c Aged o Crept c

AX44 16 9 16 8 13 8
ACed4 22 16 - - 20 14
ALa44 19 11 - - 22 12
AJ44 21 14 19 10 21 13
AXJ530 17 10 17 10 20 12

Table 4.6 Average grain size (um) measurements and standard deviations for selected
permanent mold cast alloys in as-cast condition.

Alloy Grain Size (um) o
AX44 257 135
AlJ44 127 47
AXJ530 148 38

DC - AXJ530 19 6
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4.4.1 Microstructure Variation with Cooling Rate

The microstructure of the AXJ530 alloy was investigated at different cooling rates
as shown in Figure 4.9. For the AXJ530, across the range of the cooling rates
investigated (0.5-100 °C/s), the intermetallics that form have been identified [51, 138]
with the major eutectic compound being the C36 phase along with a small amount of C14
(<<1 volume %). The volume fraction of the primary phase is ~83 %. Thus the major
influence of the cooling rate on AXJ530 is on the refinement of the grain and cell size
and eutectic structure. The variation in microstructure was also investigated for different

mold temperatures for the permanent mold cast alloys.

Figure 4.9 Microstructure comparis for AXJ53 slidiﬁed with a cooling rate at (a)
low cooling rate (0.5 °C/s) (b) permanent mold cast (~10 °C/s) (¢) die cast (~100 °C/s).

The microstructure of three samples (Tmoq = 220, 320 and 360 °C) from the
AXJ530 permanent mold casting run were investigated for variation in cell size, eutectic
morphology, inclusions and micro-porosity as they relate to mold temperature. Figure
4.10 shows the microstructure for three gage regions at different cycles (i.e. mold
temperatures) in a casting campaign. Little variation is observed between the samples

with the only notable difference being a slightly finer cell size for the earlier casting (i.e.
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when the mold was cooler). Eutectic and primary a-Mg morphologies appear the same.
The cell sizes measured for castings from different mold temperatures are plotted in the

histograms of Figure 4.11. Area fraction of primary a-Mg was also measured for the

same samples and no detectable difference was observed.

x=2um (b)
064 1 - 0.64

0.4 4 - 0.44

0.2 B 024

0.0+ 0.0-+—4
4] 20 40 60 80 100 o 20 40 80 80 100 0

Primary Alpha Magnesium Cell Size (um)

Figure 4.11 Measured primary alpha magnesium cell size distribution across three gage
regions of (a) Casting 1 (b) Casting 15 and (c) Casting 29. Note the slight shift in cell
size distribution for the castings from 1 to 29 with a mold temperature of 202 °C to
400°C, respectively.

Samples of the five permanent mold cast alloys at the same mold temperature
were used to examine cell size distributions, which were constructed from data gathered
through the linear intercept measurements of cell size for over 800 cells. As shown in

Figure 4.12, all alloys exhibited a log-normal distribution and the average cell sizes are

reported in Table 4.5.
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Figure 4.12 Cell size distribution in as-permanent-mold-cast alloys for (a) AXJ530 (b)
AX44 (c) AJ44 (d) ACe44 and (e) ALad4.

The microstructure of permanent mold cast AXJ530 was investigated for micro-
porosity and inclusions. No inclusions were observed in the gage region of the samples.
Porosity, though not frequent enough to statistically quantify, was <<1% in volume

fraction. A micrograph showing a typical micro-shrinkage pore is shown in Figure 4.13.

Figure 4.13 Example of observed porosity (indicated by arrows) in a permanent cast
alloy. Note morphology that is typical of shrinkage porosity. Alloy is AXJ530 from
gage of casting 1.
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4.4.2 As-Cast Microstructure

Higher magnification views of the as-permanent-mold-cast alloy microstructures,
with the details of the eutectic region are shown in Figure 4.14. The most notable
differences between the alloys are the morphology and intermetallic phases within of the
eutectic region. These intermetallic phases are as follows: (a) AXJ530 and (b) AX44 a
C36 ~ Mg,Al4Ca; phase with a small (< 1%) volume fraction of C14 Mg,Ca [50, 51], for
(c) AJ44 a hP38 — Mg;7Al, with a small (< 1%) volume fraction Al4Sr — Dl [141-143]
and for (d) ACe44 and (e) ALa44 a Al;;RE; phase that decomposes to Al,Re above 150
°C [10, 11], Table 4.7. Furthermore, the intermetallic morphology of the rare earths are
lamellar, whereas a semi-continuous 3D network of the interdendritic intermetallic

phases are observed in the Mg-Al-Ca and Mg-Al-Sr.

Figure 4.14 As cast permaent mold alloys detailing eutectic for (a) AXJ530 (b) AX44
(c) AJ44 (d) ACe44 and (e) ALa44.

Table 4.7 Intermetallic phases of permanent mold cast alloys.

Alloy Phase Reference
AX44 Mg,AlsCas - C36 [50, 51]
AXJ530 Mg,AlsCas - C36 [50, 51]

AJ44 Mg7Sr; / Al4Sr [141-143]
ACed4 Al 1REs;/ ALRE [10, 11]
ALa44 Al RE;/ ALRE [10, 11]
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4.4.3 Microstructures of Crept Samples

The microstructure was examined after creep, for structural and morphological
differences. Due to the difference in creep life between each alloy the microstructures
have been tested to different test times and strains, shown in Table 4.8. The resultant
microstructures after creep are shown in Figure 4.15. The cell size and distribution was
quantified for the crept microstructures and is shown in Figure 4.16. There are no
notable differences of cell size, distribution, or morphology of the samples after creep
indicating that neither the thermal exposure nor stress influenced the microstructure for

the conditions studied.

Table 4.8 Creep testing conditions for reported alloys. All tests conducted at 175 °C.
Alloy Length of Test (h) Stress (MPa) % Creep Strain

AXJ530 500 70 0.2%
AX44 690 70 1.0%
Al44 76 70 3.5% (Failure)

ACe44 6 60 4.8% (Failure)
ALa44 12 60 1.3%

Figure 4.15 Micrographs of crept permanent mold cast samples (a) AXJ530 (b) AX44 (c)
AJ44 (d) ACe44 and (e) ALa44.
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Figure 4.16 Cell size distributions for crept alloys (a) AXJ530 (b) AX44 (c) AJ44 (d)
ACe44 and (e) ALa44.

4.44  Precipitation Processes in the a-Mg Grain Interior

The grain interior of as-permanent-mold-cast alloys was investigated by TEM for
the existence of precipitates. Precipitates were found in the primary a-Mg phase of the
Mg-Al-Ca alloys system (AXJ530 and AX44). The precipitates, shown in Figure 4.17
for the AXJ530 and in Figure 4.18 for AX44, are oriented along the basal plane, are plate
like in morphology, and are identified as C15 - Al,Ca. Isothermal ternary phase diagrams
for the Mg-Al-Ca alloy at 500 °C and 400 °C are shown in Figure 4.19 [189], which
indicates that as the cast specimen cools phase equilibrium between a-Mg and C15
occurs between 500 °C and 400 °C. Thus it is concluded that the precipitation processes
occurred after solidification during cooling. It also indicates that aging would be possible
to control the precipitation sequence; this has been demonstrated in studies on die-cast
AXJ530 specimens [178].

The morphology of the precipitates depended on the temperature of the permanent
mold during casting. The samples cast into a cooler (~200 °C) mold exhibited a fine
morphology (100-200 nm in diameter and several atomic planes thick) where the samples

cast into a hotter mold (~400 °C) exhibited substantially coarser precipitates (1000 nm (1
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um) in diameter and several atomic planes thick). The precipitates had a strengthening

effect on the creep behavior of these alloys and this is discussed in detail in chapter 5.

Figure 4.17 TEM bright field 1mages of a-Mg grain interior of permanent mold cast
AXJ530, (a) Tmod = 250 °C and (b) Tmela = 350 °C.

F1gure 4.1 18 TEM brlght ﬁeld images of the a-Mg grain 1nter1or for AX44 (a) Tmold =~ 240
°C (b) Tmota 300 °C and (c) Tmea = 350 °C.
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Figure 4.19 Isothermal ternary phase diagrams section of Mg-Al-Ca at (a) 500 °C and (b)
400 °C [189].

Another interesting feature of the precipitates is their distribution within the a-Mg
cellular structure. From the TEM investigations precipitates were imaged within several
different a-Mg cells. The density and morphology of these precipitates were qualitatively
observed to be uniform across regions of the same sample up to the eutectic-primary
interface and this agrees with other published work on C15 — Al,Ca in die-cast AXJ530
[178]. This was further confirmed in examination of the AX44 precipitates where they
could be observed with the SEM. Figure 4.20 shows the precipitates, bright contrast,
with uniform density across several cells. A trace and an arrow indicating a precipitate
have been on the figure for clarity. Within the micrograph are bright contrast square
markers, used for 2D strain calculations and regions of localized creep damage are also

visible.
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. 10 um
Figure 4.20 As-cast microstructure AX44 containing coarse precipitates uniformly
distributed within several cells

y

No precipitates within the a-Mg grains were observed in AJ44, ACe44 and
ALa44 alloys. TEM BFI micrographs of the grain interior of AJ44 and ACe44 are shown
in Figure 4.21 and Figure 4.22, respectively. Note that dislocations are present on both
the basal and non-basal planes in AJ44, Figure 4.21, and the lack of precipitates in each
micrograph. Shown in Figure 4.23, reproduced from [11], is a TEM DFI of die-cast
AXIJ530 that has been aged to form C15 Al,Ca basal precipitates. This figure clearly
shows that the dislocations are interacting with the precipitates on the basal plane and that

dislocations are mobile on multiple slip systems.
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X 100nm
Figure 4.21 TEM BFI of a-Mg grain interior for AJ44 post crept (70 MPa, 175 °C, ¢ =
3.6 % (failure)). Note basal plane trace and observable dislocations both on and off the
basal plane.

Figure 4.22 TEM BFI of the a-Mg grain interior for ACe44 post crept (60 MPa, 175 °C, ¢
= 2.1 % (failure)).
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Figure 4.23 TEM DFI of die-cast AXJ530 showing dislocations interaction with basal
precipitates and slip on systems other than basal, from [11].

4.4.5 Grain Structure

Grain size was quantified using orientation image microscopy (OIM) maps in the
as-permanent-mold-cast alloys. The resultant OIM maps are shown for AX44 in Figure
4.24, AJ44 in Figure 4.25 and AXJ530 in Figure 4.26. The measured grain size for each
alloy is reported above in Table 4.6. This analysis reveals that the grain size for these
alloys is at least an order of magnitude larger than the cellular structure. Grains are
composed of many cells separated by semi-continuous interdendritic regions. These
figures suggest that the differing roles of cell boundaries and grain boundaries must be
carefully assessed to develop an understanding of the influence of casting conditions and

microstructure on the mechanical behavior of cast Mg alloys.

101



Figure 4.26 Orlentatlon Image Map of AXJ530 for a reglon of the specimen gage.

The as-die-cast AXJ530 grain size was analyzed from OIM maps and is shown in
Figure 4.27. The difference between cell size and grain size in the die cast AXJ530 is
also apparent, but to a lesser degree, as in the permanent mold alloys. Grains are
composed of several cells and are typically two to three times larger than the cell size.
The larger grains are regularly dispersed throughout the microstructure with

approximately 50 um between the centers of large grains. As will be discussed in chapter

102



6, the fact that grain size is not equivalent to cell size has significant implications for

creep.

K. vy

Figure 4.27 Microstructure and EBSD Image (of the same region) of die-cast AXJ530.
Note a few grains have been highlighted in the corresponding color to the EBSD map.

Many investigations on the creep behavior of Mg alloys have either reported cell
size as grain size or have not measured grain size [8, 84, 104, 126, 136, 148, 156, 157,
159, 162, 190, 191]. Others have not report microstructure or do not specify the cell or
grain size in their investigations [11, 13, 15, 102, 103, 111, 117, 129, 134, 144, 147, 150,
152, 179, 192-196]. The important point is that many of the investigations conclude that
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the creep behavior is influenced by the primary magnesium grains. Therefore, the
absence of a clear understanding of the grain size and grain-level microstructure limits
analysis of mechanisms responsible for creep.

Quantifying the grain structure in Mg alloys is critical since it may strongly
influence creep behavior. Grain boundaries and/or cell boundaries may inhibit
dislocation glide. Diffusion controlled creep, as modeled in Equation 2.2 through
Equation 2.4, if operative, is affected by the inverse of the grain size to the second or
third power, depending on the operative diffusion creep mechanisms (inter/intra-
granular). An inhomogeneous grain size distribution may also influence strain
accumulation and creep damage accumulation during creep.

Grain size is dependent on alloy composition and processing [197-200]. The
following average grain sizes were determined from grain measurements: AX44 (257
um), AXJ530 (148 pum), AJ44 (127 pum), and the die-cast AXJ530 (19 um). Only a
limited number of grain size measurements were made in the permanent mold cast alloys,
due in part to outside constraints on the use of the orientation image mapping equipment,
the necessity for fine step sizes, the large length scale of the grains, and difficulties in
sample preparation. In the permanent mold cast alloys, 25 grains were measured in
AXIJ530, 18 grains in AX44, and 14 grains in AJ44. For the as-die-cast AXJ530, 240
grains were measured.

Comparing the grain size of as-permanent mold cast AX44 to AXJ530, a decrease
from an average grain size of 257 pum to 148 pum was measured. The strontium-
containing alloy AJ44 had the smallest AGS of the alloys quantified at 127 um. An
understanding of the reasons for the variation in grain size between AX44 and AXJ530 is
incomplete. Strontium is a grain refiner in sand cast AZ91 (Mg — 9 Al — 1 Zn) [140] with
additions of 0.01 to 0.02 wt% being optimal. Previous studies have focused on the
reduction of porosity, not grain refinement, and examined strontium addition between 0
and 0.068 wt%. The AXJ530 alloy investigated in this study contained 0.15 wt% Sr, and
grain refinement from strontium seems a very reasonable explanation for the observed
difference in grain size.

Also, studies by Fox [201] and Céceres and Rovera [21] indicate that a decrease

in grain size occurs for an increase in aluminum in Mg-Al binary alloys. However, these
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studies did not specify a technique for distinguishing between the grain size and cell size
(e.g. use of EBSD, etching, and polarized light). The decrease is reportedly greatest
(from AGS of ~220 pm to ~110 um) at low Al (2 to 4 wt%, respectively) concentration
[201] and fairly linear (from AGS of 321 um to 95 um, respectively) for increased Al
concentration (1 to 8 wt% Al) [21]. This is consistent with the finer grain size in AXJ530
compared to the AX44. Swiostek et al. [202] reports an opposite effect on wrought AZ
alloys (AZ31, AZ61 and AZ80) where grain size is clearly shown (in the figures
provided) to increase with increases in Al content.

Another investigation that suggests that grain refinement might occur due to
differences in composition between AXJ530 and AX44 was conducted by Cao et al.
[200], who found that in Mg-Al alloys, increases in manganese from 0 to 0.5 wt% led to a
refined microstructure. Commercial AZ31 and high purity Mg - 3 Al were studied with a
reduction in grain average grain size from 650 pm to 220 um for the commercial alloy
and from about 180 pum to 120 pum in the high purity alloy. The manganese content of the
AX44 was 0.015 wt% and of the AXJ530 was 0.30 wt %, again consistent with a
decrease in grain size in the AXJ530 alloy. The manganese content for the AJ44 was
about 0.012 wt%.

Several other investigations [197-199] have studied on grain refinement of Mg-Al
based alloys. These investigations focused on superheating the melt with short hold
times [199], native grain refinement [197] (the influence of impurities) and a review of
grain refinement techniques (i.e. particle inoculation) in Mg alloys [198]. Since these
parameters for grain refinement (i.e. purity levels, superheat and hold times, particle
inoculation) were not utilized in this study, they are not considered as potentials pathways
for grain refinement observed between the alloys. The influence of grain size on creep

behavior is discussed in a later section of this chapter.

4.5 Elemental Segregation

Automotive powertrain magnesium components are typically used in the as-cast
state, so quantification of the distribution of solute, particularly in the a-Mg, is important.
In this study, the elemental segregation of aluminum and each ternary addition was

investigated for the experimental five alloy systems. Understanding the influence of
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alloying on the segregation behavior may ultimately permit, alloy compositions to be
tailored to increase or decrease solute content in the a-Mg. The solute can act as a
solution strengthener or aid in precipitating phases in the Mg matrix. Precipitation within
the Mg matrix has been shown to have strengthening effects in Mg-Al-Ca alloys [113,
135] and deleterious (to creep) strengthening effect in Mg-Al alloys [104]. Also, the
segregation behavior influences to the composition of the liquid during solidification. If
sufficient solute is in solution it will be less available to contribute to solidification during
the eutectic reaction. Thus the micro-segregation behavior of the alloying constituents,
quantified through partition coefficients, has been characterized for all alloys.

Solute distributions were analyzed through techniques previously summarized,
Section 3.7, and described in detail here [18-20, 185]. The segregation analysis
technique relied on fitting the Scheil Equation 4.1, or Modified Scheil Equation 4.2
(incorporating a Fourier term for back diffusion - Equation 4.3) to segregation data
acquired by WDS analysis. Here Cs is the composition of the solid, £ the partition

coefficient, C, the initial composition, f; the fraction solid, and a the Fourier number.

