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ABSTRACT
Tensile deformation characteristics of cast aluminum alloys have been
investigated extensively. Cast Mg alloys have remained mostly neglected by researchers,
despite their potential for weight savings. This present study is motivated by this gap in
the literature and consists of two stages; in Stage 1, analysis of tensile data gathered from
literature were reanalyzed, and in Stage 2, data generated from tensile testing of 60
specimens of AZ91 Mg alloy castings in both T4 and T6 conditions were analyzed to
characterize work hardening behavior.
In Stage 1, more than 1600 data were collected from the literature for various Mg
alloy families. After plotting these data in yield strength-elongation charts, highest points
were identified and interpreted as the maximum ductility, i.e., ductility potential (eFmax).
The trend in maximum points indicated a linear relationship with yield strength (σY),
expressed as;
e F(max) %  41.8  0.106 Y

(1)

This ductility potential equation can be used as a metric to compare elongation obtained
from tensile specimens to measure the structural quality of Mg alloy castings. Moreover,
results indicated that ductility potential was not affected by heat treatment, grain size
(within 30-120 μm), casting geometry, size, the type of casting process nor chemical
composition.
In Phase 2, AZ91 cast Mg alloy specimens in T4 and T6 conditions were tested in
tension to obtain stress-strain data for each specimen. Fits of four constitutive equations,
namely, the Hollomon, Voce, Ludwik and Swift, to true stress-true plastic strain data in
the elastoplastic region were characterized for the specimens with highest elongation
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values for T4 and T6 specimens. The coefficient of determination, R2, values for all
equations were in excess of 0.99, suggesting that all four equations provide excellent fits
to tensile data in both conditions.
The change in work hardening rate with true stress was investigated for all
specimens by using Kocks-Mecking (KM) plots. It was determined that work hardening
behavior of Mg alloy castings in T4 and T6 is distinctly different. In T4 specimens, there
is a plateau in work hardening rate at approximately E/25 which was observed in all
specimens. The presence of this plateau is consistent with results given in the literature
for pure Mg. However, this plateau was not observed in any of the T6 specimens. The
reasons for the absence of the plateau in T6 specimens are unknown at this time. In both
T4 and T6 specimens, the KM work hardening model in which work hardening rate
changes linearly with true stress was found to be applicable. This is the first time that
KM model was found to be valid for Mg alloys. Moreover in all specimens, there was a
sudden drop in work hardening rate just prior to final fracture. This drop was first
hypothesized to be due to structural defects in specimens, which was subsequently
validated via fractography. Structural defects were found in all specimens whose fracture
surfaces were investigated, indicating low to medium levels of quality.
The quality index method, originally developed for cast aluminum alloys as the
ratio of elongation to ductility potential, was found not to be applicable to Mg alloys, at
least in its original form. This is due to the fact that work hardening behavior of cast
aluminum alloys follows the KM model and there is no plateau where work hardening
rate is constant. Hence the work hardening behavior of cast aluminum alloys and AZ91
specimens in T6 condition was similar. However the plateau of constant work hardening

xii

rate had a strong effect on elongation in T4 specimens. Therefore quality index analysis,
which is supposed to be independent of alloy condition, did show that T4 and T6
specimens had different quality index levels. This finding contradicted the result from
Stage 1 that aging has no effect on ductility potential. However because of the presence
of structural defects in all specimens, quality index levels were low (0.30-0.45).
Therefore it is unclear at this point whether the work hardening behavior of T4 and T6
specimens would still be different if elongation values were in the proximity of the
ductility potential line. More research is needed to characterize work hardening behavior
of cast Mg alloys in the absence of major structural defects and also address other
questions raised in this study.
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CHAPTER 1: INTRODUCTION
The density of Mg alloys ranges from 1.5 g/cm3 in Mg-Li to 1.8 g/cm3 in Mg-RE
alloys [1]. Because of their low density, Mg alloys offer significant weight saving
potential in load-bearing applications, where weight is critical [2], such as in automotive
and aerospace applications. Nevertheless, cast Mg alloy castings have not been used as
commonly as cast aluminum alloys. The barriers to their wider use have been recently
stated [3]: (i) porosity and hot–tearing during solidification, (ii) complex thermal
treatments and (iii) the lack of knowledge for process design to produce high–integrity
cast magnesium components with high ductility and strength i.e., low porosity that are
free from oxide inclusions. For wider use of Mg alloy castings in structural applications,
these barriers need to be overcome through careful improvement of casting processes.
Therefore, the effect of structural defects such as porosity and oxide inclusions on the
performance of Mg alloy castings needs to be investigated.
Structural defects in castings adversely affect mechanical properties, including
fatigue life [4,5], elongation [6,7,8,9] and tensile strength [10,11]. Research [12] has
shown that the inclusions in castings are mostly prior surface oxides that have been
entrained into the casting. These surface films fold over and form a bifilm which act as
nucleation sites for pores and intermetallics, and eventually lead to premature fracture
under load. It is imperative that the initial melt has a low number of entrained films and
the filling system needs to be designed to minimize or even eliminate additional damage
by entrainment of new surface films. In the absence of structural defects, cast Mg alloys
[13] can have tensile ductility that is significantly higher than most results reported in the
literature.
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In cast Al alloys, it was found [14,15,16] that true tensile deformation
characteristics cannot be determined when structural defects are present, because these
defects reduce the work hardening rate. Moreover, a sudden drop in work hardening rate
was observed just before final tensile fracture as a result of major structural defects.
Tensile deformation has been shown as a tool to assess structural quality. There have
been only limited number of studies [17,18,19] conducted on the tensile deformation
characteristics of Mg alloys. This study is motivated by this gap in the literature.
In Chapter 2, literature review is provided about commonly known mechanical
properties of Mg alloys, alloy designations, historical development of magnesium alloys
and advantages and disadvantages for industries. Moreover, important casting process
variables are introduced and their effects on the casting quality are discussed.
In Chapter 3, quality index approach taken by Tiryakioǧlu have been used for Mg
alloy castings which was the previous study of the author. In that study [13], author
collected over one thousand and six hundred data points from various studies and plotted
them to the elongation-yield strength chart. Ductility potential line and the equation of the
line were presented. Mg alloy castings that near the ductility potential line are examined.
Effects of grain size, dendrite arm spacing, section thickness, heat treatment and casting
processes are discussed. Equation of the line and the estimation of ductility potential in
the literature are compared.
In Chapter 4, selected Mg alloy and the chemical composition of the specimens
are presented. Casting process and heat treatment procedure of the samples are given.
Dimensions of the specimens and the details regarding the preparation of the sample are
provided. Experimental procedure that author followed in this study is explained.
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In Chapter 5, quality index of both heat treatment conditions are provided and
compared with the help of ductility potential concept for both tempers. Best fits of
constitutive equations in order to characterize the tensile deformation of Mg alloys are
analyzed. Kocks-Mecking analysis is conducted and relationship between elongation,
also alternatively quality index and work hardening parameters is observed. Contribution
of Stage II work hardening to the T4 specimens is investigated. Important questions
regarding the reasons of differences have been raised. Bifilms and pores on the fracture
surfaces have been investigated with the help of fractographs that obtained with SEM
analysis.
In Chapter 6, conclusions for the characterization of cast AZ91 magnesium alloys
are presented.
In Chapter 7, relevant questions that have been raised regarding the results are
mentioned.