C, =kC,(1- f)"" Equation 4.1
k-1 ]
C,=kC,(1-(1-2ak)f,)2* Equation 4.2
Dt
- ’a Equation 4.3

Curve fitting was completed using both the Scheil and modified Scheil equations
for comparison. Figure 4.28 shows the composition profile of Al in AXJ530 with Scheil
and modified Scheil equations fit to the measured data. Several iterations were
completed when using the modified Scheil equation, due to uncertainty with the Fourier
term (Equation 4.3). Equation 4.4 [203] was used to calculate the diffusivity of Al in Mg
at three temperatures (973, 873, and 673 K) and averaged to provide an approximate
diffusivity ( ~6.0x10™® cm?*/second) during solidification. The length scale (200 pm) and
time (100 second) for diffusion to occur (based on microstructure and solidification time)
were considered, giving a Fourier number of ~0.00015. Iterations were completed with
Fourier values up to four orders of magnitude larger than the above calculated to account

for uncertainty in the diffusivity of Al and Mg in the Mg matrix (especially in a ternary
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solid solution). There was little difference in the calculated composition solid for this
range of Fourier numbers, thus back diffusion is not expected to contribute significantly
to the final segregation profile. The initial composition of these alloys, C,, (Al 4-5 wt%,
ternary additions 3-4 wt%) and the partition coefficient, k£ (estimated from the binary
phase diagrams) have significantly more influence than the Fourier term in determining

the composition of the solid for the composition windows and partition coefficient in this

study.
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Figure 4.28 Composition profile of Al in AXJ530 with Scheil and Modified Scheil curve
fit. (b) is detail of (a).

The partition coefficient (the ratio of the composition of the solid to the
composition of the liquid) indicates the degree of segregation of solute. A value less than
unity indicates that the element is partitioning preferentially to the eutectic region
whereas a value greater than unity indicates that the element is partitioning to the dendrite
core. The farther from unity the partition coefficient is, the more strongly it partitions to
either the dendrite core or eutectic region. Physical parameters that contribute to the
partition coefficient are difference in atomic radii (the tendency for an element to be in
solution) and chemical potential of the elements in the liquid. Partition coefficients, £,

were first estimated by determining the ratio of the composition of the solid over the
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initial composition. The average partition coefficients were calculated by curve fitting
the Scheil equation through the compositional range of 0 to 50% fraction solid. For
compositional ranges greater than 50%, there was poor agreement of the Scheil and
modified Scheil equation with the data. The poor fitting is apparently due to a varying
partition coefficient at this later stage of solidification (due to a change in curvature in the
phase field boundaries).

The binary phase diagrams for Mg with each alloying constituent are shown in
Figure 4.29. Note the extremely limited (<< 1 wt%) solubility of all alloying elements,
except Al, in the primary magnesium phase. This is an indication that the ternary
additions of Ca, Ce, La, and Sr will have a limited contribution of solid solution
strengthening in the primary a-Mg phase in the ternary and higher order systems.
Aluminum may have an influence on solid solution strengthening, and the partitioning of
aluminum with each ternary addition will be further examined with Scheil analyses.
Secondly, the eutectic will be rich in the ternary additions due to their limited solubility
in Mg and this will lead to the formation of intermetallics within the eutectic, rather than

precipitates in the primary a-Mg phase.
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An example of an experimental WDS composition profile (AXJ530), prior to
Scheil analysis is shown in Figure 4.30. The profile represents the composition of the
solid as a function of apparent solid fraction, for each major alloying element. The sum
(total) composition of the alloying constituents is included at the top of the plot and is
maintained in a band of 99-101 wt%. The elemental compositional profiles are shown

individually for Mg (Figure 4.31), Al (Figure 4.32 and Figure 4.33), and the ternary
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addition (Ca, Ce, La, and Sr) (Figure 4.34 and Figure 4.35) of the five alloy systems
(AXJ530, AX44, AJ44, ACe44, and ALa44) investigated.

Each alloy has the respective area fraction alpha to eutectic region marked by
(labeled) a vertical line, designating the approximate boundary from the matrix of
primary a-Mg to the eutectic region. In the case of the Ca and Sr containing alloys, a
wider cross-hatched region is indicated, representing the overlap (and uncertainty) in the
area fraction measurements. Though this line would represent the boundary from
primary to eutectic, the spot size of the beam has a cross section of several micrometers
and an approximate interaction volume of 3 pum®. Therefore near the cell boundaries
overlap in sampling volumes between the primary magnesium and eutectic region occurs.
It is argued that sufficiently large data sets, on a representative scale of the
microstructure, were collected to statistically represent the composition profiles of these

alloys and negate concerns of interaction volume from different microstructural regions.

AXJ530 Composition Profile
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Figure 4.30 Composition profile of AXJ530 for Mg, Al, and Ca. Total weight percent is

included.
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Figure 4.34 Ternary addition composition profile (wt%) for the five permanent mold cast
alloys. Details of the lower fraction solid region (0 to 50%) are shown in Figure 4.35.
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Figure 4.35 Detail of fraction solid 0 to 50% for ternary alloy addition (a) AXJ530, AX44

and AJ44 (b) ACe44 and ALa44.

The most notable observation of the compositional profile curves is that there is a
difference in concentration of each element at an equivalent fraction solid among the
alloys. This difference is attributed to changes in solidification path, and the solubility,
of alloying elements in the a-Mg for each alloy. In Figure 4.31b, at a low apparent
fraction solid (f; < 0.01), there is variation in the concentration of Mg from the lowest,
~98 wt% in AXJ530, to a high of ~99.3 wt% in AX44. Thus AX44 has the lowest
amount of ternary solute (Al and Ca) within the a-Mg. This segregation difference
among alloys is more pronounced in the near-eutectic regions where AXJ530 again has
the lowest Mg concentration at ~80 wt% and ALa44 has the greatest at ~97 wt%.

Aluminum segregation content also differs (accounting for a difference in Mg
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concentration), Figure 4.32, where AXJ530 also has the greatest aluminum content both
at the grain center and near edge regions (Figure 4.32b with Al content of ~2.0 wt% and
12 wt%, respectively). Figure 4.33 shows the aluminum concentration, sorted in
ascending order for AXJ530, AX44 and AJ44. 1t is interesting to note, and will be
discussed in further detail in chapter 5, that the aluminum content of AXJ530 is the
greatest, followed by AJ44 (which is slightly greater) than AX44. This indicates that
though Al content (and ternary addition) is different between the alloys and solute is one
significant creep strengthening mechanism in these alloys. If the solute content was the
only mechanism for creep strengthening, then the two rare earth alloys would have an
equivalent or greater creep strength than AJ44 and AX44 based on concentration (of
solute) alone, indicating that characteristics of the solute (e.g. diffusivity) must also be
considered. The other four alloys have very similar Al concentrations at the grain centers
(low apparent fraction solids) at ~1.25 wt%. There are differences in Al composition
between the alloys at the near grain boundary regions where ACe44 and AX44 have ~1.5
wt%, AJ44 has ~1.4 wt% and ALa44 has ~1.75 wt%. The ternary additions all have low
solubilities, Figure 4.34 and Figure 4.35, with minimal increases in ternary composition
across the grains. The ternary compositions across the grains for each alloy are: ~0.22
wt% Ca in the AX44, ~0.12 wt% Ce, La and Ca in the three alloys of ACe44, ALa44,
and AXJ530, respectively, and ~0.02 wt% Sr for AJ44. Partition coefficients were
calculated for each element in each alloy from the profiles and a fit is shown in Figure
4.36. The difference in segregation behavior is quantified with the estimated and

calculated average partition coefficients that are tabulated in Table 4.9 and Table 4.10.
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Figure 4.36 Composition Profile Al for AXJ530 with Scheil and modified Scheil fits.

Table 4.9 Estimated partition coefficients, &, from the measured compositions at fs = 0.01
(k= Co/Cs).

Mg Al Ternary Addition Ternary Element
AX44 1.08 0.32 0.05 Ca
AJ44 1.07 0.35 0.01 Sr
ACe44 1.08 0.32 0.02 Ce
ALa44 1.08 0.34 0.03 La
AXJ530 1.06 0.41 0.05 Ca

Table 4.10 Calculated partition coefficients (k) for fraction solid 0 to 50% using Scheil
equation and a modified Scheil equation (Fourier number of 0.00015).

Scheil Modified Scheil (0=0.0002)

Terna Terna
Alloy — Mg Al Addition Mg Al ) dition
AX44 106 030 0.05 (Ca) 1.05 032 0.05(Ca)
ACed4 1.02 0.31 0.03 (Ce) 1.02 0.30 0.03 (Ce)
ALa44 101 035 0.03 (La) 1.02 036  0.03 (La)
Al44 1.02 0.41 0.02 (Sr) 1.02 0.41 0.02 (Sr)
AXJ530 1.03 045 0.06 (Ca) 1.03 038  0.06(Ca)

Prior to a discussion on the differences between partition coefficients for the
elements and alloys, a comparison is made between the calculated Scheil partition
coefficients and to those calculated from the equilibrium binary phase diagrams. Values
from the binary phase diagrams were calculated by determining the composition of the

solid and liquid at two temperatures, taking the ratio of Cg to C at these temperatures
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and tabulating the high, low and average values. The ratio varied at different
temperatures due to a slight difference in curvature of the two phase boundaries. These
values are listed in Table 4.11. Over all there is good agreement between the values

determined from Scheil analysis and those calculated from the binary phase diagrams.

Table 4.11 Partition coefficients calculated from magnesium binary phase diagrams.
AllOy khigh klow kaverage

Al 0.31 0.25 0.28
Ca 0.10 0.06 0.08
Ce 0.03 0.02 0.02
La 0.11 0.09 0.10
Sr 0.10 0.07 0.09

Interestingly, there are significant differences in the partitioning in the Mg-Al-Ca
alloys AX44 and AXJ530. In the case of the AX44, the Al has a k = 0.30 and the Ca has
a k = 0.05, in the case of the AXJ530, which has 1 wt% less calcium and 1 wt% more Al
than AX44, the Al has a k = 0.45 and the Ca has a k = 0.06. This indicates that the alloy
composition is influencing the solidification behavior and thus partitioning of the ternary
additions.  Secondly, AXJ530 has 0.15 wt% Sr, which may be influencing the
partitioning of Ca (and/or Al) in the primary phase. The phenomena of Sr influencing the
partitioning of the ternary elements in these alloys has previously been suggested [139]
with limited experimental evidence. The data obtained here clearly demonstrate a higher
degree of solubility of Al in the a-Mg phase in AXJ530.

Other interesting characteristics are that the Ce and La containing alloys have
similar partition coefficients for both the Al (k = 0.31 and 0.35, respectively) and the Ce
or La (k = 0.03, in both cases). The partition coefficient for the ternary addition is less
than that in the Ca containing alloys but similar to that in AJ44. This indicates that the
Ce, La, and Sr all heavily segregate to the eutectic region. Considering only atomic radii,

this would be the expected trend, Table 2.1.

4.6 Summary

The solidification behavior of five alloys (AX44, AJ44, ACe44, ALad44 and

AXJ530) has been investigated via analysis of freezing ranges, segregation during
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solidification and microstructure analysis. The five alloy systems were permanent mold
cast into bulk castings that were quantified using radiography, bulk composition (ICP),
density variation and microstructure.

Composition significantly influenced the solidification behavior with AXJ530,
AX44, and AJ44 having the largest freezing ranges and ACe44 and ALa44 alloys
exhibiting significantly narrower freezing ranges. The microstructure of all alloys
consisted of a dendritic, globular primary a-Mg phase and a eutectic region of a-Mg and
intermetallic phases. The morphology and continuity of the intermetallic phases varied
with alloy composition.

The five alloy compositions were permanent mold cast directly to tensile creep
specimens in a pre-heated permanent mold. The bulk castings were then investigated for
quality (i.e. acceptable level of casting defects) and consistency via radiography,
compositional analysis of specimens, and bulk density investigations (via Archimedes’
method). Radiography and metallography indicated that the gage sections were
uniformly free of casting defects. Bulk composition was measured within castings and
little variation (0.1 wt%) of the concentration of major alloying element (Al, Ca, Ce, La,
Sr) observed. There were no measurable changes observed in trace impurities (Fe, Cu,
Ni) due to the casting process.

During each casting campaign, typically consisting of 20 castings, mold
temperature rose monotonically from approximately 200 °C at the beginning of the run to
400 °C at the end and this affected the cooling rates of the castings. This variation in
temperature had only a small influence on primary a-Mg cell size. The cooler mold (200
°C) produced a casting with an average cell size of 18 pum where the elevated temperature
mold (400 °C) produced a casting with an average cell size of 24 um. Mold temperature
did influence microstructure in the Ca-containing AX44 and AXJ530 alloys. In both
alloys precipitation of the C15- Al,Ca phase occurred in the primary a-Mg regions, with
the precipitates oriented parallel to the basal plane. The precipitates were larger in size
with increased in mold temperatures and, as will be seen in Chapter 5, this variation in
microstructure had a measurable influence on creep resistance. Precipitation was not
observed in ACe44, ALa44 and AJ44 or, as will be shown, was there any dependence of

creep behavior on mold temperature for these alloys.
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In the calcium-containing AXJ530 and AX44 the eutectic intermetallic phases
were predominately C36, with a small (<1 %) volume fraction of C14. In the strontium-
containing AJ44 alloy the major eutectic phase was Mg;;Sr; with a minor (<<1%)
volume fraction of Al4Sr. TEM analysis was not conducted for the rare earth-containing
ALa44 and ACe44 alloys. However, x-ray diffraction has been conducted on AE42 with
mischmetal used for rare-earth additions, where it was reported [10, 11] that the eutectic
phases were primarily Al;;Ces/ Aly;La; [157] with minor amounts of Al,Ce / Al4La and
Al,Ce / AlLLa phases. Above 150 °C, poor thermal stability of the eutectic phases in
AE42 has been observed [10, 11], which may explain the poor creep resistance in the
permanent mold cast condition for tests at 175 °C, reported in Chapter 5. The area
fraction of the eutectic region is also larger in the rare earth alloys. The area fraction of
the primary phase for the alloy systems AX44, AJ44, and AXJ530 was close, lying
between 79 - 83 %. The rare earth containing alloys had a smaller area fraction of 61-63
%. The cell size and distribution of the alloys was the same. The average cell size was
between 16 — 22 um and all alloys had a similar log normal distribution.

Grain size, in adddition to dendritic cell size, has been examined in this study by
optical microscopy (using polarized light and etched microstructures) and orientation
imaging microscopy (OIM). In both the permanent mold and die-cast condition, grain
size and cell size are not equivalent and grains are comprised of multiple a-Mg cells.
Grain size was dependent on composition. AX44 had the largest measured grain size of
257 um, while AJ44 and AXJ530 had finer grains sizes of 127 and 148 pm, respectively.
The average grain size of the die-cast AXJ530 was 19 um. Grain size was not
investigated in the rare earth containing alloys. It is also important to note that the
microstructure of die-cast AXJ530 was similar (same area fraction primary phase, same
type and morphology of eutectic intermetallics phases, and presence of C15 — Al,Ca
precipitates in the matrix) to that of permanent mold cast AXJ530, with only refinement
due to the significantly higher cooling rate of the die casting process. These similarities
and differences in microstructure will be exploited in the investigation of creep behavior
and microstructure in Chapter 5.

Scheil analyses revealed differences in the segregation of Al within the a-Mg

grains for each alloy. AXJ530 had the greatest average concentration of Al (~4.1 wt%),
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followed (in descending order) by AX44 and AJ44 (1.8 wt%), ACe (1.6 wt%) and ALa44
(1.4 wt%). The ternary additions of Ca, Ce, La and Sr segregated significantly to the
eutectic regions for all alloys, with concentrations of these elements in the primary Mg
ranging from 0 to 0.25 wt%.

In Chapter 5 the results of creep studies conducted on the permanent mold cast
alloys and on die cast AXJ530 are presented. Differences in creep resistance will then be
described in terms of compositional and microstructural differences among the alloys that
have been elucidated in Chapter 4. The latter will focus on differences in grain size,
influence of solute, the presence or absence of precipitation in the matrix, and

microstructure of eutectic regions.

118



Chapter 5

Creep Behavior

This chapter examines the constitutive creep response of the permanent mold cast
alloys and relates microstructural features (i.e. grain size, solute concentration, precipitate
strengthening) to differences in creep strength. In Section 5.1 the tensile creep behavior
of the as-permanent-mold-cast specimens is described for stresses ranging between 40-90
MPa at 175 °C, and a comparison of the behavior between die-cast and permanent mold
cast AXJ530 is also presented.

Section 5.2 describes the influence of microstructural features on creep strength.
The influence of grain size is considered for die-cast and permanent mold cast AXJ530.
Next the influence of composition on solidification path is analyzed considering the
variation in solute concentration in the a-Mg phase for each alloy (as reported in Chapter
4). The creep resistance of precipitation (C15 - Al,Ca) strengthened o-Mg is also

quantified.

5.1 Comparison of Creep Behavior

Creep testing was conducted on the permanent mold cast and die-cast alloys at
stresses ranging from 40 to 100 MPa at 175 °C. The alloys can be ranked in order of
decreasing creep resistance at 175 °C as: die-cast AXJ530, permanent mold cast AXJ530,
AX44, AJ44, ALad44 and ACe44 (with the latter five alloys all permanent mold cast). A
comparison of the creep behavior of the calcium and strontium containing alloys is
shown in Figure 5.1 and Figure 5.2. The ACe44 and ALa44 were significantly less creep
resistant and their creep behavior is presented later. The creep curves of the permanent
mold cast alloys exhibited three distinct stages. During the first stage, primary creep,

there was a rapid decrease in creep rate. This was followed by a minimum creep rate
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with an extended steady-state, and finally an acceleration of the creep rate, leading to

failure.

70 MPa -175°C

0.04 - AJ44-T_ 14~ 350 °C
= 0.03 1 AXI530 - Ty 14 ~ 326 °C
g
2]
5
3 0.02 -
@)
~262°C
0.01 +
AXJ530 - Ty 1 = 212 °C
0.00 = ; S

I I
0 100 200 300 400 500 600 700 800 900 1000

Time (hr)
Figure 5.1 Creep strain comparison of Ca and Sr containing permanent mold cast alloys
at 70 MPa and 175 °C. The rare earths, presented later, have much lower creep resistance
at these test conditions.
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Figure 5.2 Dependence of minimum creep rate on stress at 175 °C for permanent mold
cast alloys AX44, AJ44 and AXJ530 and die-cast AXJ530.