16

CHAPTER 2: LITERATURE REVIEW
Magnesium can be extracted from the hydrosphere or lithosphere. Research [20]
stated that supplies for magnesium can practically be considered as unlimited. In the sea
water, every 1 km3 sea water contains 1.3 million tons of magnesium. Moreover,
magnesium can be found as ores such as dolomite (MgCO3.CaCO3) and magnesite
(MgCO3) in the earth’s crust.
2.1. Properties of Magnesium
Magnesium is a member of the periodic table group 2, having atomic number of
12 and atomic weight of 24.31 g/mol [21]. Magnesium is the lightest of all commonly
used metals with the density of 1.74 g/cm3. It has a melting point of 650oC, an electrical
conductivity of 39%IACS and a thermal conductivity of 167W/mK [21]. Physical
properties of magnesium were presented in the literature [22].
The crystal structure of magnesium is hexagonal close-packed (HCP) and
consequently, slip is more limited than in body-centered cubic (BCC) and face-centered
cubic (FCC) crystal structures. With the lattice parameters a=3.18Å and c=5.19Å,
magnesium has a c/a ratio of 1.624 [21]. Alloying additions affect the c/a ratio in Mg.
Table 1 shows the list of the crystallographic indices of the slip and twinning planes and
directions in Mg.
Deformation in magnesium initially starts with basal slip, which saturates quickly
and leads to twinning. Depending on the parameters such as c/a ratio, other slip planes
can be activated. Slip requires higher shear stress and consequently usually results in
brittle behavior.
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Table 1: Crystallographic indices of the slip and twinning planes and directions of
magnesium [21].
Planes

Directions

Type

Slip
Direction

Number of
Independent
Systems

{0001}

<1120>

Basal

a

2

{1010}

<1120>

Prismatic

a

2

{1121}

<1120>

Pyramidal

c+a

4

{1012}

<1011>

Pyramidal (Twinning)

c+a*

3

{1011}

<1012>

Pyramidal (Twinning)

c+a*

3

{1122}

<1023>

Pyramidal (Twinning)

c+a

4

{1121}

<1026>

Pyramidal (Twinning)

c+a

4

* Frequent ones
Magnesium can be used in pure form just like most of the other metals. Its HCP
structure and atomic diameter allow for extended solid solubility with many elements.
Like other alloying systems, main purpose of alloying with magnesium is achieving
improvements for alloy properties, especially strength [23]. Most commonly used
alloying elements for magnesium are aluminum, zinc, manganese, zirconium, silver,
yttrium and rare earth elements. Among all these alloying elements, aluminum is
considered as the most common alloying element in Mg alloys [24]. Moreover, copper,
nickel and iron are considered as harmful impurities for the quality of magnesium alloys.
2.2. History of Applications of Magnesium Alloys
First automotive application of magnesium alloys was reported as Indy 500 in
1918 [21]. Also magnesium alloy castings were used for city buses and tractors in
England. Other applications emerged in Germany such as crankcases and housings were
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made of Mg alloy castings [25]. Most of magnesium alloys were produced by high pressure die casting process. Magnesium alloys were one of the main aerospace
construction metals and were used for German military as early as World War I and
exclusively for German aircraft in World War II [21]. Popularity of magnesium alloys
increased with the World War II. Magnesium alloy sheet, casting, forgings and extrusions
were used by the United States Air Force and Soviet aircraft industry. Commercial air
plane producers such as Boeing decided to use magnesium alloys for control surfaces,
door frames, wheels, engine gear boxes, power generation components and structural
components in 1950s. After several reports were issued about magnesium alloys being
dangerous due to corrosion problems and flammability, the use of magnesium alloys
started to decline. Currently most common uses of magnesium are engine castings and
landing gears. Magnesium has also been used in helicopter industries such as gear boxes
[21].
Magnesium wheels that produced with sand casting were used by Porsche in
1960s for racing cars [26]. These magnesium parts lasted more than 150,000 km.
However due to the lack of the improvement in die casting technology, automotive
industry started to lose interest in magnesium alloys [27]. The peak of the use of
magnesium alloys was the Volkswagen Beetle in 1970s for air-cooled engines and gear
boxes [21].
After 1970s, the use of magnesium as a structural powertrain component
dwindled. The reasons behind this result were greater power requirements for the engine.
Therefore application of water cooling instead of air cooling gained more popularity [21].
However most magnesium alloys could not tolerate the new operating environments. As
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stated above, corrosion resistance was one the major resistance for the use of magnesium
alloy and therefore efforts were made to eliminate this disadvantage for structural
magnesium alloys. Consequently, high purity alloys such as AZ91D, AZ91C, AM60B
and AM60A were developed in the 1980s that resulted in increase of cost which in turn
limited the wider use of magnesium alloys in automotive applications [21]. Recently, a
significant interest in magnesium alloys as a light-weight material to be used in
transportation has been reported [28,29]. Nowadays, cast magnesium alloys are becoming
just as popular in industry as wrought magnesium alloys. Main reason behind this result
is isotropy in mechanical properties of castings and economic advantages of castings
related to mass production [30].
The most significant issue in the production of magnesium alloy components is
the fire hazard, especially during machining process because of the low melting point of
magnesium alloys [21]. It must be noted that especially thin chips comparing to the thick
ones and the dust in grinding are more likely flammable, if heated to melting temperature.
They can easily ignite or explode during the process. To eliminate fire risks, fine cuts,
dull tools, power tool design and heat buildup need to be avoided and proper coolant
needs to be used. Chips and dust on the machines, on the ground or on the clothes must
be cleaned carefully before process. It must be noted that water based coolants cannot be
used since they reduce the salvage value of the scrap and increase the risk of fire [21].
2.3. Mg Alloy Designations
A designation system for Mg alloys was developed by the American Society for
Testing and Materials (ASTM) and is outlined in ASTM-B257. [31]. This designation
uses a three part code. First part is the letter that shows the major elements in the alloy.
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Second part shows the composition of the alloy and third part code is the letter that
differentiates the alloys which have the same designation. As an example: ZQ91D
indicates that this alloy contains 9% Zinc, 1% Silver and “D” indicates that the fourth
alloy that registered. Table of codes for each alloying element is given in Table 2 [31].
Table 2: Codes of each element for the designation of magnesium alloys [31].
CODE

ALLOYING ELEMENT

A

Aluminum

B

Bismuth

C

Copper

D

Cadmium

E

Rare Earth Elements

F

Iron

H

Thorium

K

Zirconium

L

Lithium

M

Manganese

N

Nickel

Q

Silver

R

Chromium

S

Silicon

T

Tin

W

Yttrium

Y

Antimony

Z

Zinc

Temper designations for Mg alloys are provided in Table 3. Most commonly used
tempers in cast Mg alloys are F, T4, T5, T6 and T7.
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Table 3: International temper designations [32].
Temper

Definition

F

As fabricated

T1

Cooled from an elevated temperature shaping process and naturally aged

T2

Cooled from elevated temperature - shaping process, cold worked, and
naturally aged

T3

Solution heat treated, cold worked and naturally aged

T4

Solution heat treated and naturally aged

T5

Cooled from an elevated temperature - shaping process and artificially
aged

T6

Solution heat treated and artificially aged

T7

Solution heat treated and artificially overaged

T8

Solution heat treated, cold worked, and artificially aged

T9

Solution heat treated, artificially aged and cold worked

T10

Cooled from elevated temperature shaping process, cold worked, and
artificially aged

Studies have been conducted [31] on the effects of other alloying elements on the
mechanical properties such as tensile strength and hardness. For instance, aluminum
additions to Mg result in the formation of the β-Mg17Al2 phase, which increases strength.
Moreover corrosion resistance and castability are improved when aluminum and zinc are
added together. Zinc additions refine grain structure, whereas Si additions improve creep
resistance, however reduce the castability and corrosion resistance [23,31,33]. Most
widely used cast Mg alloys and their typical characteristics are presented in Table 4 [34].
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Table 4: Most commonly used magnesium alloys and their characteristics [34].
Alloy

Characteristics

Good room temperature strength and ductility
Tough, leak tight castings with 0.0015Be, used for pressure dieAZ81
casting
General-purpose alloy used for sand and die castings
AZ91
AM50 High-pressure die castings
AM20 Good ductility and impact strength
Good creep properties to 150oC
AS41
Good creep properties to 150oC
AS21
Good creep properties to 150oC
AE42
sand castings, good room temperature strength and ductility
ZK51
As for ZK51
ZK61
Sand Castings, good room temperature strength, improved castability
ZE41
Pressure-tight castings, good elevated temperature strength, weldable
ZC63
Good castability, pressure-tight, weldable, creep resistant to 250oF
EZ33
Sand castings, good castability, weldable, creep resistant to 350oF
HK31
Same as for HK31
HZ32
Pressure tight and weldable, high proof stress to 250oC
QE22
Pressure-tight, weldable, good creep resistance and proof stress to
QH21
300oC
WE54 High strength at room and elevated temperatures
WE43 Good corrosion resistance, weldable
Low-to-medium-strength alloy, weldable, corrosion resistant
M1
Medium-strength alloy, weldable, good formability
AZ31
High -strength alloy, weldable
AZ61
High-strength alloy
AZ80
Medium-strength alloy, good formability, good damping capacity
ZM21
High strength alloys
ZK30
Good formability
ZK60
ZMC711 High strength alloys
High creep resistance to 350oC, short time exposure to 425oC,
HK31
weldable
WE43 High temperature creep resistance
WE54 High temperature creep resistance
LA141 Ultra-light weight
AZ63
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2.4. Mg Alloy Castings and Casting Defects
For complex shaped parts, casting process is usually the preferred method of
production. The most common casting method for magnesium alloy products has been
die-casting, especially for automotive applications [35]. Like aluminum alloys,
magnesium alloys oxidize rapidly in air. Magnesium alloys are very sensitive to
turbulence during pouring, leading structural defects in the castings [36], which will be
discussed in the next section.
AZ91 is the most widely used magnesium alloy for many applications including
aerospace and automotive applications [34]. Mg-Al alloys where aluminum is the major
alloying element, shows very good castability [37,38]. This result leads to the use of
magnesium alloys in pressure assisted casting processes such as high pressure die casting.
Moreover, other alloy series such as WE shows lower castability. Casting methods such
as permanent and sand mold casting can be supported by pressure in purpose of achieving
thin walled structures [26]. Magnesium has great die-filling properties. Therefore large,
thin-walled and complex shaped components can be produced with magnesium alloys.
Studies [26] also indicated that low heat capacity, lower latent heat of solidification and
less affinity to iron are further advantages of magnesium castings.
2.5. Casting Defects
Casting defects, namely inclusions and pores, are produced during the casting
process but affect the properties and performance of castings adversely. In contrast, most
materials science textbooks emphasize the effect of microstructure, such as grain size,
dendrite arm spacing (DAS), secondary phases, eutectic structures and interface
properties, on mechanical properties in which engineers are taught that mechanical
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properties are determined by microstructure.

For example, reducing grain size is

considered as a way to increase yield strength due to the Hall-Petch affect:

 y  0 

k
d

(2)

where σ0 is a material constant (MPa) and d is the grain size (μm), k is the specific
strengthening

coefficient for each material (MPa.μm0.5). During deformation, grain

boundaries act as obstacles for the dislocation movement, which results in increase in
strength. Strengthening in Mg alloys is achieved in precipitation hardening (e.g., Mg-Zn,
Mg-Al and Mg-Ag systems), solute solution hardening and/or grain size hardening.
Similar to the effect of grain size, reduction in dendrite arm spacing, for instance by
solidification at higher rates, leads to higher strength. From a metallurgical standpoint, a
reduction in grain size or DAS, should result in lower ductility because it is an
established metallurgical principle that there is a strength-ductility compromise. One
property has to be sacrificed to gain in the other. However, elongation was reported to
increase with decreasing DAS in cast Al [39,40] and in Mg [21] alloys. Therefore, the
traditional thinking that “the microstructure controls the properties” for cast metals has
been questioned recently. Campbell [41] commented on the effect of microstructure on
properties as “at worst this not true, and at best it is a half-truth”. Moreover, Campbell
[41] also stated that reduced grain size is only effective in increasing elongation when the
melt is not clean.
The main defects in castings are bifilms and pores. Oxides, that form on the
surface of the molten metal, get entrained into liquid metal during melting (surface of
ingot), melt transfers [42] or mold filling, as depicted schematically in Figure 1. Because
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most bifilms have neutral buoyancy in liquid metal, they remain suspended in the melt
[4]. During solidification, intermetallics usually nucleate and grow on these bifilms. An
example is provided in Figure 2, in which Fe-bearing intermetallics precipitates on a
bifilm (indicated by an arrow).

Figure 1: Folding action of a bifilm [4].

Figure 2: Typical example of a bifilm on which Fe containing intermetallics
precipitated in an Al-Si alloy [43].
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Another example of a convoluted, coarse bifilm is provided in Figure 3. The shiny parts
of the bifilm are one-half of the bifilm.

Figure 3: Relatively old and thick tangled bifilm on polished surface [12].
2.6. Tensile Deformation
Work hardening takes place because of the increase in dislocation density with
deformation. Work hardening rate, Θ, can be written as;



d
d p

(3)

Characterization of work hardening involves analysis of both true stress – true plastic
strain relationship as well as the change of work hardening rate at different stage of
deformation. Deformation occurs in mono- and polycrystals in several stages. Stage I
occurs only during single slip in single crystals. This stage is known as easy glide
because large amount of strain can be achieved without much work hardening. When
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certain amount of strain is reached, a transition occurs for single crystals from low
hardening rate to larger and cause the raise of Stage II [44]. Stage II, also referred to as
athermal work hardening, is a stage with a higher work hardening rate. Stage II occurs in
both single crystals and polycrystals and work hardening rate decreases with increased
testing temperature. Stage I and Stage II occur independently. Stage III (dynamic work
hardening), corresponds to a steady decrease of work hardening rate [44].
Research [45,46] on the work hardening characteristics of pure magnesium single
crystals showed that Stage I, Stage II and Stage III work hardening all took place, similar
FCC metals [47]. Caceres and Blake [17] investigated the work hardening behavior of
cast pure Mg in tension and compression. Work hardening rate-true stress plot reported
by Caceres and Blake is presented in Figure 4. Note that there is a plateau in work
hardening rate at approximately 1.7 GPa for the curve for tension (as indicated by the
arrow). This is unique to Mg and was not reported for cast Al alloys.

Figure 4: Work hardening rate a function of the difference between true stress and
yield strength in pure cast Mg in compression (C) and tension [17].
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2.6.1. Constitutive Equations and Work Hardening
True stress – true plastic strain relationships in metals can be modeled by several
constitutive equations, including the Hollomon [48], Voce [49], Ludwik [50] and Swift
[51] equations. These equations are given below.
Hollomon Equation:

  K H  p nH

(4)

Voce Equation:

    (  0 )e

K V  p

(5)

Ludwik Equation:

   L  K L  p nL

(6)

  K S (  p  S ) n S

(7)

Swift Equation:

Note that the Hollomon equation has two parameters while the others have three
parameters that need to be estimated.
In cast Al alloys, Stage III work hardening rate was found to decrease linearly
with true stress, which represents the Kocks - Mecking (KM) work hardening model
[52,53]:



d
 0  K
d p

(8)

where Θ0 is the initial work hardening rate and K is the KM parameter. Note that cast
pure Mg shown in Figure 4 does not exhibit a region in which Θ decreases linearly with
true stress.
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Characteristics of tensile deformation can be used as a tool to assess the structural
integrity of castings. In castings, work hardening rate analysis has been used [14] to
characterize structural quality; when Θ was plotted versus σ in cast aluminum alloys, a
sudden drop was observed just prior to fracture [15]. Fractographic analysis showed that
this sudden drop could be attributed to major casting defects. In specimens with higher
structural quality (no major defects), there was no sudden drop in Θ and deformation
continued past the intersection of the curves for Θ and σ. The KM parameter K has a
profound effect on elongation, as shown in Figure 5. With increasing K, elongation was
found to decrease in A206-T7 aluminum alloy castings [16]. Also there is a sudden
decrease in Θ just prior to final fracture.
2500
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Qs=24%
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eF=2.4%
Qs=13%

Typical HIP
K=10.05
0=5535 MPa
eF=18.1%
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Figure 5: Change in Stage III work hardening characteristics with structural
quality [16].
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Based on the findings shown in Figure 5, Tiryakioǧlu et al. [16] explained
schematically how work hardening behavior is affected with structural quality, as
presented in Figure 6. When the castings are free from defects, Stage II continues
uninterrupted until the Considere criterion is met, without a sudden drop in work
hardening rate.