Primary creep strain and the duration of primary creep decreased with decreasing

creep resistance (from alloy composition) and with applied stress. For the Mg-Al-Ca
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alloys the primary creep transient varied from 20 to 50 hours in duration with primary
creep strains ranging from 0.5 to 1.0%. The AJ44 alloy reached the end of primary creep
between 10 and 15 hours at ~0.5% strain. The Mg-Al-RE alloys exhibited very short
primary creep transients less than 5 hours in duration with primary creep strains ranging
from 0.5 to 1.0%.

The ductility at failure (for the permanent mold cast samples) ranged between 1.3
and 16% and varied with alloy composition and applied stress. No macroscopic necking
was observed in any alloy of the stresses investigated. For the most creep resistant
permanent mold cast alloy, AXJ530, failure occurred between 2.5% strain (at 75 MPa)
and up to ~5.3% strain (at 90 MPa). AX44 exhibited greater ductility to failure and was
between ~5% (at 80 MPa) and 16% (at 85 MPa). The ability of AX44, at higher stresses,
to accumulate additional strain prior to the formation of localized creep damage is
discussed in Chapter 6. For the AJ44 alloy, failure occurred at 3% strain (at 65 MPa) and
3.8% strain (at 75 MPa). The rare earth alloys behaved similarly (to each other) with
failure occurring at 1.3% (at 50 MPa) and at 4% (at 60 MPa).

The stress exponents were determined for the Mg-Al-Ca and Mg-Al-Sr alloys.
For the permanent mold cast AXJ530, AX44, and AJ44 the stress exponents were similar
and ranged from 14.2 to 17.5. These values, though high for power law creep in single
phase alloys, are reasonable considering the multiphase microstructure of these alloys and
are near those reported for other Mg alloys [100, 112, 126]. Although only two stress
levels were investigated for the die-cast AXJ530, the stress exponent appears lower n =
6.8 and is close to that reported for die-cast AX53 (n=8.5) [84]. Fewer stress levels were
examined for the rare earth alloys and the stress dependence was not determined.

The creep testing parameters (i.e. alloy, casting mold temperature, applied stress,
test time, accumulated creep strain and minimum creep rate) for the permanent mold cast
specimens tested are tabulated in Table 5.1. Due to difficulties in permanent mold
casting of the rare earth alloys (ALa44 and ACe44) and poor as-permanent-mold-cast
creep resistance, only limited creep testing was completed for these alloys for comparison
to the calcium- and strontium-containing alloys. The remainder of this section compares

the creep behavior of each permanent mold cast alloy and die-cast AXJ530.
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Table 5.1 Summary of creep parameters and test results of as-permanent-mold-cast
alloys. All tests conducted at 175 °C.

Alloy Mold Temperature Stress Time % Cr.eep Mininum (_il‘eep Rupture
O (MPa) (h) Strain Rate (s™)
AXJ530 348 90 22.3 5.3 4.0x 10”7 Yes
380 80 231.5 4.6 3.0x 107 Yes
356 75 4455 2.6 9.0x 10° Yes
246 75 667.5 0.9 28x10°  Interrupted
246 75 496.0 0.6 2.5x10°  Interrupted
352 70 891.0 3.4 42x 107 Yes
334 70 659.8 5.1 75x 107 Yes
215 70 497.0 0.2 62x 10" Interrupted
253 65 692.3 0.3 50x 10" Interrupted
376 60 558.1 0.2 42x 10" Stepped
AX44 266 85 146.7 15.2 2.0x 107 Yes
348 80 99.2 13.8 2.5x 107 Yes
315 80 7.5 6.8 1.8x 107 Yes
246 80 1367 4.7 6.4x 10" Yes
290 75 4254 32 1.7x10%  Interrupted
266 70 666.7 1.0 2.0x10°  Interrupted
231 65 1005.3 2.0 3.1x10° Interrupted
AJ44 293 80 72.3 43 1.2x 107 Yes
266 75 773 4.7 1.2x 107 Yes
343 70 86.2 4.0 92x 10" Yes
278 70 77.4 3.6 89x10% Yes
337 65 421.6 2.9 8.0x 10”7 Interrupted
253 65  399.3 3.5 1.5x10%  Interrupted
291 60 618.5 1.2 3.1x10° Interrupted
ACe44 327 60 3.5 2.1 9.1x 107 Yes
253 60 5.6 4.0 1.5x10° Yes
266 50 3.9 12 47x107 Yes
231 40 5743 2.1 42x 107 Yes
Ala44 253 60 12.1 1.0 1.1x 107 Yes
253 60 29.7 3.8 1.5x 107 Yes
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The creep behavior of die-cast AXJ530, the most creep resistant alloy test, is
shown in Figure 5.3. The minimum creep rates observed at 80 and 100 MPa were 2.5 x
10" s and 9.23 x 107%™, respectively, and an order of magnitude lower than observed

T at

in the next most creep resistant alloy, permanent mold cast AXJ530 (i.e. 3.6 x 107 s
80 MPa and 175 °C). Although only two stresses were investigated, the stress exponent

was approximately 6.8 which is similar to that reported for die-cast AX53 (n =8.5) [84].

0.0035 . . r T T . T .
1 Die-cast AXJ530 - 175 °C;
0.0030 4

1 100 MPa
0.0025
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0 200 400 600 800 1000
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Figure 5.3 Creep behavior of die-cast AXJ530 at 175 °C.

The permanent mold cast AXJ530 was the next most creep resistant alloy studied
and creep curves are shown in Figure 5.4. The minimum creep rates for the highest (90
MPa) and lowest (60 MPa) stresses investigated are 4.0 x 10”7 s and 4.2 x 1070 s,

respectively.
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Figure 5.4 Creep strain behavior of permanent mold cast AXJ530 at 175 °C for stress

between 60 and 90 MPa.

In permanent mold cast AXJ530 creep rate was sensitive to the mold temperature,

the variation of which is described in Section 4.2.1. This effect is shown in Figure 5.5,

where casting samples (having different cooling rates from changes in permanent mold

temperature) were crept at the same temperature and stress. For the range of permanent

mold temperature investigated (200 — 400 °C) the creep rate varied by about an order of

magnitude. This difference, further discussed in Section 5.2, is attributed to the change in

size and spacing of precipitates (C15 — Al,Ca) in the a-Mg matrix (Figure 4.17).
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Figure 5.5 Dependence of mold temperature influence on creep strain behavior of
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The creep behavior of AX44, ranking second in creep resistance among the as-
permanent-mold-cast alloys in this investigation, is shown in Figure 5.6. The minimum
creep rate ranged between 3.1 x 10”7 s and 2.5 x 107 s for applied stresses from 65 to
80 MPa. The creep behavior of AX44 is most similar to that of permanent mold cast
AXIJ530, with approximately a factor of five to ten times lower minimum creep rate than
that observed for similar microstructures (i.e. precipitate morphology) at comparable
stresses (i.e. 2.0 x 107 s (AX44) compared to 6.2 x 10" s (AXJ530) at 70 MPa and
175 °C).

(a) 0.08 i T2E= + T )} (b) 1076 T * T T T
1 B Tinolg = 330°C  AX44 Alloy - 175 °C 80 MPa AX44 Alloy - 175 °C
0.074 B - 1 85 MPa
006 ] 85 MPa - Ty 14 ~ 262 °C
0.05 ] 5 A 5 1075 80 MPa
. 1 80 MPa - Ty 14 ~ 244°C =
Z 0.044 54
S o] 75 MPa- T, ~ 282°C g
S S 10t
0.024 65 MPa - T, 14 ~ 229 °C]
0.01 A T0MPa- Ty o1q =262 °C ' =
] MPa
0.00 —— 71— 10° — T
0 100 200 300 400 50 0 100 200 300 400 500
Time (hr) Time (hr)

Figure 5.6 Creep behavior of permanent mold cast AX44 at 175 °C for stress between 65
and 85 MPa (a) creep strain and (b) creep rate.

The AX44 minimum creep rate was sensitive to mold temperature, similar to that
observed for AXJ530. The change in creep resistance with mold temperature is shown in
Figure 5.7 and again is attributed to the change in precipitate size and spacing (Figure
4.18). Samples cast with higher mold temperatures had a coarser precipitate distribution

and a poorer creep resistance than samples cast with lower mold temperatures.
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Figure 5.7 Creep behavior of permanent mold cast AX44 at 80 MPa and 175 °C.
Average mold temperature listed next to each curve.

The AJ44 had an intermediate creep resistance, among the five alloys
investigated. The creep behavior of the AJ44 alloy is shown in Figure 5.8. The
minimum creep rate of the AJ44 alloy ranged between 3.1 x 10 s and 1.2 x 107 s for
stresses from 60 to 80 MPa. For the stresses investigated, an increase of about 1.5 to 2
orders of magnitude (minimum creep rate) above AXJ530 was observed. There was an
increase in minimum creep rate of about ’2 to 1 order of magnitude between AJ44 and
AX44. The creep behavior of AJ44, unlike that observed for the Mg-Al-Ca alloys, did

not depend on mold temperature, and no precipitates were observed in the a-Mg matrix

of this alloy.
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Figure 5.8 Creep behavior of permanent mold cast AJ44 at 175 °C for stress between 60
and 75 MPa (a) creep strain and (b) creep rate.
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The creep behavior of the rare earth containing alloys is shown in Figure 5.9.
ACe44 and ALa44 had similar creep behavior, with the ALa44 being slightly more creep
resistant at the stresses and temperature investigated. Both alloys in the as-permanent-
mold-cast condition had creep resistances 3 to 4 orders of magnitude lower than that
observed for permanent mold cast AXJ530. The minimum creep rate at 60 MPa for
ACe44 and ALa44 was 9.1 x 107 s™ and 1.5 x 107 ™', respectively, where AXJ530 had a

minimum creep rate (at 60 MPa) of 4.2 x 1010 s,

There was no effect of mold
temperature on creep behavior and the presence of precipitates within the a-Mg matrix

was not observed during TEM investigations.
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Figure 5.9 Creep behavior of permanent mold cast rare earth containing alloys (ACe44
and ALa44) at 175 °C for stress between 40 and 60 MPa (a) creep strain and (b) creep
rate.

Table 5.2 Comparisons of alloys, cast condition, and approximate minimum creep rate at
80 MPa, 175 °C.

Casting Process Alloy :‘Iminimum (s'l) approximate time to €, (h)
Die-cast AXJ530 10" 200
Permanent-mold  AXJ530 10”7 70
Permanent-mold ~ AX44 10 50
Permanent-mold AlJ44 107 20
Permanent-mold  ALa44* 107 -
Permanent-mold  ACe44* 107 -

* minimum creep rate at 80 MPa extrapolated from log o - log €, data at lower
stresses
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Table 5.2 summarizes creep behavior of the alloys (and casting process) at 80
MPa and 175 °C. The minimum creep rates for ALa44 and ACe44 have been
extrapolated from log o vs. log € data. Among these alloys the microstructure varied due
to casting process (i.e. die-cast and permanent mold cast), composition (i.e. ternary
additions (Ca, Ce, La, and Sr)), and due to cooling rate differences during solidification
(i.e. mold temperature varied between 200-400 °C). In the following section the
influence on creep behavior of these microstructural variations, especially grain size,

solute concentration, and matrix precipitation, are examined.

5.2 Influence of Microstructure and Composition on Creep

Many investigations of creep in Mg alloys attribute differences in creep behavior
to variations in microstructure. Some [13, 84, 130, 162] report that the intermetallic
phase precipitated along grain boundaries pins the grains retarding GBS, while others [8,
129] do not specify the mechanism for the improvements in creep behavior, but do
correlate the improvement in creep resistance to the suppression of an intermetallic (e.g.
Mg;7Al}2) and formation of a different phase (e.g. Al,Ca). Many report [11, 84, 100,
126, 129, 136, 144, 159, 191, 194, 196, 205] that the thermal stability of the intermetallic
has a strong influence on creep behavior. Terada et al. [206] concluded that the eutectic
intermetallic phase covers the grain boundaries and improves creep strength by sustaining
the stress-independent component of the internal stress and (suggested) that the presence
of the continuous intermetallic phase reduced the mobile dislocation density and/or glide
velocity of dislocations, though dislocation densities were not investigated. Precipitation
within the matrix has also been attributed to creep strengthening in Mg alloys [102, 104,
195, 207]. This section examines the influence of microstructure on creep strength in
light of new information on grain size variation and provides a detailed characterization
of the potential affects of solute segregation and precipitation on creep behavior of as-
cast Mg alloys.

A schematic overview of the microstructure is illustrated in Figure 5.10, where
the features that may influence creep behavior are depicted. At the center of the figure is

an illustration of a microstructure where the size of a-Mg grains (d) and cells (L) have
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been differentiated. The scale of the grains and cells are refined in the die-cast condition,
but the grain and eutectic structure remains similar. In the top left corner, the
composition profile (from the center to edge of a grain) for two alloys is plotted
comparing Mg and ternary addition. It is evident that the solute concentration varies
between alloys. Moving clockwise around the figure, the C15-Al,Ca precipitates within
the a-Mg of the Mg-Al-Ca alloys are illustrated for two different samples that had cooled
at different rates, resulting in a coarse and fine precipitate distribution. Finally at the
bottom of the figure are schematic representations of the different eutectic morphologies
resulting from alloy composition. In this section the influence of these microstructural
features on creep behavior is described, with specific focus on (1) microstructural scale
(i.e. grain and cell size) (2) solute concentration in the matrix (3) precipitates in the
matrix and (4) the morphology of the eutectic region. Based on the experimental

observations, approaches for improvement of creep behavior are proposed.

129



(2) Solute Concentration (3) Precipitation

- Strengthening

95- ! Mg-Al-Ca

Mg AN

90+ e
=
T 85- -
Z g
5 80- .
ug 15 -—'- """""""""""""
(="
g 10 Ca
&

s«M

0 L T T 1

0 . . GB
Apparent Fraction Solid .
(C15- AlzCa)

Mg-Al -RE

Figure 5.10 Schematic of microstructure for permanent mold cast condition illustrating
features characterized for creep strengthening contributions (1) (A) cell and (d) grain size
(2) solute concentration (3) precipitation strengthening and (4) eutectic morphology.
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5.2.1 Effects of Grain Size

The grain size of these alloys was determined to be an important microstructural
feature affecting the creep behavior. The average grain sizes of permanent mold cast
alloys (Table 4.6) was 127, 158, and 257 um for AJ44, AXJ530 and AX44, respectively.
The grain size for the die-cast AXJ530 was 19 um. There was approximately an order of
magnitude lower creep rate in the fine grained die-cast AXJ530 compared to the coarse
grained permanent mold cast AXJ530. There were two orders of magnitude difference in
minimum creep rate between fine grained AXJ530 and the coarse grained AJ44 and
AX44, though some of this difference is attributed to other microstructural features (i.e.
solute and precipitates) discussed in subsequent sections.

Considering diffusion and GBS creep models, Table 5.3, grain size has a
significant influence on creep rate. Investigations (in other alloy systems) [78-80]
observe that decreases in grain size increase the minimum creep rate, contrary to the
behavior observed here. Stress exponents measured in this study and reported in the
literature for Mg alloys (between 3 and 20, Table 2.6) between indicate that power-law
creep is operative. Grain size variation in the range examined in this study are not
typically accounted for in power-law creep models [64], since grain size does not usually

strongly influence creep.
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Table 5.3 Diffusion and GBS creep models

Model Reference Variables Equation

Dgq - diffusion coefficient

D ob’ Nabarro- o — stress |
= T _ [75,76] b~ Burgers vector Equation 5.1
kTd Herring k — Boltzmann’s constant
T — temperature
d — grain size
o — material constant
Dy, - diffusion coefficient
: D, ob* o — stress .
- % Coble [77] b — Burgers vector Equation 5.2
k — Boltzmann’s constant
T — temperature
d — grain size
1,— applied shear stress
4t Q1 Q) — atomic volume
= .

T ?Deﬁ. Raj-Ashby [78] k — Boltzmann’s constant Equation 5.3
T — temperature

d — grain size
D.sr— iffusion coefficient

Considering the microstructure of the die-cast and permanent mold cast AXJ530,
where each had the same microstructure (i.e. area fraction primary phase, eutectic
morphology, precipitate distribution) but different grain sizes and different minimum
creep rates. Figure 5.11 shows the dependence of the minimum creep rate on grain size.
Permanent mold cast AX44 and AJ44 have been included for completeness though the
contribution of other creep strengthening effects (e.g. solute element and concentration)
are not decoupled from the grain size.

The relationship between grain size and minimum creep rate has an exponent of
~1.7 where the diffusional creep theory predicts an exponent of -2 or -3. No power-law
creep models mechanistically describe such improvements in creep strength from grain
size. In Chapter 6, it will be shown that grain size influences plastic strain distributions

during creep.

132



10

E 80 MPa, 175 °C ]
[ (open symbols co_arse or r!n.prempnates) AX44 - PM1
_ [(closed symbols fine precipitates) & 2 ]
3 10 £ AJ44 - PM &
= AXJ530-PM O
m y I 1
§ 10" mw~23 .- 4
& . - mx~17 ]
E =4 :
E 107 F,xs530- DC o F
= R m=1.1
-10
10 -

10 100
Grain Size (d, um)

Figure 5.11 Dependence of grain size on minimum creep rate at 80 MPa and 175 °C for
die-cast and permanent mold cast AXJ530. Permanent mold cast AX44 and AJ44 are
included for completeness.