Figure 6: Schematic illustration of the change in work hardening behavior in cast Al
alloys with structural quality and ideal behavior in the absence of structural defects
[16].
2.7. Concept of Ductility Potential and Quality Index
Among all mechanical properties, low ductility is the most prominent symptom of
the presence of major structural defects [54]. That is why effort to increase ductility by
changing heat treatment, a practice promoted in traditional metallurgy books as strengthductility trade-off, has been often been fruitless [55]. A more effective strategy to
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increase ductility is to improve the initial melt quality, eliminate liquid metal transfers
and design the filling system carefully so that additional oxide bifilms are not entrained
[12,54].
The use of elongation as a measure of the structural quality of aluminum castings
was proposed by Tiryakioglu et al. [56]. Comparison of current elongation to defect-free
elongation, estimated from work hardening characteristics was proposed as a quality
index. However, structural defects affect the work hardening characteristics significantly
in cast aluminum alloys [14,16]. Therefore, using work hardening characteristics [15] of
specimens with defects to estimate defect-free properties was found [54] to significantly
underestimate eF(max). Subsequently, Tiryakioglu et al. used hundreds of data points from
the aerospace and premium castings literature for Al-7Si-Mg [55], A206 [57] and A201
[58] to estimate eF(max). Because yield strength is minimally affected by structural defects,
it is plotted in the x-axis with eF on the y-axis. The elongation-yield strength plot for cast
Al-7%Si-Mg alloys is presented in Figure 7 [59].

32

35
30

eF (%)

25
20
15
10
5
0
150

200

250

300

350

Y (MPa)

400

450

500

Figure 7: Elongation plotted versus yield strength for cast Al-7%Si-Mg alloys [59]
Note that there is a linear relationship between σy and the maximum levels of elongation.
Hence maximum possible elongation or ductility potential, eF, can be expressed [59] as;

eF(max)  0  1y

(9)

where β0 and β1 (MPa-1) are alloy-dependent coefficients, which are presented in Table 5.
Table 5: The coefficients of Equation 9 for Al-7%Si-Mg, A201 and A206 alloys [60].
β0

β1 (MPa-1)

A356-357

36.0

0.064

A201

34.5

0.047

A206

47.8

0.085
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The ductility potential developed for each alloy family can be used as a metric to
compare elongation to ductility potential. Therefore, the quality index, QT, can then be
found by [59];
QT 

eF
e F(max)



eF
 0  1 Y

(10)

The concept of QT is shown schematically in Figure 8.

Maximum possible
elongation, eF(max)

eF

eF(max)

eF
experimental
point

Y
Figure 8: Schematic illustration of the use of the ductility potential to assess
structural quality [59].
Tiryakioglu and Campbell [59] have recently suggested that there are three
regions for QT: (1) QT is below 0.25, (2) QT is between 0.25 and 0.70, and (3) QT is above
0.70. Region 1, premature fracture is due to “old”, coarse oxide bifilms which are
typically the skin of ingots. In this region, engineers need to focus on melt quality to
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eliminate old oxides from remelts. Chilling the melt can increase the quality marginally.
In Region 2, the molten metal which is free from major “old” oxides but there are
“young” oxide bifilms in the beginning of the process which can increase the properties
of the metal. When QT is above 0.70, every small detail of the melt preparation and mold
filling system design needs to be reviewed. In this region, chilling, i.e., decreasing
dendrite arm spacing (DAS) has no effect on elongation [12]. For all three regions,
Tiryakioglu and Campbell proposed specific quality improvement efforts.
2.8. Effect of Casting Defects on Tensile Properties in Cast Mg Alloys
Tensile deformation is cast Mg alloys with defects has been investigated recently
[61,62,63]. Song et al. conducted in situ experiments in die cast AM50 alloys and
observed how the material around pores and bifilms deforms in tension. Only after stress
exceeds yield stress, there was noticeable deformation around pores and bifilms. Song et
al. also stated that (i) the final fracture is probably not due to cracking and/or decohesion
of the β-phase (Mg17Al12) and (ii) the alloy could withstand large amount of plastic
deformation before fracture although the presence of structural defects reduced the
elongation to only 6%. For the same alloy, Lee at al. [64] found a strong correlation
between elongation and area fraction of porosity on the fracture surface. The fracture path
was observed to go through the regions of clusters of structural defects. Lee et al. stated
that the defect-free elongation for the alloy with σy≈120MPa should be 29%. Weiler and
Wood investigated the effect of pores on the elongation and tensile strength of AM60B
alloy castings via experimentation [62] and finite element modeling. As can be expected,
they found that elongation is reduced significantly with increasing size of pores. They
also attempted to estimate elongation when the area fraction of pores is zero, i.e., when
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the specimen is defect-free, by extrapolating the elongation-area pore fraction
relationship to zero pores. For a specimen with σy≈130 MPa, they estimated the defectfree elongation eF(max), to be 10%. A similar approach was taken by Lee and Shin [65]
and Lee [66] for AZ91 alloy castings. In these studies, elongation was correlated to the
level of microporosity [65] and grain size [66]. Lee and Shin developed a critical strain
model, which predicted eF(max) to be between 6 and 10% for σy=125 MPa, which agrees
with the results of Weiler and Wood. Lee [66] extrapolated elongation-area pore fraction
relationships for various grain sizes and found that for σy=125 MPa, defect-free
elongation can be estimated as:
eF(max)  13.6 exp( 1.3x103 d)

(11)

Lee also suggested that the effect of grain size on elongation should become less
pronounced with decreasing level of porosity.
2.9. Statistics for Fracture
To model fracture, Weibull [67,68,69] developed a distribution, based on the
weakest link theory which was introduced earlier by Pierce [70]. Weibull distribution can
be presented as:
 
T
P  1  exp  
  0






m





(12)

where P is the probability of failure at a given stress, σ, or lower, the threshold value, σT,
is the value below which no specimen is expected to fail. σ0 is the scale parameter, m is
the shape parameter which refers to the Weibull modulus. Weibull found that this theory
can be applied to fracture of ceramics and metals. Largest defects act as the weakest link
by raising the local stresses and resulting in premature fracture. Since the main reason
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behind the drop in mechanical properties address the structural defects, it is suitable to
state that fracture-related mechanical properties such as fracture stress, elongation,
fracture toughness, fatigue life can be analyzed with the concept of defect-size
distribution [71, 72].
The probability density function, f, for any continuous distribution can be written
as:
f 

dP
d

(13)

For the Weibull distribution, f can be written as:
m    T
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 0   0
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(14)

Weibull probability plot is the most common way to apply Weibull fits to data.
Equation 12 can be rearranged in to Equation 14 which can be expressed as:

ln ln1  P  m ln  T   m ln0 

(15)

This equation is linear when the left side of the equation is plotted versus ln(σ-σT) with a
slope of m and an intercept of –m ln(σ0). This probability plot can also be obtained when
the same side of the equation is plotted versus ln (σ) [73].
Tiryakioglu and Campbell [74] provided Weibull probability plots for 3parameter Weibull distribution and Weibull mixtures. They noted that 2-parameter
Weibull distribution is applicable when castings have defects which were introduced into
the melt during the mold filling, from one source of damage. They noted that, in this case,
σT=0 for 2-parameter Weibull distributions. Therefore Equation 15 can be written as;

ln ln1  P  m ln  m ln0 
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(16)

A relationship between m in 2-parameter Weibull distributions of fracture strength and
the metal quality has been expressed by Campbell [75]. For pressure die casting m is
usually between 1 and 10, for gravity-filled castings it is between 10 and 30, for high
quality aerospace castings it is in range from 50 to 100.
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CHAPTER 3: APPLICATION OF THE QUALITY INDEX APPROACH FOR MG
ALLOY CASTINGS

The approach taken by Tiryakioǧlu and coworkers has been applied to Mg alloy
castings by collecting large numbers of tensile data from the literature and analyzing
elongation versus yield strength. A copy of the paper that was published as a result of the
investigation is given in Appendix I.
All data collected from literature are presented in Figure 9. Note that there are
many specimens at low ductility levels (<5%), especially when yield stress exceeds 100
MPa. Therefore, it is easy to understand why low ductility is assumed to be intrinsic in
Mg castings. Figure 9 also shows that for a particular level of yield strength, number of
data points becomes sparse with increasing elongation. The number of points that can be
considered maximum at any given yield strength level is approximately twenty five.
Therefore, less than 2% of all data included in this study represent maximum elongation
values.
In, maximum points seem to have linear trend with yield strength, similar to what
was reported for Al alloy. The line that goes immediately above all maximum points
follows Equation 1;

e F(max) %  41.8  0.106 Y

(1)

The line represents the true ductility potential of cast Mg alloys. It also represents the true
(intrinsic) trade-off between ductility and strength, commonly referred to in metallurgy
textbooks.
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Figure 9: Ductility Potential of various Mg alloy families [13].
It is noteworthy that there are data from almost all Mg alloy systems near the true
ductility potential line. While alloying additions affect the strengthening mechanisms to
reach the desired yield strength, the maximum elongation at that particular yield strength
is independent from the chemical composition of the alloy. This result has significant
implications for the selections of Mg alloys for particular applications and/or future Mg
alloy development effort, because the same strength and elongation can be obtained by
different alloying additions. As an example, at σy=235MPa in Figure 9, there are two data
points just below at line, one from the ZK (Mg-Zn-Zr) alloy family and the other from
the ZQ (Mg-Zn-Ag) alloy family. Although they have almost the same strength and
elongation, the cost for the two alloys can be expected to be vastly different because of
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the silver addition in the ZQ series. Hence significant cost savings can be achieved by
selecting a less expensive alloy and careful design of process to minimize structural
defects.
In addition, it was shown by the author that there are almost all alloy families
around the line. Casting geometry and size include plate, separately-cast tensile bars,
ingot, and actual premium and aerospace castings. Hence, it can be stated that maximum
elongation can be reached for any casting shape and size. Specimens with different heat
treatment conditions, produced via various casting process can reach the maximum
elongation levels. A significant result of the study is grain size of specimens near the true
ductility line shows ranges between 10 and 163μm. Hence, there is strong evidence that
grain size has no effect on ductility when castings are free from structural defects.
The ductility potential line can be used to assess the structural quality of all Mg
alloy castings by using Equation 1. Therefore, QT can be used as a metric during any
effort to improve the structural quality and hence the performance of Mg alloy castings.
To examine the relationship between various Mg alloy castings on the ductility
potential line, points around the line were examined more closely, the details of which are
provided in Table 6.
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Table 6: Detailed information about data indicated in Figure 9 [13].

Point

Alloy

Temper

d (μm)

1

EK11

F

30

2

AZ31

F

-

Copper mold

3

AT33

F

55

Copper mold

4

AZ31

F

163

Copper mold with
electromagnetic stirring

5

QK71

T6

71

Green sand casting

6

AZ91

W

125*

Sand casting

7

AM60

F

10*

8

GN112

W

70*

9

ZQ33

T6

90*

Green sand casting

10

GW63

F

25

High vacuum die
casting

11

ZK61

T6

76

Green sand casting

12

ZQ71

T6

81

Green sand casting

13

ZA81

T6

80

14

ZQ64

T6

-

15

ZK61

T6

-

Green sand casting

13 mm diameter cast
tensile bars

16

ZQ71

T6

-

Permanent mold
casting

Aerospace casting

17

Mg20Gd

F

80

Copper mold

18

ZQ91

T6

25

Green sand casting

19

ZQ64

T6

-

-

Process
Permanent mold
casting

Intensively sheared
melt, high pressure die
casting
Permanent mold
casting

Permanent mold
casting
Permanent mold
casting
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Casting
5 mm diameter, 25
mm length
150 mm diameter,
200 mm length
60 mm × 40 mm × 12
mm
150 mm diameter,
200 mm length
13 mm diameter cast
tensile bars
200 mm×100 mm×15
mm plate
6.4 mm diameter bars
70 mm×50 mm×20
mm plate
13 mm diameter cast
tensile bars
6.3 mm diameter
tensile bars
25.4 or 50.8 mm-thick
rectangular plates
with chills
25.4 or 50.8 mm-thick
rectangular plates
with chills
Ingot
Aerospace casting

70 mm×40 mm×9
mm ingot
13 mm diameter cast
tensile bars
12 kg premium
quality casting

The details in provided in Table 1 have several implications:
1. As mentioned previously, there are data from almost all alloy families around the
line.
2. Casting geometry and size include plate, separately-cast tensile bars, ingot, and
actual premium and aerospace castings. Hence, it can be stated that maximum
elongation can be reached for any casting shape and size.
3. Specimens with different tempers, produced via various casting processes can
reach the maximum elongation levels.
4. Table 6 shows that grain size of specimens near the true ductility line shows ranges
between 10 and 163 μm. Hence, there is strong evidence that grain size has no
effect on ductility when castings are free from structural defects.
That grain size has no effect on the ductility potential is consistent with the finding in
cast Al-7%Si-Mg alloys that SDAS, similarly, does not affect eF(max). Although Lee [66]
has been correct to state that the effect of grain size on elongation is lessened with
increasing quality, the results in the present study suggest that the effect of grain size on
elongation disappears completely as elongation approaches eF(max). If grain size is taken
as a measure of the local solidification time, then, in the absence of bifilms, the
heterogeneous nucleation sites for pores and intermetallics do not exist, resulting in
defect-free castings, regardless of how long it takes for the castings to solidify.
Moreover, cracking along grain boundaries is not expected to occur as easily during
tensile deformation when bifilms (and intermetallics) are not on grain boundaries.
Although grain boundaries are usually assumed to be weak and consequently cracking
along them is considered normal, recent research [76] on bicrystals has shown that the
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strength of grain boundaries, when inclusions and impurities are not present, approaches
the theoretical strength of monocrystals. Hence cracking along grain boundaries during
tensile deformation and a “beneficial” effect of grain refining should be taken as
symptoms of a high density of bifilms in the structure. This point has been suggested by
Campbell [41] to explain the true “grain refining” effect of Zr, a common alloying
addition in Mg alloys, by the sedimentation of bifilms to the bottom of the melt.
Along the same lines as grain size, the effect of section thickness should be
reevaluated. Hu et al. [77] stated that yield strength and elongation decrease with section
thickness, i.e., solidification time. However, when attention was paid to every detail of
the casting process, Lagowski and Meier [7878] reported that section thickness had no
effect on the ductility of Mg alloys.
Turning our attention to past efforts to estimate defect-free elongation, Equation
11, developed for σY=125 MPa, can be compared with Equation 1. Taking the two
extreme grain size values in Table 9, 10 and 163 μm, Equation 11 yields 13.4% and
11.0% elongation for the defect-free condition. These numbers are significantly lower
than eF(max) = 28.6% found by using Equation 1 for the same yield strength. Hence
Equation 11 underestimates eF(max) significantly. The same conclusion can be made for
the estimates of eF(max) made by Weiler and Wood [62] and Lee and Shin [65]. The
estimate, eF(max) = 29%, provided for Lee et al. [64] at σY≈120 MPa, is almost identical to
the outcome of Equation 1 (29.1%).
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CHAPTER 4: EXPERIMENTAL PROCEDURE
4.1. Alloy
For this study, the AZ91D magnesium alloy has been selected. Chemical
composition for AZ91D is given in Table 7. Specimens which have been selected for this
study were carried out with T4 and T6 conditions.
Table 7: Chemical composition in (wt. %) of AZ91D Mg alloy used in this study.
Al

Zn

Mn

Si

Fe

Cu

Mg

9.2

0.7

0.3

0.03

0.003

0.001

Balance

4.2. Tensile Testing
Sand cast tensile bars produced in ASTM B108 sand molds (Figure 10) with 12.7
mm diameter were received from a magnesium casting supplier in T4 and T6 conditions.
In the literature [79], it has been stated that AZ91 Mg alloys for the T4 condition follows
the heat treatment procedure which is; 415oC for 16 to 24 hours and maximum heat
treating temperature is 418oC. For T6, it is solution treating at 415oC for 16 to 24 hours,
maximum treatment temperature is 418oC and aging at 168oC for 16 hours.