5.2.2  Influence of solute on creep

Permanent mold cast AXJ530, AX44, and AJ44, have modest variability in grain
size (between 127 and 257 pum) which allows comparison of solute concentration (both
Al and ternary additions) and the role this may have on creep behavior. AXJ530 has the
highest solute concentration (both Al and Ca) and had one order of magnitude lower
minimum creep rate than AX44. The AX44 and AJ44 have similar microstructures (i.e.
grain size, area fraction phases, no (or few) precipitates) and essentially the same
contribution of solute have similar creep properties. The rare earth containing alloys had
comparable Al and limited Ce or La in solution and this could account for the 3-4 orders
of magnitude lower creep resistance compared to the Ca/Se containing alloys.

Dargusch et al. [86, 162] suggested that solute aluminum (in the a-Mg grains of
AMS50/AS21) may improve creep resistance however, they did not quantify solute
concentrations in the alloys. Powell et al. [10, 11] carefully measured the concentration
of RE in solution (AE42 alloy) and concluded, due to the low levels of RE, that there was
not a likelihood of solid solution strengthening. However, others [91, 208] have argued
that rare earth elements contribute to solid solution strengthening of the a-Mg matrix,

although, again, no experimental verification was made. Suzuki et al. [139] investigated
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the addition of Sr to Mg-Al-Ca and quantified solid solution strengthening at room
temperature using room temperature nano-indention.

Despite the high stress exponents, dislocation substructures during creep consist
of isolated dislocations that appear to be viscously moving though the grain structure, as
described in section 4.4.2. Thus it is of interest to evaluate the influence of solute
concentration on creep using models for viscous-glide controlled creep. A model on
viscous-glide developed by Mohamed and Langdon [209], Equation 5.4, accounts for

solute concentration through the variable A.

. _ 3
ER % Equation 5.4
N e’ch’G?

kTD

A Equation 5.5

In Equation 5.4, v is the Poisson’s ratio, ¢ the applied load, A is a constant
dependent on the mechanism of solute-dislocation interaction, and G is the shear
modulus. Cottrell and Jaswon [210] proposed an approximation for A, Equation 5.5,
accounting for the solute-dislocation interaction where e is the solute-solvent size
difference, c is the concentration of solute atoms, b is the Burgers vector, G the shear
modulus and D the diffusion coefficient of the solute atom. The variables e, ¢ and D,
Equation 5.5, are the features that vary among the alloys investigated, and thus can be
evaluated to compare the influence solute has on creep. Table 5.4 contains the values of

e calculated from atomic radii of each element relative to that of magnesium.

Table 5.4 Element addition, atomic radii [26] and solute-solvent size difference (e) with
respect to Mg.

Element Atomic Radii (A) e
Mg 1.60 -
Al 1.43 0.17
Ca 1.97 0.37
Ce 1.83 0.23
La 1.87 0.27
Sr 2.15 0.55
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Representative concentrations (of solute) were determined from the Scheil
analysis, and described in Section 4.5. The values were determined for two
representative conditions. The first was the average of the solute within the primary o-
Mg (e.g. the average of Al composition from 0 to 80% apparent f; for AX44). The
second was the solute concentration in the matrix determined by the average of 30 points
at the near grain boundary region (30 points accounted for ~ 5% area fraction from the
grain boundary back into the primary grain). These values (average and maximum
concentration) for each alloy system are shown in Table 5.5. Although these
concentrations do not directly account for variations in creep (which also requires values
for e and D), several interesting trends are observed. First the Mg-Al-Ca alloys have the
greatest concentrations of Al and ternary addition compared to the other alloys.
Secondly, ordering the alloys in decreasing concentration for both Al and ternary
additions follows the order of decreasing creep resistance.

There is one significant consideration in comparing the concentrations values.
The Mg-Al-Ca alloys, compositional measurements were completed on as-cast samples
containing similar size and spatial distribution of C15-Al,Ca precipitates in the primary
a-Mg matrix. Since the precipitates were much smaller than the beam size (in measuring
composition with an EPMA), their contribution to the compositional profile could not be
de-coupled from solute in the matrix. Therefore, the compositions reported for AX44
and AXJ530 include Al and Ca contributions that include precipitates in the matrix and
which would not contribute to solid solution strengthening (though they will contribute to

precipitation strengthening, Section 5.2.3).
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Table 5.5 Compositions measured from EPMA in the Scheil analysis, section 4.5, with
the a-Mg phase.

Alloy Al Ternary Addition Mg
Average wt% Max. wt% Average wt% Max. wt% Average wt% Bal. wt%
AX44 1.8 4.6 0.8 4.5 97.5 90.9
ACe44 1.6 24 0.2 0.6 98.1 96.9
ALa44 1.4 1.5 0.1 0.1 98.2 97.7
AJ44 1.8 3.2 0.3 1.7 97.1 94.4
AXJ530 4.1 11.1 1.4 6.8 93.5 82.1
Average at% Max. at%  Average at% Max. at%  Average at% Bal. at%
AX44 1.6 4.2 0.5 2.8 97.9 93.0
ACe44 1.4 22 0.0 0.1 98.5 97.7
ALa44 1.3 1.4 0.0 0.0 98.7 98.6
AJ44 1.6 29 0.1 0.5 98.3 96.6
AXJ530 3.8 10.4 0.9 4.3 95.4 85.3

Values for diffusivity from the literature are shown in Table 5.6. Limited data
was found for diffusion coefficients of the alloying elements in Mg [203, 211, 212],
especially for the creep temperatures of interest. It was assumed that differences in the
diffusivity of Al in Mg are negligible between alloys due to the low concentrations (in
comparison to Al) of the ternary additions in solution. Therefore the diffusion coefficient
was not considered as a variable when calculating differences in the viscous drag effect
from Al solute.

This was not the case for the ternary additions. It is reasonable to assume (based
on the differences in atomic radii between ternary additions) that the diffusion
coefficients will be different for Ca, Sr and the rare earths in Mg. Comparable values of
e’c can be calculated between AX44 and AXJ530 (the diffusion coefficient for Ca in Mg
would be approximately the same for these alloys) and between ACe44 and ALa44 (the
diffusion coefficients are similar) but meaningful comparisons between each ternary
system cannot be made without incorporating the diffusion coefficient. Regardless, it is
reasonable to assume that Al will have the major contribution to viscous drag because of

its higher concentration.
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Table 5.6 Diffusion coefficients of ternary elements in Mg at various temperatures.
2

cm
Temperature (°C)  Element D( j Reference

S
420 Al 8.0x10™" [203]
175 Al 6.6x10"7 [203]
550 Ce 2.9x10” [211]
540 La 5.9x10” [211]

Calculated values of e’c for the Al and ternary elements, are shown, Table 5.7.
The most notable result of these calculations is that the values for Al concentrations,
considering ezcmaximum, would predict the following decreasing creep resistance: AXJ530,
AX44, AJ44, ACe44 and ALa44. Experimentally this is similar to the order of
decreasing creep resistance: AXJ530, AX44, AJ44, ALa44, and ACe44. Considering the
average solute concentration for Al, the creep resistance follows the same order and also
predicts similar creep strength for AX44 and AJ44. These alloys have similar creep
resistance when AX44 contains coarse C15 precipitates, whereas AX44 is about an order
of magnitude more creep resistant with a fine precipitate distribution, indicating the
improvement in creep strength from precipitates. For the ternary addition, direct
comparisons can be made between AX44 and AXJ530 and between ACe44 and ALa44,
as the diffusivities of Al and the ternary addition should be very similar in these systems.
Considering the influence of solute (both Al and Ca) in the Mg-Al-Ca alloys, it is clear
that AXJ530 should be more creep resistant than AX44, which is indeed the case.
Likewise there should be little difference between ACe44 and ALa44 and this, too, is the
observed behavior. It is therefore reasonable to conclude that both the Al and the ternary
additions in solid solution are important components to creep strengthening in these
alloys. The influence of the diffusivity of the solute elements will be considered in the

following discussion.
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Table 5.7 The ec term of A for viscous drag creep models.

Al Ternary Addition

Alloy 2 2 2

€ cmaximum € caverage € cmaximum € caverage

AX44 0.12 0.05 0.38 0.07
ACe44 0.06 0.04 0.01 0.00
ALa44 0.04 0.04 0.00 0.00
AJ44 0.09 0.05 0.15 0.03
AXJS530 0.30 0.11 0.59 0.12

Though the diffusion coefficients are unknown, reasonable assumptions of their
values can be made to allow approximate predictions between the Ca and Sr containing
alloys. The calculated values of (e’c)/D are listed in Table 5.8 assume that the diffusion
coefficient of Al in Mg [203]is 6.6 x 107" cm® s and is the same in each alloy, and that
the diffusion coefficient for Ca and Sr (in Mg) is one and two order of magnitude lower
respectively (6.6 x 10" cm?s™ and 6.6 x 10™® cm? s™) than that for Al. Calcium and Sr
have larger atomic radii than Mg, with Sr being the larger of the two. The diffusivities of
the rare earths were not considered due to their near zero solute concentrations and lack
of diffusivity data. From these calculations, assuming Sr has a lower diffusion
coefficient than Ca, Sr would have more influence on the creep rate than Ca. AJ44 and
AX44 are similar in creep resistance (with coarse precipitates in AX44), and the
aluminum solute concentrations are comparable between these two alloys. Shifts in alloy
composition to increase the amount of Al and the ternary additions in solution will
provide additional creep strength in these alloys.

Considering the calculated values of Table 5.8 for these alloys from a viscous-
glide creep model [209, 210], differences of up to three orders of magnitude in creep rate
could be accounted for, considering only the influence of solute. Experimentally, the
variation in creep rate is five orders of magnitude. Thus, it is expected given that other
factors also influence the creep behavior. As discussed in Section 5.2.1, grain size
contributes approximately one order of magnitude. In the following section the

contribution of precipitates is evaluated.

138



Table 5.8 The e”c/D term of A for viscous drag creep models.

Al Ternary Addition
2 2 2 2
Alloy € Chaximum € caverage € Chaximum € caverage
Da1mg DA1mg Dy Mg Dy Mg

AX44 18x10” 76x10° 58x10° 1.1x10"
ACe44 9.1x10"  6.1x10" - -
ALa44 61x10" 6.1x10" - -

AJ44  14x10°  76x10°  23x107  45x10'
AXJ530 45x10°  1.7x10”°  89x10° 1.8x10"

The differences in solute concentrations in the alloys studied can be attributed to
the different solidification paths. Figure 5.12 shows the superimposed liquidus projection
(constructed from [51, 143] after [139]) of Mg-Al-Ca and Mg-Al-Sr. Also included is the
measured Al composition profile for AXJ530, AX44, and AJ44 from Scheil analysis.
Plotted on the projection is the estimated solidification path (from alloy composition, the
liquidus projection and thermal analysis data) for AXJ530 (black), AX44 (red) and AJ44
(blue). The partitioning of Al for each alloy is indicated from the tie line (at A, B and C)

and is in good agreement with the measured compositions from the Scheil analysis.
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Flgure 5.12 L1qu1dus project of Mg-Al-Ca and Mg-Al-Sr after [139] and composition
profile of Al for AXJ530, AX44, and AJ44.

Considering these results, additional solute strengthening may be possible through

two methods. First, the alloy composition can be shifted such that higher aluminum (and
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ternary) concentrations are gained. Care must be taken with this approach. For example,
in the Mg-Al-Ca system additions above ~8 Al wt% (at 3 wt% Ca) will move the
solidification path past the saddle point and could lead to the formation of a less creep
resistant microstructure that contains f — Mgj7Alj,. Second, a more favorable approach
would be to add quaternary additions to either Mg-Al-Ca or Mg-Al-Sr affect partitioning
of Al and the ternary constituent to the a-Mg phase. The additions would ideally widen
the primary phase field, moving the eutectic valley further down the Mg-X (ternary
addition) axis and shift the liquidus surface such that the tie-line would dictate a greater
concentration of Al and ternary addition in a-Mg. From, Figure 5.12 this would rotate

the tie-line counter clockwise from those already superimposed.
5.2.3  Effect of Precipitate Strengthening

The influence of the C15 — Al,Ca precipitates (Figure 4.17 and Figure 4.18) on
the creep strength of the permanent mold cast Mg-Al-Ca alloys has been measured,
Figure 5.5 and Figure 5.7. Fine precipitates within the a-Mg matrix decreased the
minimum creep rate by approximately an order of magnitude compared to coarse
precipitates. A previous study [57] demonstrated modest (~5 times lower minimum
creep rates) improvements in creep of die-cast AXJ530 through aging treatments at low
temperatures (200-300 °C). Figure 5.13 compares the creep behavior of permanent mold
and die-cast AXJ530 for two precipitate conditions: (1) coarse (as-permanent-mold-cast
Tmolda = 383 °C) or no precipitates (as-die-cast) and (2) fine precipitates (aged DC and as-

permanent-mold-cast Tyolg = 246 °C).
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Figure 5.13 Comparison of the creep behavior for permanent mold (PM) and die-cast
(DC) AXJ530.

The creep strengthening effect of the precipitates is significantly different in the
permanent-mold-cast, compared to the die-cast, condition. The permanent mold cast
specimens exhibited a decrease in minimum creep rate of approximately one order of
magnitude from a coarse to fine distribution of the C15-Al,Ca precipitates. In the die-
cast condition the reduction in minimum creep rate with precipitates was somewhat less
(about a factor of five). The reason for the modest increase in creep strength for die-cast,
while a substantial increase for permanent mold cast is not well understood. Though not
investigated in this study, precipitate distribution and dislocation interaction with the
precipitates and/or grain boundaries could be explanations for the difference in creep
strength influence of precipitates, and warrants further investigation.

To quantify the strengthening contribution of the precipitates the Orowan
equation (5.6) was used, where G is the shear modulus, b is the Burgers vector, and L is
the (average) distance between obstacles on the slip plane. Classically, the Orowan
equation quantifies material strengthening through assuming that the most significant
barrier to dislocation motion within the matrix is from precipitates that dislocation must
cut, climb around and/or, bow and loop. This discussion assumes that the precipitates act
as significant barriers to dislocations, though a diffusion accommodated bypass
mechanism is operative. The shear modulus and Burgers vector at room temperature are

17.3 GPa and 0.32 nm (for basal slip), respectively [3, 213]. Proper application of the
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Orowan equation to creep strength requires calculating the shear modulus at test
temperature and making representative measurements of precipitates with respect to the

slip plane.

Gb Equation 5.6

The shear modulus, p, for the temperature of interest (448 K), is calculated using
Equation 5.7 [60] where L, is the shear modulus (17.3 GPa) at room temperature (300 K),
T is the temperature (448 K) of interest, Ty, is the melt temperature (924 K), and (T,/po)
(d,/dT) is a constant (-0.49 for magnesium [60]). This yields a temperature corrected
shear modulus of 15.9 GPa (for magnesium at 175 °C (448 K)).

T-300\T,4d, .
u=pu,| 1+ - ~ dT Equation 5.7
H,

m

The precipitates observed in these alloys are plate-like in morphology and
oriented along the basal plane. Slip has been reported to occur predominantly on the
basal plane [36, 38-45], thus the precipitates would pose marginal obstacles to
dislocations gliding on the basal plane. Conversely, to accommodate deformation in a
randomly oriented polycrystalline material, slip must occur on multiple systems where
precipitates become more effective barriers. It is clear that slip occurs on basal and non-
basal systems, as shown in Figure 4.21, Figure 4.23, and discussed in [16, 135, 178].
Thus the strengthening effect of the precipitates should be considered on slip systems
other than basal where the precipitates have a larger effective cross section than to
dislocations gliding on the basal slip.

A schematic representation of the precipitates is shown in Figure 5.14. The
important points to consider are: (a) the precipitates do not occupy every basal plane (b)
there are large distances (with respect to basal plane separation) between precipitates and
(c) viewing the precipitates from the edge-on orientation obscures precipitate density on
the basal plane, making it impossible to accurately determine an average spacing (L) with

respect to dislocations gliding (on the basal plane).

142



()

(©)
S ?e
o —
< < == '-. -
e

Figure 5.14 Schematic representation of C15 - Al,Ca precipitates in a-Mg matrix (a) edge
view, after orientation of Figure 4.17 (b) Top view where precipitate density per plane is
indistinguishable (c) 3D view of precipitates and (d) 3D view where precipitates on the
same plane are grouped by color. Note precipitates are several atomic planes thick
indicating that there are many basal planes in a-Mg that contain few or no precipitates.

In formulating an initial representation of the strengthening effect of the
precipitates the average spacing (L) will be quantified through a linear intercept method
by measuring the perpendicular distance between precipitates oriented along the basal
plane. This distance would be representative of the strengthening effect of non-basal
dislocations. A more complete analysis would involve considering the influence of basal
gliding dislocations and the non-basal dislocations that would interact more directly with
the precipitates. This warrants further investigations quantifying the contribution of basal
and non-basal dislocations to the creep strain.

Table 5.9, contains the results from the Orowan analysis, accounting for the
strengthening influence from the precipitates. The finest observed precipitates, with an
average basal plane spacing of 41 nm, had a significant influence on the resistance to
dislocation motion contributing up to 124 MPa. The larger distances for the coarse

precipitate are responsible for more modest increases in shear strengthening of the
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materials of 25.5 MPa and 14.1 MPa. Converting these values from a shear to applied
tensile stress, taking a Taylor factor for a polycrystalline aggregate (M ~ 3.0 [61, 214]),
values of 372, 76.5 and 42.3 MPa result. These are unreasonably high stress values in

comparison to the applied load (80 MPa) and UTS (~100 to 135 MPa).

Table 5.9 Calculated Strengthening from precipitates using Orowan equation.

Mold Temperature Spacing G b - basal plane Shear Strength

“O) (nm) (GPa) (nm) (MPa)
212 41 15.9 0.32 124.1
326 360 15.9 0.32 14.1
350 208 15.9 0.32 24.5

A fine precipitate distribution has a strong influence on the creep strength of the
permanent mold cast Mg-Al-Ca alloys. It can also be concluded that (L) must be
misrepresented in the average perpendicular distance between precipitates. Dislocations
predominantly glide on the basal plane thus the strengthening effect of the precipitates is
lessened. When dislocations are active on other slip systems (i.e. prismatic or pyramidal)
the strengthening effect of the precipitates is stronger. Therefore an order of magnitude
decrease (in creep rate) has been shown with a fine precipitate distribution.

Future investigations that further quantify precipitate strengthening will require an
understanding of the slip systems that are most active following basal (and their Burgers
vector) and a representative distribution of precipitates spacing (L) (with respect to that
slip system). Additional investigations of both optimal precipitation distribution in Mg-
Al-Ca alloys and precipitation strengthening through alternative elemental additions are
recommended. Both precipitation strengthening and solute strengthening are occurring in
the Mg-Al-Ca alloys and an optimal balance of those two creep strengthening features
should be investigated. Though the Mg-Al-RE have little RE in solution, beneficial
effects of precipitation strengthening have been reported for non-aluminum containing
rare earth additions [175, 176], especially in the heavy rare earths systems [166, 215,
216]. Elements, especially ternary additions that are readily soluble in Mg at higher

temperatures and have a decreased solubility at aging temperatures are most attractive.
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5.2.4  Interdendritic Morphology

The grain size, solute concentration, and precipitate density have been
investigated in each alloy. These microstructural features have been associated with an
increase in creep strength (die-cast over permanent mold cast AXJ530, permanent mold
cast AXJ530 over AX44, and fine precipitate distribution over no precipitates) of about
an order of magnitude for each microstructural feature. Estimating diffusion coefficients
solute concentrations can be attributed to three orders of magnitude difference in creep
rate (and following the same order of creep resistance that was experimentally observed).
There is five orders of magnitude difference in creep rate across the alloys investigated.
This indicates that either the diffusion coefficients estimated are conservative or other
microstructural features are contributing to the difference in creep strength. This
difference may be an effect of eutectic morphology though for permanent mold cast
alloys it is not a major effect. The rare earth alloys had less solute and no observed
precipitates in the matrix, and five orders of magnitude higher minimum creep rates than
die-cast AXJ530. They also had lower volume fractions primary magnesium and a
different eutectic morphology.

The difference in eutectic morphology between alloys is distinct and has been
schematically represented in Figure 5.10. The Mg-Al-Ca alloys have the C36 phase that
has a semi-continuous aspect (Figure 4.8) of two distinct morphologies: interconnected
plates (not lamella) and script. The plates are connected by webs that traverse the near
center of the plates. The AJ44 also has a semi-continuous eutectic structure with pockets
of Mg dispersed throughout. However the eutectic morphology of the two rare earth
alloys is less continuous. Others [157] have reported from TEM analysis (in a die cast
Mg-Al-RE alloy (AE42)) a complex body-centered orthorhombic Al;;RE; phase and
described it as: ‘quite complicated with parallel laths connect to crosswise branches. The
laths are less than 0.1 pm thick and with a typical length and width of 2 um and 0.5 pm
respectively. The overall extent of a particle is usually 5-10 um.” The study concludes
that a component of the improved creep strength of the rare earth containing alloys
(compared to Mg-Al-Si (AS21) alloys) is in the ability for this complex shaped phase to
‘grip several neighbouring matrix grains’ [157], though experimental verification of this

hypotheses was not completed.
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Since direct experimental evidence is lacking, additional investigations
(dislocation substructure development with creep via TEM or strain mapping) are
required (and recommended) to quantify the role of the eutectic structure in creep
strengthening. Inferences can be made by only considering the eutectic morphology and
creep resistance between alloys. The more creep resistant microstructures, AXJ530,
AX44 and AJ44, have a semi-continuous morphology, where the less creep resistant
alloys have a lath or block like morphology that is not continuous on the length scale of
the grains. Within the literature, this strengthening technique has been attributed to
pinning the grains (cells) to prevent grain boundary sliding [13, 84, 162], though no
experimental evidence has been provided. As will be shown in Chapter 6, extremely

limited evidence of GBS was observed in the post crept samples.

5.3 Summary

The tensile creep behavior of the permanent mold cast alloys can be ordered, for
increasing minimum creep rate: AXJ530, AX44, AJ44, ALad44 and ACe44 (over the
stresses and temperatures investigated). Die-cast AXJ530, with a similar microstructure,
except a smaller grain size than permanent mold AXJ530, was the most creep resistant.
All alloys exhibited a power-law creep behavior with the permanent mold cast AJ44,
AX44, and AXJ530 having a stress exponent (for ¢ = 40 — 100 MPa at 175 °C) between
14.2 and 17.5. Only two stresses were investigated for the die-cast AXJ530, but the
stress exponent appears lower n = 6.8 and close to that reported for die-cast AX53
(n=8.5) [84].

The microstructural characteristics were quantified considering the creep behavior
of each alloy. The grain size was found to have a significant effect on the creep strength,
where an order of magnitude decrease in grain size (158 pm to 19 um) lead to an order of
magnitude lower minimum creep rate. This is at odds with all diffusion/GBS creep
models where decreases in grain size are attributed to faster creep rates and grain size is
not accounted for in power-law creep models. The solute concentration (both the Al and
ternary addition) was also found to have a significant influence on creep strength.
AXJ530, with the highest concentrations of Al and Ca in solution was an order of

magnitude more creep resistant than AX44 with the same microstructure. Through
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estimations of diffusion coefficients and considering solute concentrations, solute-
induced differences in minimum creep rates of up to three orders of magnitude were
predicted while measured creep rates varied by five orders of magnitude. A fine
distribution of precipitates (C15-Al,Ca) in the matrix of permanent mold cast Mg-Al-Ca
alloys contributed to an order of magnitude improvement in creep rate. Thus the
microstructural features evaluated: grain size, solute in the o-Mg, and precipitates
account for the majority of the creep resistance in these alloys. The same distribution in
die-cast AXJ530 was less beneficial, with a factor of five lower minimum creep rate.
Precipitates were not observed in the permanent mold cast AJ44, ACe44 and ALa44.
The eutectic structures are distinct between the alloys but their effect on creep resistance
could not be isolated and future investigations to quantify the role of this structure in
creep are recommended.

In Chapter 6, the role of microstructure on creep strain distribution is investigated.
Strain mapping experiments on the permanent mold and die-cast Mg-Al-Ca alloys are
presented. The strain was found to be distributed heterogeneously on the scale of the
grains and was indicative of strain hardening during primary creep. Near the minimum
creep rate the strain localized along grain boundaries. Where the resolved shear stress
was sufficiently different between adjacent grains, localized damage as cavities/voids and
cracks were nucleated. As additional creep strain accumulated, the creep rate
accelerated, and additional damage was nucleated throughout the sample. Grain size
influenced the plastic strain distribution during creep, where the die-cast AXJ530 had a
finer strain distribution than coarse grained AXJ530. These results indicate that additional
creep strengthening of these alloys should focus on strengthening the primary a-Mg

grains. Extremely limited evidence of grain boundary sliding was observed.
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Chapter 6

Creep Strain Distribution and Localized Damage Accumulation

This chapter reports the results of a set of studies on creep strain distribution, at
the grain scale, using a surface displacement technique. The first section discusses the
role of local microstructure and strain heterogeneities in creep of permanent mold cast
Mg-Al-Ca alloys (AX44 and AXJ530). Next, evidence of localized creep damage
accumulation, on the length scale of the grain size is presented. Following this are results
of the creep strain distribution and localized damage accumulation on a die-cast AXJ530
specimen with comparison to the as-permanent-mold-cast behavior. The chapter ends
with a summary and conclusion in section 6.6, including discussion of the relationships
between grain size, creep behavior, and measured strain heterogeneities.

The strain mapping technique described in Chapter 3 was successfully applied to
tensile creep testing for temperatures up to 175 °C and times greater than 1000 hours.
Creep strain accumulation was found to be heterogeneous at the scale of the grain size,
not the cell size, in the permanent mold cast alloys. Strain accumulated primarily within
a-Mg grains and was up to ten times greater in magnitude within individual grains than
the bulk strain. There was excellent agreement between the average tensile strain
measured by strain mapping and the bulk strain measured by conventional extensometry.

Localized creep damage developed in these alloys at or near the minimum creep
rate (near 1% creep strain for AXJ530). The damage observed in near-grain-boundary
regions consisted of cavities and cracks. The damage primarily accumulated between
grains with different resolved shear stresses and was macroscopically (on average)
transverse to the applied stress (though microscopically the damage was oriented
perpendicular up to 45° with respect to the applied load). Plasticity was observed as slip
offsets contained within the grains predominately at the near grain boundary regions.
Slip bands were observed to span several neighboring a-Mg cells and interdendritic

regions.
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6.1.1 Localized and Bulk Creep Strain Comparison

The tensile creep strains (gyy) from the strain mapping, when averaged over
several regions, agree with the bulk strain (g,) measurements. Other studies [22, 23, 184]
utilizing this technique for room temperature tensile testing, also report good agreement
between the calculated tensile strain (gyy,) and bulk strain (gy) measurements from
extensometry. Secondly, localized damage observed on the surface is observed at the
location of ultimate specimen failure. This is an indication that damage observed on the
surface occurs simultaneously with damage throughout the bulk.

The measured bulk strain from extensometry and the average tensile strain (gyy)
calculated from strain mapping are in good agreement when averaged over several
regions, as shown in Table 6.1. The measurements reported are for permanent mold cast
AXJ530 (Tmola = 371 °C), Figure 6.5. The reported strains of Table 6.1, were the bulk
strains from extensometry (€y - extensometry) and the total average of the averaged tensile
strain (&yy - averaged) for each of the four regions investigated (taken at each step of the

creep curve). The total area of these four regions was approximately 0.825 mm”.

Table 6.1 AXJ530 Thoa = 371 °C, Figure 6.5, bulk measured creep strains (from
extensometry) against averaged (4 regions) ‘g,,’ strains from strain mapping. Each line
denotes a step, or between two steps, within the creep test.

% Creep Strain train Mappin
Crepstep " T e o s
AB 0.32 0.37
AC 0.70 0.79
AD 1.00 1.24
. AE LIS NotCalculated
BC 0.38 0.56
CD 0.15 0.26

As the sample accumulates strain, damage, in the form of cavities and voids, is
formed. These cavities are continually formed, with limited growth (further discussed in
Section 6.3.1). Damage formation and coalesce both on the surface and through the
interior of the sample, leads to eventual failure. If the strain and damage accumulated on

the surface was diminished compared to that within the bulk, then the location of creep
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rupture would be independent of observed damage on the surface. Conversely if the
surface was accumulating both strain and damage at levels greater than that of the bulk,
failure would occur at the surface region of highest damage, due to the decreased cross
section and lessened load carrying capacity. If both the surface and bulk are
accumulating damage concurrently, failure would occur at a region where surface
damage is high, but not necessarily at the location of greatest observed density, since
damage below the surface cannot be directly investigated and accounted.

Figure 6.1, shows a section of the gage of the permanent mold cast AXJ530 (Tmold
=~ 390 °C) with (a) an overview of the gage surface, prior to failure (end of step 2, Figure
6.8) at the location where failure occurs. Figure 6.1b has this same region with the path
of failure outlined on the surface. Figure 6.1c depicts a separate region of the gage (also
at the end of step 2), where the damage on the surface was observed to be the most severe
prior to failure. In this region damage is observed nearly continuous across the entire
surface of the gage generally transverse to the applied load. Note that this region of
damage is several millimeters away from the final region of failure. The failed sample,
Figure 6.2, occurred at a location where the degree of surface damage was elevated but
not at the location where the surface damage was most severe (as in the region depicted
in Figure 6.1c). Since failure did not occur at the location of highest observed surface
damage, or at a location with relatively limited observed surface damage, the creep strain

and damage accumulation must occur within the bulk and surface concurrently.
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Figure 6.1 Crept AXJ530 (Tmoia = 390 °C) for (a) Gage surface at step 2 prior to failure.
(b) Denotes the approximate location of crack path from region (a) on the surface after
failure. (c) A separate region of the sample at step 3 (failure), where the greatest degree
of localized surface damage was observed across the gage. This region is several
millimeters away from the failure region outlined in (b). The tensile loading direction is
in the vertical.

Figure 6.2 Failure region of AXJ530 sample 29 from Figure 6.1b.

6.2 Role of Local Microstructure in Creep

Figure 6.3 shows a portion of the gage region for a creep sample of permanent
mold cast AXJ530, where the underlying microstructure and deposited grid are observed
prior to creep. Note that the scale of the grid is sufficiently fine to measure marker

displacement in neighboring cells (and grains) and displacements across cells and grain
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boundaries. Figure 6.4 shows a portion of the gage after creep, at 10% strain to failure,
where it is observed that the interdendritic region does not disrupt the strain distribution.
A few of these locations have been indicated with black arrows. Further evidence and
explanation of the role of the grain structure on strain distribution is discussed in Section
6.2. Also observed in this image are several regions of localized damage, where cavities

have formed.

Figure 6.3 Strain mapping grld depos1ted on surface of a permanent mold cast AXJ530
creep sample prior to testing.

(1nd1cated with arrows) spanning several cells.
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Strain distributions that developed during creep were characterized in as-
permanent-mold-cast AXJ530 and AX44. As described in previous chapters, the Mg-Al-
Ca alloys AX44 and AXJ530 have nearly the same microstructure but with different
solute concentrations. AXJ530 had an order of magnitude lower creep rate attributed to
an increased solute concentration (Section 5.2.2) than AX44.

Creep tests were periodically interrupted to observe the microstructure and
measure grid displacements at low strains (< 1.6%) on AXJ530 — T = 371 °C,
intermediate strains (1-3%) on AXJ530 — Tmoq = 390 °C, and high strains (3-10%
(failure)) on AX44 — Tyog = 346 °C. The results of these tests are presented in the three
following sub-sections.

There are several notable characteristics of the strain contour plots presented here.
The tensile direction (y) in all plots is vertical. All strains maps presented show the
calculated Von Mises strain. Comparisons are made between the tensile strain (g,y) from
strain mapping and the bulk tensile strain (g,) from extensometry and are indicated in
each section. The strain maps, except where stated, are displayed with the pre-crept
microstructure visible beneath the strain contour map.

The color contours of the strain map are representative of different degrees of
strain. In all cases the regions of highest strain are represented by red and lowest strain
are dark purple to black. The scale bar on the left of each strain map is scaled to the
maximum and minimum strain observed in that individual plot. It is not normalized to all
other strain plots presented. Therefore, when making comparisons between strain
contour plots, care must be taken to compare the relative measured strain (and the
corresponding color) with respect to each image (e.g. red in one plot may represent 5%
strain where in another plot red may represent 20% strain and blue could represent 5%

strain).
6.2.1 Permanent Mold Cast AXJ530 — Low Creep Strains ( <1%)

The creep behavior at 80 MPa (78 MPa) and 175 °C of the as-permanent-mold-
cast AXJ530 (Tmoia = 371 °C) is shown in Figure 6.5. The test has been periodically
interrupted (cooled and unloaded) to measure grid displacement and inspect

microstructure. Each loading and unloading strain step has been labeled on Figure 6.5.
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At the beginning of each reload there is a stage of primary creep attributed to recovery
during sample heating prior to reapplying the load. Strain contours were calculated at
each step and where pertinent between steps (e.g. step 2 to 4). Four distinct regions of
the gage were tracked at each step. Two of these regions, where strains contours were

calculated for each step, are shown in Figure 6.6 and Figure 6.7.
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Figure 6.5 Creep curve for AXJ530 — Tioiq = 371 °C with (5) steps used to periodically
investigate the strain heterogeneity.

Figure 6.6(a,b) and Figure 6.7(a-f), show that the creep strain accumulation is
heterogeneous on the scale of the grain size, with some grains accumulating significantly
above-average strains while adjacent regions, also on the length scale of the grain size,
accumulated very minimal creep strain. The regions of high creep strain accumulation,
for example on the right side of Figure 6.6a,b, accumulate insignificant additional strain
during subsequent creep strain steps, Figure 6.6c-e. This indicates that a grain strain
hardens and once hardened the load is shifted to other grains. This same behavior was
observed in other regions of the gage, Figure 6.6.

Quantifying the magnitude of the strain localization within a field of view with
respect to the average tensile strain (gyy) from strain mapping and bulk strain, provides a
measure of severity of the strain concentration. In Figure 6.6a the grain on the right side
of the figure, has accumulated ~2-2.5 % creep strain (g,y), approximately ten times

greater than the bulk creep strain (g,) of (0.3%), and double the average strain (gy,) in the
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field of view (0.9%). These degrees of strain localization are similar across the different
microstructural regions observed. From Figure 6.7a, the average strain for the grain at
the right and the grain at the middle- top is approximately 1.5 %. This is five times the
bulk creep strain measured at this step (0.3%) and two to three times the average strain
(gyy) 0 0.67% in the field of view.