Figure 10: ASTM B108 test bar mold.
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These bars were subsequently machined into 6.35 mm diameter bars. The final
geometry of tensile bar is presented in Figure 11. Sixty specimens in each temper were
tested in tension at a strain rate of 10-3/s. True stress and true strain values were obtained
by assuming conservation of volume. The tensile machine used was Instron with an
extansometer attached to the specimen throughout the tensile tensting. Extensometer
gauge length was 25 mm. Data points were digitally recored at 10 data points per
seconds.

Figure 11: The geometry of tensile bar with dimensions.
For the microstructural analysis, specimens were polished with 240μm, 360μm,
600μm, 800μm and 1200μm grit silicon carbide (SiC) paper. This procedure followed by
1μm, 0.3μm and 0.5μm alumina (Al2O3) suspensions.
Specimens with highest and lowest quality index were selected from both
tempers. Samples were sectioned and prepared for electron microscope. Fracture surfaces
of selected specimens were analyzed with a JEOL Scanning Electron Microscope (SEM)
at the University of Florida. Composition of observed intermetallic particles or interfaces
were provided with Energy Dispersive Spectometer (EDS) which was mounted in the
SEM column.
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CHAPTER 5: RESULTS AND DISCUSSION
The microstructure of the AZ91 castings used in this study is provided in Figure
12. Grain size of the specimens have been calculated with the intercept method [80]. It
can be seen from the Figure 12 that the grain size of the specimens are in range of 120150μm according to ASTM E112-13 [80]. Dots were present due to the polishing
procedure of the samples.

Figure 12: Microstructure of AZ91D specimen.

Yield strength, elongation, tensile strength, quality index and toughness, i.e, the
area under the true stress-strain curve, were obtained by tensile testing for T4 and T6
specimens. Results are presented in the Table 8.
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Table 8: Tensile data for T4 and T6 conditions.
T4

T6

No.

σy
(MPa)

ST
(MPa)

eF
(%)

Ψ
(MJ/m3)

QT

No.

σy
(MPa)

ST
(MPa)

eF
(%)

Ψ
(MJ/m3)

QT

1

91.16

274.36

13.68

30.69

0.43

1

126.94

271.47

5.27

12.51

0.19

2

92.22

273.06

13.62

30.39

0.43

2

124.47

267.56

5.38

12.68

0.19

3

97.99

287.13

14.54

34.29

0.46

3

126.30

283.95

6.86

16.79

0.24

4

82.06

269.46

11.52

24.95

0.35

4

125.79

287.02

7.32

18.14

0.26

5

90.05

282.90

16.77

39.50

0.52

5

136.34

265.71

4.20

10.03

0.15

6

80.40

266.91

11.86

25.44

0.36

6

141.77

282.87

4.58

11.61

0.17

7

80.88

269.99

13.62

29.72

0.41

7

124.81

271.50

6.12

14.34

0.21

8

82.63

276.65

15.26

34.78

0.46

8

136.18

292.95

7.58

19.32

0.28

9

83.33

283.68

15.64

36.61

0.47

9

136.54

289.29

5.36

13.71

0.20

10

87.17

278.95

15.88

36.28

0.49

10

141.46

276.48

4.52

11.21

0.17

11

72.52

277.39

14.34

32.52

0.42

11

122.74

280.01

5.89

14.32

0.20

12

87.42

278.64

13.68

30.90

0.42

12

99.86

254.58

4.49

9.98

0.14

13

85.53

276.67

15.18

34.60

0.46

13

145.87

266.36

3.28

8.08

0.12

14

76.50

253.70

15.05

31.51

0.45

14

118.82

264.55

5.10

11.76

0.17

15

105.30

282.21

14.30

33.57

0.47

15

122.20

270.60

5.78

13.49

0.20

16

89.07

290.39

16.11

38.84

0.50

16

136.83

266.06

2.85

6.93

0.10

17

85.69

272.44

14.19

31.50

0.43

17

116.05

262.15

2.93

6.99

0.10

18

86.49

274.24

13.81

30.85

0.42

18

119.05

257.51

5.48

12.11

0.19

19

88.97

282.39

16.68

39.01

0.52

19

115.88

275.53

6.85

16.12

0.23

20

96.35

282.29

13.27

30.12

0.42

20

129.39

281.11

6.98

17.13

0.25

21

99.07

275.37

10.84

24.12

0.35

21

119.86

273.49

6.41

15.17

0.22

22

97.51

290.82

13.98

33.49

0.44

22

124.10

296.52

8.67

22.28

0.30

23

90.87

287.04

15.67

37.21

0.49

23

133.62

299.28

7.81

20.24

0.28

24

91.30

283.96

14.71

34.41

0.46

24

136.71

278.47

4.25

10.57

0.16

25

86.93

271.74

12.92

28.17

0.40

25

142.90

297.93

5.82

15.43

0.22

26

95.27

278.71

14.81

33.80

0.47

26

163.74

280.05

3.28

8.35

0.13

27

91.16

287.04

11.32

24.23

0.35

27

124.71

293.76

8.00

20.42

0.28

28

93.32

261.79

10.01

21.20

0.31

-

-

-

-

-

-
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For T4, yield strength of specimens range from 80.40 MPa to 105.30 MPa and
elongation ranges from 9.43% to 16.15%.

By using elongation data and ductility

potential of each specimen, quality index is calculated. Results range from 0.30 to 0.50
for T4 specimens. This means that T4 specimens used in this study are in Region 2
quality index which indicates that specimens are free from old bifilms but there are young
bifilms introduced into the molten metal.
In Figure 13, the relationship between toughness and elongation is presented.
Hence, there is a strong correlation between toughness and elongation for cast AZ91D
specimens, as indicated by high values of coefficient of determination, R2. This result is
consistent with results reported previously for cast Al alloys [16,81].

Figure 13: Relationship between toughness (Ψ) and elongation (eF%) for both
conditions.

49

For T6, yield strength of specimens ranges from 99.86 MPa to 163.61 MPa and
elongation of each specimen ranges from 2.30% to 8.43%. By using elongation and
ductility potential of each specimen, quality index is calculated. Results range from 0.08
to 0.23. This means specimens used in this study are in region 1 quality index which
indicates that melt quality needs to be focused and old oxide bifilms need to be
eliminated.
Figure 14 shows the dot plot for the quality index of both heat treatment
conditions. In Chapter 3, it was stated that heat treatment did not affect ductility potential.
The experimental results from T4 and T6 specimens, however, suggest that the aging
does indeed affect QT, as presented in Figure 14. Specimens in T4 have clearly higher
quality index. Because castings were produced from the same heat, it is not realistic to
attribute the difference in QT between the two tempers to any structural quality issue. To
determine the reason for this discrepancy, a detailed analysis of the work hardening
behavior in the two conditions is necessary.

Figure 14: Dot plot analysis of QT data for T4 and T6 specimens.
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In order to characterize the statistical distribution of QT values in both conditions,
Weibull distributions have been fitted to the quality index results by using the maximum
likelihood method. Estimated Weibull parameters are provided and Weibull probability
plots are presented in Figure 15. Linear trends for T4 and T6 conditions in their Weibull
probability plots indicate two parameter distributions, i.e., the threshold values are zero.
Note in Table 9 that for both tempers R2 is in excess of the critical value, R20.05 for
corresponding sample sizes [73], indicating that Weibull fits cannot be rejected.