One check to ensure consistency in the strain mapping results was to calculate the
strain contours for each step (i.e. step 1, step 2, etc) and then compare the sum of the
measured strain (from each contour) to the strain determined calculating directly from the
first step to the last step (i.e. step 1 to 5). Figure 6.6 show the same regions on the gage
for each step (i.e. Figure 6.6a is for step 1, Figure 6.6b is for step 2, etc.). The same is
true for Figure 6.7 at different region on the gage. Figure 6.6f and Figure 6.7f show the
calculated strain contour maps calculating step 1 directly to step 5 (from point A to F on
Figure 6.5). Examining the strain calculated from Figure 6.6a and b, steps 1 and 2, for
the grain on the right, an average Von Mises strain of approximately 2 and 1.5 %,
respectively, is reported. Insignificant additional strain is observed in this grain for
additional creep strain, steps 3-5, Figure 6.6¢c-e, respectively. Considering step 1 directly
to step 5, Figure 6.6f, this grain accumulated an average (Von Mises) strain of ~3.5 %,
which is in agreement with the linear combination of each step, specifically 1 and 2

where 2% and 1.5% creep strain was calculated in this grain, respectively.
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Figure 6.6 AXJ530 (Tmo = 371 °C, grain size = 157 pum) creep strain (Von Mises)
accumulation for one locations at steps and strains of (a) A to B, & . o1 = 0.32% (b) B to
C, &y - total = 0.70% (c) Cto D, €y . ota1 = 1.00% (d) D to E, &y . toa1 = 1.15% () Eto F, &, .
total ~ 1.6% and (f) accumulation of step 1 to 5, A to F.
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Figure 6. 7 AXJ 530 (Tmold = 371 °C, grain size = 157 um) creep stram accumulatlon for
second location at steps and strains of (a) A to B, &y - o1 = 0.32% (b) B to C, &y - total =
0.70% (c) C to D, &y - tota1 = 1.00% (d) D to E, &y - tota1 = 1.15% (e) Eto F, &y _ tota1 = 1.6%
and (f) accumulation of step 1 to 5, Ato F.

6.2.2 Permanent Mold Cast AXJ530 — Intermediate Creep Strains (1 —3 %)

The creep curve at 80 MPa and 175 °C of the as-permanent-mold-cast AXJ530
(Tiola = 390 °C) is shown in Figure 6.8. This test differs from the previous test AXJ530
(Tmota = 371 °C) in that it was crept to higher levels of creep strain prior to investigating
the creep strain distribution. The first interruption was at 1.2% creep strain, followed by

additional strains steps of 1.1% (step 2) and 0.7% (step 3 to failure).
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Figure 6.8 Creep curve for AXJ530 — Tro = 390J °C with 3 steps used to periodically
investigate the strain heterogeneity at intermediate levels of strain.

The creep strain (Von Mises) distribution plots for this test are shown in Figure
6.9. The strain contour plots are presented in the same manner as in the previous section.
As the bulk creep strain increases, the strain remains heterogeneous up to failure, as
expected, on the grain size length scale. The strain concentrations are similar to that at
the lower strains. At the end of step 1 the bulk creep strain is about 1.2 %. Considering
the region of highest strain (10.3%), it is ten times greater than the bulk strain (1.2%).
The average strain measured for the field of view (4.5%) is four times greater than the
bulk creep strain.

As bulk creep strain increases, for times beyond that to reach the minimum creep
rate (~ 1%), strain concentrates within bands. For example in Figure 6.9, this occurs at
the region of high strain (yellow and red) oriented at about 45 ° to the loading direction
(across the middle of the field of view). This domain measures ~250 pm long and 30-50
um wide. The average measured grain size in this material is 147 um with the
interdendritic grain boundary region 1-10 pm wide. Though it is not evident from the
figure, these bands extend across grain boundaries. Direct evidence of this is shown
later, in Section 6.3.2, where the grain boundaries are clearly indicated (e.g. shown in

Figure 6.24 as the pileup of slip offset adjacent to the grain boundary).
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As the specimen is subjected to additional creep strain this region continues to
accumulate strain, as observed in Figure 6.9a-c, and the load is not shifted as seen in the
early stages of creep straining, prior to reaching the minimum creep rate. At the end of
step 2, the two regions of greatest strain (~10%), are at each end of this localized band of
strain. These two regions of elevated strain nucleate damage, as shown in Figure 6.10.
At the stage immediately prior to failure, the majority of the creep strain in this field of
view is localized within the domain. Further support that the strain is concentrating along
grain boundary at greater creep strains will be provided in the subsequent sections. The
important points are that strain accumulates heterogeneously and that the regions of

highest strain are where damage first appears.
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Figure 6.9 AXJ530 (Tmoia = 390 °C, grain size = 157 um) creep strain accumulation.
Strain contours at steps and strains of (a) A to B, &t = 1.2% (b) B to C, &iota = 2.3% ()
C to D, &iota1 = 3.0% (Failure).
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Figure 6.10 AXJ530 (Tmowa = 390 °C) for (a) Strain distribution plot step 2 (&itar = 2.3%)
and (b) strain markers of same region step 3 (&om = 3.0% (Failure)). Note that the
regions of high localized strain (circled in red and blue), develop localized damage.

6.2.3 Permanent Mold Cast AX44 — Elevated Creep Strains (>3%)

The creep behavior at 80 MPa and 175 °C of the as-permanent-mold-cast AX44
(Timoia = 346 °C) is shown in Figure 6.11. This alloy has a higher creep rate (about an
order of magnitude) than AXJ530 (of the two previous sections), though the
microstructures (except for solute concentration), are similar. AXJ530 has a higher
concentration of Al and Ca in the a-primary grains, most significantly at the near grain
boundaries, leading to creep strengthening from solute (section 5.2.2). This work thus
agrees that near-grain-boundary strengthening is a mechanism for the improved creep
strength, as suggested by Moreno et al. [159], higher localized strains at the near grain
boundary region are observed in AX44 compared to AXJ530 (due to the decreased
concentrations of the solute). Dislocations would be more mobile in AX44, than in the
solid strengthened near grain boundary regions of AXJ530, leading to greater ductility
and lower creep strength.

The bulk creep strain accumulated in AX44 was significantly higher prior to the
tests being interrupted compared to the previous two sections on AXJ530 (g, ~ 7%
compared to &, ~ 1.3%). The AX44 alloys had significantly greater creep ductility than
the AXJ530 (section 5.1). The creep curve for AX44 (Tyoa = 346 °C) is shown in Figure
6.11.
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Figure 6.11 Creep curve for AX44 (Tmod 5131266(}:2) with two steps used for periodic
investigations of the microstructural strain heterogeneity.

The creep strain (Von Mises) distribution for this test is shown in Figure 6.12.
The strain contour plots are presented in the same manner as in the previous sections.
Again, as for AXJ530 strain accumulated heterogeneously on the length scale of the
grains within the microstructure. The localized strain &,, measured (22 - 26%) was
approximately four times greater than both the bulk strain (g,) measured from
extensometry (7.8%) and the average strain (g,y) in the field of view (6.1%). An
observable difference for this alloy is that the highest localized strain (Von Mises) was
measured at 40%, and strains of this magnitude (30 to 40%) were observed in other
regions on this sample. The regions surrounding the high strain concentrations
accumulated ~ 5-6% creep strain. For the AX44, the high strain regions (30 to 40%) did
not have observable localized damage in all cases, indicating a greater degree of ductility
than in the AXJ530 alloys. The increase in ductility is also evident in comparison of the
elongation to failure, the AXJ530 accumulated 3% creep strain, where the AX44
accumulated 10% creep strain (to failure). These results are consistent with the Scheil
analyses (section 4.5) and solute creep strengthening (section 5.2.2) where AXJ530 has

increased solute concentrations compared to the AX44 and best creep resistance.

162



—307% 8
~353%
30.9% (&
26.5% 1
PPt
17.7%
13.2%|
8.8% § NEHOF -8
s AR S G P

Figure 6.12 AX44 strain distribtion for (a) step 1, 7.8% strain (b) step 2, 2.2% strain and
(c) the combination of step 1 and 2, 10% strain to failure.
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6.3 Localized Damage Accumulation

This section discusses the development, morphology, heterogeneity and
microstructural influence of the localized damage accumulation and deformation
observed in the as-permanent-mold-cast Mg-Al-Ca alloys. Damage was observed as
cavities/voids and cracks, and plasticity was observed as slip offsets. The first section
focuses on the morphology and development of creep damage. Next an examination of
the heterogeneity of damage is presented. The final discussion is on the influence of
microstructure to creep damage accumulation and deformation.  Each sample
investigated for damage exhibited similar creep behavior (i.e. development of strain
heterogeneities). It is concluded that there is no difference in creep mechanisms between
alloys tested at the stress and temperature of 80 MPa, 175 °C. All localized damage
results are presented independent of the alloy and sample, with that information included

in the captions for completeness and reference.
6.3.1 Development and Morphology of Localized Damage

Localized damage, shown in Figure 6.13, is first observed at or near the minimum
creep rate (~1% strain). The creep strain behavior of these samples has been reported
above in Figure 6.5 for the sample shown in Figure 6.13a and in Figure 6.8 for the sample
shown in Figure 6.13b/c. Figure 6.13 shows three montages of the gage each at a
different creep strain, where Figure 6.13a is at 1 % creep strain (AXJ530, Tog = 371 °C)
Figure 6.13b is at 2.3% creep strain (AXJ530, Tpoq = 390 °C) and Figure 6.13c is at
3.0% creep strain (AXJ530, Tmoq = 390 °C). The surface of the gage is overall free of
large out of plane offsets and has only a few locations exhibiting damage (indicated by
black arrows). The gage of the sample prior to 1% creep strain (not shown, but
investigated at 0.7% creep strain (gy)) had no evidence of this localized damage observed
at later creep strains. Subjecting the sample to additional creep strains (beyond 1%)
caused additional damage to be formed. This damage is on average transverse to the
applied load and can clearly be seen in Figure 6.13b and c for creep strains of 2.3% and
3.0% (failure), respectively. Direct comparisons may be made between Figure 6.13b and
c; they are the same sample gage at two successive creep strains. Note limited growth in

the majority of the localized damage, indicating that damage is nucleating more rapidly
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than it grows and links up with damage coalesce occuring late in the creep life of the
sample. Also, the localized damage is very heterogeneous with many regions of the gage

having little and no observable damage.

Figure 6.13 Gage section of crept AXJ530 for (a). Tmolmdﬂz' 371 °C at step 3 (&otal = 1.0%)
and (b) Tmola = 390 °C at step 2 (&= 2.3%) and (¢) Tmola = 390 °C at step 3 (€iotal =
3.0%) failure. Arrows (a) indicate a few regions of localized damage. Large rectangular

areas of bright contrast observed in (b) and (c) are the area where markers were deposited
for strain mapping investigations.
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The morphology and growth (with additional creep strain) of the damage is
presented in Figure 6.14 through Figure 6.18. It is shown that the damage is on the
length scale of the grain size and although macroscopically transverse to the load
direction is often locally oriented between 0 and 45 ° (to the loading direction). Limited
growth is observed after the initial formation.

Figure 6.14 shows a detailed view of localized damage at the same location for
three creep strains of a — 1.0%, b — 1.2%, and ¢ — 1.6%. The tensile direction is vertical.
The corresponding creep curve for these steps has been shown in Figure 6.5. This
localized deformation, that surrounds some small (< 5 pm) cavities, formed between the
bulk creep strains of 0.7% and 1.0%. Little addition growth of this region was observed
with increasing creep strain.

() 8

igure 6.14 AXJ530 (Tmoa = 371 °C) reep damage accumution " steps, stran of (a)
3, €otal = 1% (b) 4, &rota1 = 1.2% and (c) 5, €iota1 = 1.6%.

Figure 6.15 shows the formation of a cavity/void with respect to increasing creep
strains of: a — 1.2 %, b — 2.3%, and ¢ — 3.0%. The creep curve of this sample has been
shown in Figure 6.8. The cavity was not observed prior to creep testing the specimen.
The interior surface (into the specimen) of the cavity does not exhibit tearing (as is shown
in other regions of localized damage, Figure 6.18) and appears relatively smooth, shown
in Figure 6.15b, indicating (due to the lack of roughness from tearing) that subsurface
shrinkage porosity, formed during solidification, may have been the initiator of this
cavity. Though it does widen some (~ 13 pm) for an addition of 1.1% bulk creep strain,
(Figure 6.15a to b, relating to an overall sample extension of 437 um), the additional
opening of this cavity would be responsible for less than 3% of the overall creep strain
accumulation (this assumes that the material across the gage at this region also deformed
with the cavity). This indicates that the growth of this cavity is very small regarding the

overall creep extension. In the next step of the creep curve (accumulating an addition
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0.7% bulk strain up to failure), little to no additional opening of the cavity is observed.
Note that the cavity is on the length scale of the grains as well as the measured strain

heterogeneities previously reported.

50 pm
Figure 6.15 Localized creep damage for AXJ530 Tpmolq = 390 °C at steps and accumulated
strain, from Figure 6.8 of (a) step 1 - 1.2% (b) step 2 — 2.3% (c) step 3 — 3.0% failure.

Figure 6.16 depicts another region (AXJ530 (Tmoa = 390 °C)) of localized
damage accumulation observed at creep strains of: a — 1.2%, b — 2.3 %, and ¢ — 3.0%
(failure). The creep behavior of this sample has been shown in Figure 6.8. The
development of damage has been observed with incremental increases in bulk creep
strain. Note that there is limited additional damage accumulation (for the region in
Figure 6.16) with increasing creep strain. The distortions of the individual markers used
for strain mapping calculation are used to gage severity of localized damage. Some of
the markers, presumably in the near-grain boundary regions, have experienced shear up
to 61% and an elongation (in the tensile direction) of 46%, Figure 6.16¢c. Also note the
cavity/void formation as a result of the high shear. Shear such as this could indicate
GBS, though (a) the contribution to creep strain is small and (b) few regions exhibiting
such local shearing were observed (e.g. Figure 6.14, Figure 6.15, Figure 6.17, Figure
6.18, and Figure 6.21 through Figure 6.24). This is an indication that, though GBS may
be occurring on a minor scale but it is not a dominant creep deformation mechanism

observed in these alloys at the creep testing condition investigated.
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Figure 6.16 Localized creep damage for
strain, from Figure 6.8 of (a) step 1 - 1.2% (b) step 2 — 2.3% (c) step 3 — 3.0% failure.
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Figure 6.18 shows a location of severe damage accumulation, a crack running
perpendicular to the loading direction. Arrows have been used in the figure to mark the
same features in each image to aid in comparison. The feature, unlike the void of Figure
6.15 has a very rough crack interior indicating tearing of material during crack growth
and displacement. The crack seen in Figure 6.18a is ~5-10 pm wide and 173 um long.
Seen in Figure 6.18b, the crack measures ~30-40 um wide and has more than doubled in
length to 365 pum.

At this second step, additional voids and cracks have formed in the vicinity of the
primary crack. The crack appears to be following along a grain boundary within the
material. As more damage, aside from the primary crack, continues to accumulate in this
region it occurs on the scale of the grain structure, not the cell structure. In the following
sections it will be shown that this damage is localized to near grain boundary regions. In
the regions adjacent to the crack there appear to be shear offsets on domains of grain size.
This is most observable to the right of arrow (2) in Figure 6.18b. As the crack is growing
and widening, with additional creep strain, the surrounding grains accommodate this
damage through plastic slip. As the surrounding neighborhood of grains strain harden,

localized damage (i.e. cracks, cavities/voids) results.
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100 um
Figure 6.18 Localized creep damage for AXJ530 Tpmeiq = 390 °C at strains (a) 1.2% and
(b) 2.3%. Arrows (1) and (2) denoting same features in figure (a) and (b).

6.3.2  Heterogeneity of Damage

As apparent from the previous sections discussion, damage accumulation is
heterogeneous, as would be expected. Heterogeneous plasticity is expected in
polycrystalline HCP systems. There are 3 (or 4) active systems (basal, prismatic,
pyramidal I, and pyramidal II - Table 2.2) for the creep temperatures tested. Each system
has a different critical resolved shear stress [41] and each grain orientation will thus favor
a specific slip system [43], therefore deformation between grains will be anisotropic.
This anisotropy and grain to grain differences in plastic strain will create stress
concentrations along grain boundaries. Five independent slip systems are required to
produce a generally homogeneous strain in a polycrystalline material [214], and the
heterogeneity of creep strain observed suggests that this is difficult during creep of these

Mg alloys.
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Figure 6.19 shows the accumulation of deformation and damage across a 1.128
mm” section of the gage. The deformation observed is semi-continuous, and measures
~1190 um from tip to tip. It is also oriented between 0 and 45 ° to the loading direction.
A few small cavities/voids may be observed along the location of greatest deformation,
seen at the top right and bottom left of the figure. One key observation from the image is
that the regions above (and to the left) and below (and to the right) of the deformation
and damage show no sign of localized plasticity or damage accumulation. Secondly, the
localized deformation and damage appears to follow the microstructural feature of grain
boundaries. A few branches of the crack are observed to curve over and around features

on the length scale of the grains.

Figure 6.19 AXJ530 Tpolq = 1 °Cstep 5 (e=1.6%).

Figure 6.20 shows a region of the gage including markers used for strain
mapping. There is no observable localized plasticity or damage (concluded through SEM
analysis of strain mapping markers and microstructure). The region covers ~ 1.084 mm®
and the sample has been subjected to 2.3% creep strain. The representative creep curve
has been shown in Figure 6.9. This further supports that the accumulation of creep
damage is highly heterogeneous, with large regions accumulating little damage and

others accumulating severe damage.
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accumulated on the surface in this field of view.

Figure 6.21 summarizes several key features: that localized creep plasticity and
damage accumulation is highly heterogeneous and that damage forms as cracks and
cavities/voids. The majority of the damage has limited growth after forming indicating
that damage nucleation occurs at a higher rate than growth of cavities into major cracks.
This indicates that the load is shed from a highly deformed region to a region with less
accumulated strain supporting localized work hardening. The damage is on the length
scale of the grains and accumulates at grain boundaries. Slip offsets can be clearly seen
in the center of Figure 6.21a. Neighboring grains show little to no plasticity or the
formation of slip offsets. This mismatch in the straining behavior of individual grains

results in stress concentrations that nucleate cracks and cavities/voids.

N 100 um
Figure 6.21 AXJI530 Tpoia = 390 °C step 2 (¢ = 2.3%) at (a) near sample edge and (b) near
gage center. Note large regions on surface of non-deformed material and regions of high
localized damage adjacent to cavities.
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6.3.3  Microstructural Influence on Strain and Damage Accumulation

This section provides evidence of the interaction between microstructure, creep
plasticity and damage localization. In the AX44 alloy coarse precipitates were large
enough to be visible in the SEM. Basal traces could thus be distinguished from the
orientation of the precipitates providing crystallographic reference for each grain. The
boundaries where the precipitates changed orientation could be identified as grain
boundaries, without the need for OIM data. This also allowed for approximation of T of
individual grains, discussed in a later section.

An example of the microstructural influence on strain accumulation and damage
heterogeneity is shown in Figure 6.22. Two triple points are shown (ABC and ACD),
with the grains outlined in red (A), green (B), blue (C) and teal (D). Grain A contains
localized damage at the near grain boundary region (center of the image). The crack
follows the grain boundary and has several cavities/voids along its 80 um length. It is of
the same morphology as the previously presented localized damage in AXJ530. The
surrounding grains have undergone limited plastic deformation (as slip bands, seen in
grain B and primarily in C). The slip offsets in grains B and C are parallel to the basal
trace of those grains indicating that deformation (in those grains) is occurring primarily
by basal slip. An analysis of the resolved shear stresses for the grains follows.

The relationship for resolved shear stress of an applied stress is below in Equation
6.1 (the Schmid factor is the product of the cosine terms). Assume that ¢ is the angle
between the load and slip plane normal and A is the angle between the load and slip
direction. From the precipitate orientation (indicating the basal trace), Schmid factors
can be estimated, within a range, for the grains in Figure 6.21. It is recognized that the
basal plane could rotate about the basal trace since only information concerning the

intersection of the basal plane with the viewing plane is known.

T=0c0ospcosi Equation 6.1

The resolved shear stress calculations for each grain are in Table 6.2.
Considering grain A, the basal plane normal is nearly orthogonal (85 °) to the loading

direction. Basal slip occurs in the <1120> directions and there are three equivalent
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directions oriented 120° apart in an HCP lattice. A rotation of the HCP lattice around the
normal would bring a favored slip direction between (nearly) 0° and 60° (the point at
where an (equivalent) adjacent slip direction would be favored. Taking the slip direction
as 5° (assuming slip oriented in most favorable condition) to 60°, the resolved shear
stress for grain A would be between 3.5 to 6.9 MPa, respectively. Considering grain B, a
rotation of the lattice around the basal trace normal (with respect to the load) changes the
angle between slip direction and load very little (~88° to 90°). The resolved shear stress
for grain B would be ~2.8 MPa. Grain C, oriented most favorably would have a resolved
shear stress in the range of 16.8 to 31.7 MPa. Grain D, has an approximate resolved
shear stress between 2.6 and 25.9 MPa.

It can be concluded that this damage is localized at a triple point of high angle
grain boundaries. Grains oriented for basal slip deform extensively, while neighboring
grains experience limited plasticity. Grain C, most favorably oriented for basal
deformation exhibits the highest plastic strains, as expected. The other grains (A, B, and
D) are oriented less favorably for basal deformation (low resolved shear stresses on basal
planes), and must have other (prism, pyramidal) slip systems active to accommodate
deformation and maintain continuity at the grain boundary. Since activating other slip
systems in Mg requires greater resolved shear stresses, a discontinuity in strain forms at

the grain boundary leading to localized plasticity and the eventual nucleation of cavities.

‘‘‘‘ e

o ~0

Figure 6.22 AX44 Tmoq = 346 °C step 1 (¢ = 7.8%). Basal plane has been traced and
grain boundaries highlighted in color. Tensile direction is vertical.
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Table 6.2 Resolved shear stress (MPa) referenced to Figure 6.22.

Basal Maximum Slip  Minimum Slip

. R X R K Maximum T, Minimum 7,
Grain Normal to Direction to Load Direction to Load
Load Angle Angle o cos(¢) cos(r) o cos() cos(r)
A 85° 60° 5° 6.9 3.5
B 2° 88° 2.8
C 31° 70° 50° 31.7 16.8
D 19° 88° 70° 25.9 2.6

Figure 6.23 shows additional evidence of the influence of grain orientation on
damage accumulation. Figure 6.23a shows a grain boundary where the two grains (with a
difference in orientation of ~44 °) have been outlined in red and green and the basal
traces of each grain have been labeled. Near the center of this image there is a crack
located at the boundary. Figure 6.23b shows the crack at a higher magnification. Shear
offsets contained within the grain (outlined in green) are clearly impinging the boundary
parallel to the basal trace. This basal plane lies ~47° to the tensile axis. The localized

damage and difference in resolved shear stresses between these grains indicate again that

there is a non-deforming grain adjacent to a strongly deforming grain.

Flgure 6 23 AX44 Tmold ~346°C step 1 showmg damage accumulatlon and onset of
cavity formation between grains (a) overview of region and (b) detail of cavity.

Figure 6.24 shows another interesting feature that has been previously discussed
in Figure 4.21 through Figure 4.23 concerning dislocations within the a-Mg grains. Slip
offsets, as seen in this figure near the grain boundary (highlighted in green), have been
discussed in previous figures. These offsets are commonly observed in the grains that

have experienced plasticity. The slip offsets observed in this region are not parallel to the
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basal trace, as in other regions. This indicates that slip systems other than basal are active
in accommodating creep strain. Secondly these slip offsets exhibit little additional
growth with increased creep strains, as seen in comparing Figure 6.24a and b. The non-
basal slip offsets tend to accumulate near the grain boundary regions where the basal
oriented slip offsets are observed both at the grain boundaries and across the grains.
Therefore the majority of deformation occurs at the near grain boundaries with limited
deformation occurring in the grain interiors. Secondly the slip offsets are observed to
cross several cells and do not terminate at the interdendritic regions between the cells.
The cellular and intercellular structures of the a-Mg grains have little influence on the
morphology of the offsets. This further supports that the grain size of the material is the

important microstructural feature for deformation, not the cells.

F1gure6 24 AX44 Tmold = 346 °C with creep damage accumulatlon near gram boundary
of two adjacent grains at (a) step 1, € = 7.8 % and (b) step 2, € = 10% (at failure).

6.4 Die-cast AXJ530

The creep strain development and damage localization has been studied for as-
permanent-mold-cast Mg-Al-Ca alloys. These alloys (AX44 and AXJ530) have the same
microstructure (i.e. grain size, intermetallic phases, and area fraction phases) except that
AXJ530 has an increased solute (Al and Ca) concentration in the a-Mg grains. These
investigations have provided detail of microstructural influence on the creep behavior of
the alloys. The majority of magnesium alloys for automotive powertrain applications
will be used in the as-die-cast form, so a detailed understanding of these finer grain

materials is important. Thus the remaining question is, do die-cast and permanent mold
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cast alloys, exhibiting similar creep behavior and microstructures (for the Mg-Al-Ca
alloys), have the same form of strain accumulation and localized damage? The following
section addresses this question by applying the strain mapping technique to a die-cast

AXJ530 sample.
6.4.1 Strain Distribution and Accumulation

Figure 6.25 shows the creep behavior of the die-cast AXJ530. The sample was
first strained to 0.1%, the strain mapping markers imaged, and then incremented to a total
creep strain of 0.6%. Strain contour plots were calculated at each step and for the

combined steps. Several locations across the gage were tracked.
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Figure 6.25 Creep strain mapping ‘strain stepped’ test for AXJ530 — die cast.

A strain distribution plot for the die-cast AXJ530 is shown in Figure 6.26. The
strain is heterogeneous and on the length scale of the die-cast magnesium grains, as in the
as-permanent mold cast alloy. The average grain size measured for the die-cast AXJ530
was 19 um. The highest local strain measured was 3.4% at step 1, more than 30x greater
than the measured bulk strain of 0.1%. The average strain measured in the field of view
was 1.0%, 10x greater than the bulk strain. The difference between the calculated and
bulk measured strains in the die-cast AXJ530 is significantly greater than that measured

in the permanent mold AXJ530 at low (¢ ~ 0.1%) strains.
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For the second step of the creep test, a maximum localized strain of 2.6% was
recorded, just more than 5x the bulk strain of 0.5%. The average strain (,y) in the field
of view was 0.8% which was about the same as the bulk strain (g,). If the entire creep
test 1s considered (from point A to C of Figure 6.25), then the greatest concentration is
4.3%, just over 6x the bulk strain. When this is compared to the average strain in the
field of view (1.3%) it is only 2x that of the bulk strain.

The creep strain accumulation behavior (at ~0.65% bulk creep strain) for the as-
die-cast and as-permanent-mold-cast AXJ530 is compared in Figure 6.27. The strain is
localized (concentrated) on the scale of the grain structure for both die-cast and
permanent mold cast condition. Secondly, the severity of the strain concentration is
comparable between cast conditions for similar bulk creep strain. The normalized strain
value (greatest strain concentration to bulk creep strain), Table 6.3, for die-cast and
permanent mold cast are 6.4 and 7.2, respectively. Normalizing the average strain (in the
field of view) to the bulk creep strain for the die cast and permanent mold cast conditions
yield values of 2.0 and 2.1, respectively. Thus the finer grain size is beneficial because it

suppresses severe strain concentrations.

Table 6.3 Strain concentrations ( (€concentration OF €average) / €y ) during creep for as-
permanent-mold-cast and as-die-cast AXJ530 for approximately the same bulk strain.

Strain Condition As-permanent- Normalized As-die- Normalized

mold-cast Strain cast Strain
1 1 0/ % 0/ %k
Localized (&,y) Creep Strain 4.50% 6.43 4.30% 717
Bulk (&) Creep Strain 0.70% 0.60%
Average (&yy) Creep Strain 1.37%%* 196 1.27%** 512
Bulk (g,) Creep Strain 0.70% ’ 0.60% ’

* Values from Figure 6.7
** Values from Figure 6.27
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Figure 6.26 Von Mises strain distributions for as-die-cast AXJ530 (a) step 1 — € = 0.1%
(b) step 2 - € = 0.5 % and (c) combined step 1 and 2 - € = 0.6% strain.
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cast AXJ530 Tpola = 371 °C, reference creep curve Figure 6.5, steps 1 through 3 and (b)
as-die-cast, reference Figure 6.25.

The strain distributions for the die-cast alloy have several complications. The
markers used to calculate creep strain, as shown in Figure 3.15, are 5 um square, with a
center to center distance of ~13 um. Since the average grain size is 19 um, at best only a
few markers may be deposited within a single grain. Since a minimum of three markers
are required to calculate a strain locally, accurate strain measurements within individual
a-Mg grains was beyond the resolution of this technique, though individual marker
distortion can be used to quantify local deformation. As shown, strain distributions were
successfully calculated and an understanding of the strain heterogeneity with creep strain
was developed.

A second complication with strain mapping the die-cast alloy was that the
underlying microstructure was not successfully imaged prior to conducting strain
mapping. Therefore the microstructure is not under laid in the strain distribution
contours. Several regions had orientation imaging completed prior to preparing the
sample for strain mapping, yet these OIM regions, had inconsistent markers (or the
markers in those regions spalled during testing) after marker deposition and testing. Note
that without microstructure to aid in aligning the calculated strain contours, each image

may be a slightly shifted field of view (up to 1 row of markers (13 pm)).
6.4.2 Die-Cast AXJ530 Localized Damage

Creep damage, for the die-cast AXJ530, was examined at each step of the creep
test. After step 1, 0.1% creep strain, there was no observable damage on the gage of the

die-cast AXJ530. Localized damage, shown in Figure 6.28, was observed at the end of
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step 2, 0.6% total creep strain. Localized damage was not observed in the as-permanent
mold cast samples until after 0.7% creep strain (the minimum creep rate was observed at
~1% creep strain). Test times were significantly shorter in the as permanent mold cast
case compared to the die-cast (i.e. 500 h vs. 2500 h, respectively). This suggests that
damage is more strain- than time-dependent for AXJ530 at the temperatures and stresses
investigated.

The localized damage observed in the die-cast AXJ530 was of two distinct
varieties. Shown in Figure 6.28a, is an overview of the first type of damage. This
damage was observed in separate clusters throughout the gage with each cluster a few
hundred micrometers in diameter. These clusters were not uniformly distributed across
the gage. In each cluster, there was on average 10-20 um between each damage location.
Higher magnification images of the damage are shown in Figure 6.28b and c. This
damage accumulated within the primary magnesium phase, along interdendritic regions.
Cavities were generally less than 2 pm in length and 1 um wide.

The second type of damage, in Figure 6.28d, e and f, is larger (5-50 um) and is
more widely spaced (compared to the damage described above) between each site of
damage (50-100 pm) than the previously discussed damage. It was observed more often
across the gage, though was not uniform in distribution. The damage included several
neighboring magnesium cells and was generally concentrated on the interdendritic
boundary. It is proposed that this damage nucleated from larger a-Mg grains, not
porosity. The porosity observed in the gage of this alloy (< 5%) occurs less frequently
than the observed localized damage. Secondly, the larger magnesium grains, shown
distributed in the EBSD image of Figure 4.27, are spaced on approximately the same
length scale (50-100 um) as the localized damage. This indicates that the occasional
larger a-Mg grains within the die-cast alloy are probably significantly contributing to the
overall creep strain. These grains having a larger volume than the smaller neighboring
grains, would be able to accommodate greater strains before work hardening to the same
degree as the smaller grains. The length scale of the localized strain accumulation,
Figure 6.26, matches that of this form of localized damage though no evidence of

plasticity or damage was observed at the locations were localized strain was measured. It

181



is important to note that no sliding in the interdendritic region or shearing of the markers

was observed indicating that GBS was not contributing to the creep deformation.

er 0.6% creep strain. (a) Large
field of view with dark voids/cavities. (b) and (¢) show morphology of cavaities in (a).
(d) Large field of view with larger voids/cavities. (e) and (f) show morphology of larger
cavities.
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6.5 The Role of Grain Boundary Sliding

As discussed in detail in Chapter 2, grain boundary sliding has been a proposed
dominant creep mechanism for magnesium alloys, especially at low stresses. The
growing acceptance in the community that GBS sliding has a prominent role in the creep
deformation of these alloys stems from several key reports in the literature. The most
convincing investigation quantified the offset (at the grain boundaries) of marker lines in
a post crept single phase solid solution strengthened Mg-0.78 Al (wt%) alloy (tested at
~17.2 MPa at 200 °C to ~500+ hrs and 2.49% creep strain) [181]. Dargusch et al. [86]
observed a region of localized damage (with < 5 um line offset), at an unspecified
microstructural location in a multiphase die-cast AZ91 sample (crept between 20-40 MPa
(not specified) at 150 °C to 20% strain). The damage was concluded to be a result of
grain boundary sliding and no further attempts were made to quantify the degree of GBS.
Later, a review of creep resistant Mg alloys [9] presented the supporting literature on
GBS and stated that several alloy systems (e.g. Mg-Al-Ca) were developed by creating
second phase particles at the grain boundaries that inhibit sliding. These investigations
and publications led future investigators to attribute low (n < 2) stress exponent to creep
deformation controlled through GBS. Thus many of the reports [180, 182, 183] in the
literature infer GBS mechanisms from constitutive creep behavior, not microstructural
evidence.

The strain mapping and localized damage observations show that GBS, for the
range of stress and temperature investigated, is not a dominant creep deformation
mechanism in these alloys. Localized damage is predominately formed through the
following process. Strain accumulates preferentially within grains with high resolved
shear stresses. This heterogeneous plasticity leads to strain concentrations, and eventual
localized damage accumulation at triple points and high angle grain boundaries. The
localized damage is in the form of cavities/voids and cracks. Experimental evidence of
the creep strain distribution, local plasticity and nucleated damage have been well
established above (Figure 6.17, Figure 6.18, Figure 6.22, Figure 6.24, and Figure 6.28)
with only one observed region that contained localized shearing that could be attributable

to GBS (Figure 6.16).

183



Strain mapping experiments have shown that strain accumulates in the o-Mg
grains and is not strongly affected by cell boundaries. At or near the minimum creep rate
(near 1% creep strain for the permanent mold cast alloys), the favorably oriented grains
have strain hardened and localized damage is observed along high angle grain
boundaries. Further creep strengthening of the Mg-Al-Ca alloys should thus focus on
decreasing dislocation mobility in the primary a-Mg grains. This is further supported by
the creep strengthening effect and dislocation interactions of the grain interior C15
precipitates and the creep strengthening of increased solute (Al and Ca) in AXJ50 versus
AX44. Grain boundary offsets were occasionally observed along favorably oriented
boundaries, but this does not account for the majority of the creep deformation that is
observed in these alloys for the stresses and temperatures investigated. Grain boundary
sliding is also classically associated with lower stresses and cannot be ruled out as a
deformation mechanism in these alloys at low stresses (< 40 MPa).

Another indication that grain boundary sliding is not a dominant creep mechanism
in AXJ530, for the stresses and temperature investigated, is the dependence of creep rate
on grain size. As discussed in Chapter 5, as grain size decreased the creep resistance of
AXIJ530 increased. The Raj-Ashby equation [78] models creep due to grain boundary

sliding, in simplified terms, that equates an improvement in creep resistance with the

inverse square of the grain size (i.e. &oc—). The proposition considers that the
d

plasticity is a result of GBS through diffusion accommodation where plastic strain is
localized entirely to the near grain boundary region with no deformation in the grain
interiors. Since plastic strain was observed both throughout the grain and at times to the
near grain boundary region and since creep resistance did not decrease with decreased
grain size it was concluded that grain boundary sliding is not the dominant creep

deformation process in these alloys.