Figure 15: Weibull probability plots for QT for both conditions.
Table 9: Estimated Weibull parameters for QT data.
Parameter Estimates
Alloy

Temper

n

AZ91D

T4
T6

28
27

σ0 (MPa) σT (MPa)
0.4386
0.1969

0
0
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Goodness of Fit
m

R20.05

R2

Weibull?

9.874
3.411

0.909
0.913

0.951
0.972

Yes
Yes

The probability density functions for the Weibull distributions for T4 and T6
specimens are presented in Figure 16. The upper distribution of T4 specimens is located
at higher values of quality index than T6 specimens. Note that Weibull distributions of
two sets are significantly apart from each other. This difference is hypothesized to be due
to differences in the work hardening characteristics between T4 and T6 specimens.

Figure 16: Weibull probability plots for QT for both conditions.
5.1. Tensile Deformation
The performance of the four constitutive equations are listed in Table 10 in
modeling the work hardening behavior of AZ91D cast magnesium alloy was assessed by
using tensile data from specimens in T4 and T6 conditions. Moreover, the work
hardening characteristics in T4 and T6 were characterized by using σ – Θ charts. The σ εp curves of the specimens with highest and lowest elongation selected for this study are
presented in Figure 17. The specimens with highest elongation had yield strength (σy) of
90.4 and 124.6 MPa and elongation (eF) of 16.2 and 8.0% for T4 and T6 conditions in
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Figure 17-a and the specimens with lowest elongation had the yield strength (σy) of 93.32
and 145.87 MPa and elongation (eF) of 10.01% and 3.28% for T4 and T6 conditions in
Figure 17-b, respectively.

(a)
400

Ԑp=0.002
350

T6

300

σ (MPa)

250

200

150

T4

100

50

0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

p

(b)
Figure 17: True stress – true plastic strain curves for specimens with (a) highest and
(b) lowest elongation in both tempers.
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True-stress-true plastic strain data in the plastic region of the specimens with highest
elongations were used to determine how well the four constitutive equations (Equations
4-7). To find the best fits, Newton-Raphson method was used to minimize the root mean
square error (RMSE), which can be calculated as:
RMSE 

 nt 1 y t  y 
na

(17)

where a is the number of parameters to be fitted and n is the specimens number. The
coefficient of determination, R2,was also calculated for each fit;

SS res
(18)
SS tot
where SSres is sum of squares of residuals, SStot is total sum of squares for experimental
R2  1 

data.
The values of the estimated parameters as well as RMSE and R2 for each fit are
presented in Table 10. Note that the R2 values in each case is above 0.99 which shows
that all constitutive equations included in this study can be used to characterize the true
stress – true strain relationship in this alloy.
The derivative of the four constitutive equations were taken and rearranged so that
Θ is only a function of σ. These work hardening rate equations are also provided in Table
11. Note that Equation 8 is identical to the work hardening rate for the Voce equation in
Table 11, such that, Θ0 = σ∞KV and K = KV.
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Table 10: Estimated parameters for the constitutive equations for the two specimens
and the RMSE and R2 of each fit.
T4
RMSE
Equations Parameters Estimate
(MPa)
KH (MPa)

645.2

Swift

Ludwik

R2

605.0
6.22

Hollomon

Voce

R2

T6
RMSE
Estimate
(MPa)

0.991

nH

0.346

0.250

σ∞ (MPa)

393.8

341.5

σ0 (MPa)

106.9

KV

10.5

27.2

KS (MPa)

733.7

636.0

εS

0.007

nS

0.413

0.269

σL (MPa)

68.5

54.7

nL

0.516

KL (MPa)

729.4

3.14

3.40

3.51

0.998

0.997

0.997

135.8

0.001

0.334

2.81

0.997

5.14

0.991

2.33

0.998

1.99

0.999

628.2

Table 11: True stress – true plastic strain work hardening rate as function of true
stress for the four constitutive equations.
Constitutive
Equations
Hollomon

Voce

σ = f(εp)

K H p

Θ = f(σ)

  

n H 
 KH 

nH

  (  0 )e

Ludwik

 L  K Lp

Swift

KS (p  S )
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K Vp

nL

nS

(

n H 1
)
nH

K V   
(  L ) (
nLKL
KL

  

KSnS 
K
 S

(

n L 1
)
nL

n S 1
)
nS

The change in Θ with the difference between true stress and yield stress (σ–σy) for
the two specimens is presented in Figure 18. Note that curves with work hardening rates
obtained by using the equations in Table 11 and estimated parameters in are also
indicated. For the T4 specimen in Figure 18-a, all constitutive equations initially
underestimate the work hardening rate. The Voce equation provides the best fit after
approximately σ – σy= 50 MPa. All constitutive equations provide almost identical fits
for σ–σy≥100 MPa. For the T6 specimen in Figure 18-b, Hollomon, Swift and Ludwik
equations give similar fits that closely follow the work hardening rate curve. The voce
equation does not provide a good fit especially at lower stress levels.
It is noteworthy that the T4 specimens exhibited first a steep decrease in work
hardening rate, due to a short elastoplastic transition, followed by a plateau in work
hardening rate, indicated as Stage II. Consequently, there is a region in the true stress –
true plastic strain curve in Figure 17 where true stress increases linearly with strain,
approximately between true stress levels of 150 and 250 MPa. For the T4 specimen,
Stage II work hardening is followed by Stage III in which work hardening rate decreases
linearly with stress. The presence of a Stage II with constant work hardening rate was
reported for pure Mg [17] and several Mg alloys [82,83]. Note that Θ is 1850 MPa in
Stage II in Figure 18-a, which is similar to the levels reported for pure Mg [17] and equal
channel angular pressed (ECAP) AM60 alloy [82].
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(a)

(b)
Figure 18: Kocks – Mecking diagram and plots of work hardening rate calculated
from derivation of constitutive equations for (a) T4 and (b) T6 [84].
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5.2. Kocks – Mecking Analysis
The work hardening rate in two specimens with highest elongation as a function
of σ-σY is presented in Figure 19. Note that in both specimens, there is a distinct Stage III
work hardening region in Θ decreases linearly with increasing stress, following Equation
8. For the T4 specimen, Θ0=4,827 MPa and K=12.8. For the T6 specimen, Θ0 and K are
5709 MPa and 14.1, respectively.
The result for the T4 and T6 specimens are contradictory in how the four
equations perform. Among the four equations, only Voce equation is based on the
evaluation of the dislocation density with plastic deformation, developed by Kocks and
Mecking [52,53]. Merely fitting the four constitutive equations to the stress – strain data
past yield strength is not sufficient to characterize the plastic deformation behavior in this
alloy.
The results of the Kocks-Mecking analysis for all specimens are given in Table
12. A plateau in work hardening rate at 1800 MPa (~E/25) is observed for T4 specimens.
The presence of a plateau and its value is consistent with the results of Caceres and Blake
[17] as presented in Figure 4. This region was stated as Stage II. It must be noted that the
constant Stage II work hardening is only observed for T4 specimens. In T6 specimens,
there is no plateau with a constant work hardening rate. This is the first time that the
absence of this plateau is reported for Mg alloys.

Moreover in both T4 and T6

specimens, there is a region in which work hardening rate decreases linearly with true
stress, following the Kocks-Mecking Stage III work hardening model. Therefore the
work hardening behavior is different from the one reported by Caceres and Blake for cast
pure Mg, as shown in Figure 4.
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The KM plots for specimens with lowest elongation are presented in Figure 20.
The work hardening behavior is consistent between high and low quality specimens.