6.6 Discussion and Conclusion

An investigation of the strain distribution and localized damage in the as-
permanent-mold cast Mg-Al-Ca alloys and die-cast AXJ530 was completed. The strain

mapping technique, previously utilized for room temperature tensile testing, was
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successfully applied to creep testing up to 175 °C and for times of 2500 hours. The
results of the strain mapping experiments showed that creep strain was heterogeneous in
the Mg-Al-Ca alloys. The heterogeneity was on the length scale of the grain size of these
alloys and was not dependent on the cellular structure or intercellular region. Localized
damage, on the length scale of the microstructure, was observed in the as-permanent-
mold-cast samples at or near the minimum creep rate (~1% creep strain). The localized
damage was also sensitive to microstructure and formed as cracks and cavities/voids.
Damage was observed in the die-cast sample at ~0.6% creep strain. The growth rate of
the damage was slow after initial formation. The creep rate accelerated after the
formation of the initial damage and continued damage nucleated was observed leading to
eventual failure.

The creep strain distribution was calculated at periodic intervals, between bulk
creep strains of 0.3 and 10% in the as-permanent-mold-cast Mg-Al-Ca alloys. The creep
strain distribution was also calculated in die-cast AXJ530 for bulk creep strains between
0.1 and 0.6%. It was found that the creep strain localized to domains on the length scale
of the grains at low creep strains ( < 1%). These domains were generally uniform in
strain distribution and accumulated strain 2 to 10x that measured in the bulk. In the
permanent mold cast condition, additional creep strain accumulated along grain
boundaries measuring 20-40% strain in these regions, 5 to 10x greater than the bulk creep
strain. For the majority of these highly strained regions, localized damage was observed.

Grain boundary sliding (GBS) has previously been proposed as a dominant creep
mechanism in these alloys. The results and conclusions of this study indicate that GBS is
not a dominant creep mechanism at the stresses and temperatures investigated. Plasticity
is occurring first as slip in the primary a-Mg grains. As the grains oriented for slip strain
harden, stress concentrations arise. The stress concentrations are localized damage that is
observed in near grain boundary regions as cracks and cavities/voids. The onset of this
damage occurs near the minimum creep rate. As creep damage accumulates, mostly in
the form of newly nucleated damage sites, the creep rate increases leading to failure.
Further evidence that GBS is not occurring is that as the grain size is decreased, the creep
resistance improves. This is inverse to predictions of grain boundary sliding creep

models [78].
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The strain mapping and localized damage investigations have indicated the
microstructural characteristics that should be focused on for future alloy strengthening.
In comparing microstructure and creep results of the permanent mold cast AXJ530 to the
AX44 there was no difference in creep stress dependence or microstructure (except solute
concentration) yet an order of magnitude decrease in minimum creep rate (for AX44).
This difference in creep strength has been attributed to the decrease of solute within the
a-Mg in AX44 compared to AXJ530. AXJ530 and AX44 behave the same in terms of
strain distribution but AX44 accumulated greater strains, in the a-Mg grains (adjacent to
the boundaries), prior to damage nucleation. This indicates that the near grain boundary
regions in AXJ530 are less damage resistant than the AX44 and this is attributed to the
increased solute (Al and Ca) concentration. Therefore creep strengthening of these alloys
should focus on the near grain boundary region. Secondly, the majority of the damage
was on the same length scale and distribution as the a-Mg grains indicating that the grain
size has a significant contribution to creep strain accumulation. This is in strong
agreement with the results of Chapter 5, where it was shown that creep rate was
dependent on grain size. Future creep strengthening in these alloys should further

address grain refinement.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

The objective of this research was to investigate the role of composition on
solidification behavior, permanent mold castability, microstructural development and
mechanisms of creep in a series of ternary magnesium alloys. From these investigations

the following conclusions and recommendations can be made.
7.1.1  Solidification and Casting

The freezing range of these alloys decreased in the following order: AX44,
AXJ530, AJ44, ALa44 and ACed44. This freezing range strongly influenced the
castability of the alloys for the permanent mold process. The rare earth containing alloys
were particularly difficult to cast due to the narrow freezing range (~25 °C) that led to
premature freeze-offs. A higher superheat (750 °C compared to 685 °C) permitted
complete mold filling and solidification with minimal porosity. Permanent mold
temperatures varied for each cycle during a casting campaign. Through changes in mold
temperature, a change in cooling rate of the casting resulted. The different cooling rates
led to different precipitate sizes and spacing in the primary a-Mg grains for the Ca-
containing alloys. These precipitates had an influence on creep strength and are
discussed below.

Scheil analyses were completed on as-cast samples. There was a difference in the
concentrations levels of solute (Al and ternary addition) in the a-Mg. These differences
between alloys, further discussed below, strongly correlated to the differences in creep
strength. This indicates that the elemental segregation is important to creep strength and
can be influenced with alloying constituents. Future alloy design should focus on

elemental additions that (1) provide the best freezing range for castability and (2)
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influence the segregation behavior by increasing solute in magnesium both for solid

solution strengthening and precipitation strengthening.
7.1.2  Creep Behavior

The tensile creep behavior was investigated between 40 and 100 MPa at 175 °C.
The creep resistance of the alloys in descending order was: Die-cast AXJ530 followed by
the permanent mold cast alloys AXJ530, AX44, AJ44, ALa44 and ACed44. Except for
the rare earth containing alloys, there was approximately one order of magnitude
difference in the minimum creep rate between each alloy following the descending order
of creep resistance. The ACe44 and ALa44 were approximately five and two orders of
magnitude less creep resistant than die-cast AXJ530 and permanent mold cast AJ44,
respectively. Power-law creep was observed with stress exponents between 14.2 and
17.5, for the permanent mold cast AX44, AJ44 and AXJ530 alloys. The stress exponent
was lower (~6.8) for the die-cast AXJ530. This indicated that for the stress and
temperatures investigated there was no change in creep mechanism over the range of

creep conditions investigated.

7.1.3  Microstructure and Creep Resistance of Mg Alloys

The as-cast microstructures consisted of a primary a-Mg globular dendritic phase,
surrounded by a network of intermetallic(s). The Ca and Sr alloys had an area fraction o-
Mg between 79-81% and the Ce and La alloys were between 59-61%. The eutectic
region comprised the balance.

Solute in solution in the primary a-Mg and its relationship to solidification
segregation was quantified. The AXJ530 had the greatest concentration of solute
followed by AX44 and AJ44. The rare earth containing alloys had lower levels of Al and
the lowest (< 0.1 at.%) concentration of ternary addition. This followed the order of
creep resistance for the alloys. Considering viscous drag creep models, these differences
in solute concentration can account for up to three orders of magnitude difference in
creep rate (between the alloys) whereas five orders of magnitude difference was
experimentally observed. The remaining contributions to creep arise from grain size

differences and precipitation strengthening.
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In both die-cast and permanent mold cast conditions the grain structure of each
alloy was found to be comprised of many neighboring cells. The grain size of the
permanent mold cast alloys was several hundred microns whereas the die-cast was 19
um. The cell size was similar for permanent mold and die-cast conditions (i.e. 22 pm to
10 pm, respectively). While many past studies have associated the cells as grains and
identified grain boundary sliding as a dominant creep mechanism, care must be taken in
future studies to determine the grain size, location of grain boundaries, and how they
influence the operative creep deformation. The die-cast and permanent mold cast
AXIJ530 had the same microstructure (i.e. solute concentration, eutectic morphology, area
fraction a-Mg) but different grain size that are attributed to the faster creep rate of the
later (approximately an order of magnitude).

The creep strength in the Mg-Al-Ca alloys was improved by about an order of
magnitude in the as-permanent-mold-cast condition through precipitation in the matrix of
C15 — Al,Ca precipitates. The improvement in creep resistance in the die-cast condition
was more modest, between ~3 to 5x. In the permanent mold cast alloys, precipitate size
and spacing was controlled through changes to the cooling rate of a casting via different
permanent mold temperatures. The samples with the finest precipitate spacing (~41 nm)
had an order of magnitude lower creep rate than those solidified with a coarse (or no)
precipitate structure. Precipitate size or density was not observed to change with distance
from the interdendritic interface but the difference in Al and Ca concentration between
AXJ530 and AX44 did vary and can be attributed to differences in solidification paths.
Precipitates were not observed in the Sr, Ce or La containing alloys.

The major intermetallic phases were C36 (Mg,Al,Ca) for the AX44 and AXJ530
alloys, hP38 (Mg;;Sr;) for the AJ44, and Al;RE;/ALRE for the rare earths. The
morphology of the interdendritic region was semi-continuous for the Ca and Sr
containing alloys. The Ce and La containing alloys had a lath structure that was not
continuous between grains. Direct evidence of the intermetallic phase and/or
morphology contributing to the strengthening of these alloys was not observed.

Future alloy development of creep resistant Mg alloys should focus processing
(die-casting or grain refinement) such that small grain size results. Secondly, selecting

alloy composition to maximize solubility of the constituent elements in the matrix would
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further improve creep resistance. Investigating optimal precipitate size and distribution
and utilizing processing condition that result in as-cast matrix precipitates will further

contribute to creep strength.
7.1.4  Strain Distribution and Localized Damage Accumulation

Creep strain distribution on the microstructural length scale was investigated for
die-cast and permanent mold cast AXJ530 using a strain mapping technique. The
technique was successfully applied to quantify creep strain heterogeneities for
temperatures up to 175 °C and times greater than 2500 h.

In the permanent mold cast AXJ530, at the early stages of creep the strain was
heterogeneous and accumulated uniformly on the length scale of the grains. With
additional creep strain, these regions ceased strain accumulation, indicative of strain
hardening. As the bulk creep strain further increased, concentrated strain was observed
along grain boundaries. These regions reached creep strains between 20 and 40% (in
AX44 whereas in AXJ530 they were lower at ~10%). These locations of high strain were
often the sites of damage nucleation. The variation in localized plasticity in these regions
was attributed to the difference in solute (both Al and Ca) in the near grain boundary
regions between AX44 and AXJ530. It can be concluded that improvements in the creep
resistance of these alloys should focus on the a-Mg grains and then the near grain
boundary regions.

Also in the permanent mold cast AXJ530, the onset of damage corresponded to ~
1% creep strain (near the minimum creep rate) and can also be associated with an
increasing creep rate. The damage was heterogeneous and in the form of cavities/voids
and cracks located primarily at the grain boundaries. Limited growth of the damage was
observed after initial formation but rather additional creep strain lead to the nucleation of
more damage. This further supports strain hardening within the grains. The damage was
most often observed between grains of different resolved shear stress. Plastic strain
concentrations observed as slip bands in the Mg grains was associated with the onset of
damage. The offsets were primarily observed throughout a grain oriented for basal slip
and at the grain boundaries of those not. The observed damage was located between a

grain exhibiting plasticity and one with limited plasticity.
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For the die-cast AXJ530 the strain distribution was heterogeneous, as in the
permanent mold cast condition. No slip offsets were observed in the die-cast alloy,
though cavities/voids and crack similar in morphology as those reported in the permanent
mold cast condition were observed. The die-cast sample was crept to a maximum creep
strain of 0.6% (in 2500 h) where plasticity was first observed in the permanent mold
condition at 0.6% creep strain after 350 hours. This indicates that damage is more strain
dependent than time dependent for the creep conditions investigated. No evidence of
shearing along grain boundaries (shear of individual markers or localized damage)
indicates that GBS was not an operative creep mechanism in the die-cast alloy.

The conclusions from the stain distribution investigations are that additional creep
strengthening in these alloys will be gained through strengthening of the primary grains
and the near grain boundary regions. Grain boundary sliding was not observed in either
cast condition as a dominant creep mechanism for the temperature and stresses
investigated. A detailed investigation on the influence of the active slip systems for creep

1s another recommendation for future studies.

7.2 Recommendations for Future Research

Based on the findings of this study, the following recommendations are made for

future investigations in this area.

(1) A detailed investigation of the liquidus surface, phase stabilities and precipitation
strengthening of the Mg - 4 Al - 4 RE alloys. Though these alloys were successfully
permanent mold cast, they were the least creep resistant and most challenging to cast.
They have improved creep resistance when die-cast [157]. The investigation should
focus on a detailed diffraction analysis of the intermetallics formed in the rare earth
containing alloys. This investigation should include thermal stability studies. Reports
[10, 11] indicate a decrease in creep resistance at temperatures greater than 150 °C.
These reports have suggested this decrease was caused due to phase transformations,
though morphological changes in intermetallic were not observed after creep testing at
175 °C in this investigations (though test times were < 100 h). Investigations of the

magnesium rich corner of the ternary phase diagrams for both alloys Mg-Al-Ce and Mg-
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Al-La would be beneficial since alloy composition has shifted in recent years from AE42
to AE44 [14] and can aid in selecting alloy composition for maximum solubility of
elemental additions. Though these alloy systems have commercial interest and
application, they are posed at an unfortunate economic position. Their respective creep
resistance is the same or inferior to other automotive creep resistant alloy systems (i.e.
AJ62, MRI230D, AXJ530) yet they retain the associated high costs of the mischmetal
additions. This cost would be further increased for individual rare earth additions. The
alloys creep resistance is not great enough to warrant wide spread utilization in the
aerospace industry currently dominated by precipitation strengthened heat treatable sand
cast Mg alloys.

(2) An investigation on a wider spectrum of grain sizes and distributions is needed.
In this investigation, grain size was found to influence the creep behavior of the Mg-Al-
Ca alloys. A detailed understanding of the grain size distribution would provide insight
on the frequency of the various sized grains and the influence these grains had on the
creep behavior. Results from the strain distribution and localized damage accumulation
of the die-cast AXJ530 indicate that the larger grains may be significant contributors to
the creep deformation. The same could also be true in the permanent mold case.

3) The influence and method of processing the alloys to net shape. In the aerospace
industry the alloys are sand cast creating low porosity, heat treatable components.
Automotive alloys have been designed to be die-cast, which leads to high (> 5 % by
volume) levels of porosity. The porosity within the components led to blistering (surface
spallation due to the expansion of entrapped gas) during heat treatments. Through
tailoring new processing techniques (i.e. vacuum assist die-casting), adjusting die mold
temperatures such that precipitates could be formed through the solidification process (as
in the permanent mold casting), and/or investigating low temperature-short time heat
treatments to avoid blistering, improvements in the creep behavior of these alloys may be
gained.

(4) Investigate additional or alternative alloying constituents to develop precipitation
strengthening alloys and processing routes. The (costly) heavy rare earth containing
alloys have been shown to form precipitates within the a-Mg. Heat treatments to develop

precipitates within the magnesium matrix may be readily developed for the rare earth
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(mischmetal) containing alloys, though (Ce and La) solubility is low indicating a low
volume fraction of precipitates.

Investigations on higher order alloy systems (e.g. quaternary and quinternary)
with the alloying elements selected from creep resistant ternaries have yet to show
improvements in creep resistance. An example is the Mg-Al-Ca-Sr quaternary system
[139, 182, 217]. Due to the limited solubility of most alloying elements in a-Mg, the
constituents segregate to the eutectic region. As the alloy further solidifies, several
intermetallics form in the interdendritic region. It has been shown that strengthening of
the a-Mg matrix (i.e. grain size, solutes, precipitates) is responsible for improvements in
creep strength and the plasticity of the a-Mg matrix is responsible for the majority of the
creep deformation. Thus the interdendritic intermetallics contribute less to the creep
strength of the alloys studied. The alloying additions that contribute to the formation of
intermetallics do not constitute an improvement in creep strength. Improvements in the
creep behavior will be gained from higher order alloy systems by several routes. First
changing the solidification path and behavior such that elemental additions with limited
solubility will now segregate (or at least increase the solubility) to the a-Mg matrix.
These elements in solution could provide solute strengthening of the a-Mg matrix and/or
be precipitated through heat treatments. The second approach to creep strengthening
with higher order alloy systems is to suppress the formation of phases detrimental to the
creep behavior. This approach is currently used with current creep resistant alloys by
adding ternary additions that suppress the formation of the thermally unstable (at service
temperatures) B phase (Mg;7Al;2). The third advantage that would be gained by higher
order alloying additions would be to decrease the grain size of the alloy through grain
refinement. Research [94, 197-200] has investigated several feasible options for grain
refinement in Mg alloys.

(5)  An investigation of the role of the interdendritic eutectic morphology on creep
resistance. Though in the permanent mold cast alloys, the role of the eutectic region on
creep deformation was minimal in comparison to the other microstructural features (i.e.
grain size, solute concentration, and precipitation strengthening) this may not be the case

across all microstructures and grain sizes. Strain mapping experiments should be
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completed on die-cast, permanent mold cast, and sand cast alloys with different eutectic
morphologies to quantify the influence of eutectic morphology on creep behavior.

(6) Detailed investigations of the active slip systems during creep deformation. As
presented for the as-permanent-mold-cast alloys, plasticity in the a-Mg matrix is the
primary contributor to creep deformation at the stresses and temperatures investigated.
Though much of the literature discusses basal slip in magnesium it is clear that slip
occurred on multiple systems, as necessary to accommodate plastic deformation in
polycrystalline materials. Ideally these investigations would build on the work of Kelly
and Hosford [43, 44], Burke and Hiddard [41], and Agnew et al. [47] beginning with
deforming at single crystals, at elevated temperature, oriented such that 1. could be
measured for different slip systems. Micro-samples could also be cut on several crept
samples of an alloy that had been subjected to various strains. A focused ion beam (FIB)
could be used to remove a section of material within a single grain for TEM dislocation
analysis.  Dislocation investigations would quantify the active slip systems for
temperature and orientation. Solute (Al, Li) could be added to single crystals and
experiments repeated to determine the influence of solute content on Teys. A better
understanding of the active slip systems at creep testing temperature and the influence of
solute on resolved shear stress of a slip system will aid in developing more creep resistant

alloys.
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Part Drawings
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Appendix A.1 Permanent mold half part drawing.
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Appendix A.2 Permanent mold combined halves machine part drawing.
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