(a)

(b)
Figure 19: KM plots for specimens with highest elongation in (a) T4 and (b) T6 [84].
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(a)

(b)
Figure 20: KM plots for specimens with lowest elongation in (a) T4 and (b) T6.
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In all specimens, a sudden drop in work hardening rate prior to final fracture is observed.
It was determined [14,15] in cast aluminum alloys via fractographic analysis that this
sudden drop was a result of the presence of structural defects, such as bifilms and pores
in castings. These defects result in premature fracture in tension. Note that the sudden
drop in work hardening rate for both specimens has taken place at a level well above the
level of true stress, as indicated by the “Θ = σ” line. Therefore, the Consideré criterion is
met only at the microscale, in areas around casting defects that acted as stress
concentrators.
To determine the effect of work hardening behavior on ductility, possible
relationships between work hardening parameters, K and Θ, and elongation need to be
investigated. For T4, ΘIII values are clearly lower than T6 specimens. Figure 21 shows
the dot plot of ΘIII for both heat treatment conditions.
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(a)

(b)
Figure 21: Dot plot analysis of T4 and T6 samples for Stage III work hardening
rate, (a) ΘIII and (b) K.
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Table 12 shows that decreased K value indicates higher elongation and higher
quality index. Figure 24-a shows the relationship between elongation and K, alternatively
Figure 24-b shows the relationship between quality index and K. In Figure 24, for both
heat treatment conditions, it can be stated that higher elongation indicates lower K values.
Lines of the decrease for both T4 and T6 specimens have very close slopes. This
indicates that the relationship between K and elongation and alternatively the relationship
between K and quality index is independent from the aging. Note that Stage II starts at
the same work hardening rate for all specimens whether they have high elongation or
low.
That is why contribution of Stage II region to the elongation and quality index
needs to be compared with T6 specimens. Calculation of the ΔσII and contribution of
Stage II work hardening are presented in Figure 22 and Figure 23 respectively. From the
equations of the lines, intercept values were calculated and σ of Stage II start was
subtracted from σ of Stage II end. Results are presented in Table 12. Relationships
between K vs. elongation and K vs. quality index are re-analyzed for this purpose.
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Figure 22: Calculation of Stage II work hardening.

Figure 23: Contribution of Stage II work hardening.
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Table 12: Result of the Kocks-Mecking analysis of all specimens in T4 and T6.
T4

T6

No.
1

K
14.58


(MPa)
5274.5

II
(MPa)
1912

ΔσII
(MPa)
101.92

No.
1

2

13.56

5013.5

1879

97.78

2

19.49

6969.4

3

16.61

5996.6

1889

104.69

3

16.35

6180.9

4

20.68

6840.6

1901

99.76

4

16.27

6176.2

5

13.73

5123.7

1850

101.86

5

21.19

7571.1

6

18.64

6318.6

1890

107.78

6

22.37

8342.3

7

14.78

5286.7

1869

103.54

7

16.94

6316.1

8

14.24

5154.2

1850

96.40

8

16.72

6403.1

9

15.42

5725.4

1899

111.02

9

18.31

7098.4

10

15.25

5515.2

1862

109.01

10

22.88

8172.8

11

14.37

5262.3

1875

103.18

11

17.26

6435.4

12

13.39

5003.3

1881

96.72

12

18.45

6506.9

13

14.58

5274.5

1872

104.81

13

24.92

8894.9

14

15.76

5345.7

1922

101.41

14

18.50

6710.0

15

17.29

6237.2

1881

106.40

15

17.87

6572.1

16

12.20

4932.2

1878

107.04

16

21.72

8303.1

17

15.53

5511.5

1869

99.78

17

22.42

8345.1

18

15.76

5595.7

1875

101.66

18

16.78

6006.7

19

13.39

5003.3

1868

98.55

19

16.50

5990.0

20

16.68

5970.6

1882

108.15

20

18.81

6728.8

21

20.00

7000.0

1894

109.04

21

18.47

6608.4

22

16.27

5976.2

1878

101.23

22

17.30

6538.1

23

14.07

5244.0

1883

99.96

23

16.21

6372.7

24

15.76

5745.7

1888

104.88

24

20.16

7709.3

25

17.29

6037.2

1874

105.08

25

19.54

7572.3

26

16.44

5786.4

1868

101.28

26

24.03

8941.9

27

17.29

5937.2

1880

99.49

27

18.23

6793.5

28

19.32

6459.3

1860

96.23

-

-

-
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K
(MPa)
20.17
7310.0

(a)

(b)
Figure 24: Relationship between K and (a) elongation, (b) quality index.
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Figure 25 shows the absence of Stage II contribution for both (a) elongation and
(b) quality index. In this figure, it can be observed that, in the absence of a plateau in
Stage II, elongation (a) and quality index (b) of T4 specimens are approximately in the
same region with T6 specimens. Hence the only difference in work hardening behavior
between T4 and T6 specimens is the absence of the plateau in T6. The reason for this is
unknown at this time.
Because the plateau in work hardening rate appears in T4 specimens but not in
T6, the QT concept, originally developed for aluminum alloys which follow the same
work hardening behavior and exhibits no such plateau, is not directly applicable to cast
Mg alloys, at least in its original form.
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(a)

(b)
Figure 25: Relationship between (a) elongation and K and (b) quality index and K
with constant.
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Figure 26 shows that yield strength has no effect on Stage II work hardening.
Moreover, this might mean that Stage II work hardening is the region that makes the
difference between both heat treatment conditions.

Figure 26: Relationship between Stage II work hardening in T4 specimens and yield
strength.
The steep decrease in Θ, indicative of short elastoplastic transition, is in
contradiction with the results reported [85] for an extruded AZ31B alloy, for which
internal strains developed in tension and compression were measured by in situ neutron
diffraction. The results showed that the elastoplastic transition is extended, sometimes
lasting as long as 10% strain. Moreover, work hardening is a result of “a composite – like
load sharing between soft – and hard – oriented grains” [85]. Note that the decrease in Θ
for the T6 specimen is not as steep and there is not Stage II with a constant work
hardening rate (Figure 19-b). Hence the elastoplastic transition is longer for the T6
specimen. Kocks-Mecking analysis conducted by del Valle et al. [82] on ECAP AM60
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showed that some specimens displayed the short elastoplastic transition followed by a
Stage II, similar to the T4 specimen (Figure 19-a), whereas others had an extended
elastoplastic transition and no Stage II with a constant Θ, similar to the T6 specimen,
(Figure 19-b). The reason for this difference in ECAP AM60 was attributed to texture
effects.
5.3. Fractographs
To have a better understanding of possible effects of bifilms and pores on deformation,
specimens with highest and lowest elongations were selected for SEM analysis. Oxide
bifilms and pores are observed on the all fracture surfaces of tensile test specimens.
Pores can be seen from Figure 27 for T6 specimen. These pores are evidence of
entrained bifilms. As a result of shrinkage induced shear forces, entrained oxides films
were torn apart and lead specimen to fracture. Note that this fractograph was obtained for
the specimen that has the highest elongation (a) (8%) and one of the lowest elongation (b)
(3.2%) among other T6 specimens.

(b)

(a)

Figure 27: Overall fractograph of T6 specimens with (a) 3.2% elongation and 0.12
quality index and (b) 8 % elongation and 0.28 quality index.
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For the same specimen, ductile fracture morphology was observed in particular
spots. Moreover, in some of these spots, a faceted fracture was also detected. Such
example of the fracture surfaces of AZ91D samples with T6 heat treatment are shown in
Figure 28. Dimples can be seen in Figure 28-b, indicative of ductile fracture.

(a)

(b)

Figure 28: Faceted fracture types in T6 specimen with 8 % elongation and 0.28
quality index.
Brittle fracture was observed for T6 specimens. This brittle fracture can also be
seen in Figure 29 and Figure 31. It can be seen in these figures that these specimens show
tortuous fracture surfaces which indicates the brittle fracture.

Figure 29: Fracture surface of T6 AZ91 sample with 8% elongation and 0.28 quality
index.
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Fracture surfaces of T6 specimen with 3.28 % elongation and 0.12 quality index
are presented in Figure 30. Pores which are caused by oxide bifilms are indicated. Brittle
fracture surface is observed for this specimen in Figure 31. Moreover, it must be noted
that very interesting fractographs were observed on the fracture surfaces. Such an
interesting feature is presented in Figure 32.

Figure 30: Pores on the fracture surface of AZ91 T6 samples with 3.28% elongation
and 0.12 quality index.
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Figure 31: Fracture surface of AZ91 T6 samples with 3.28 % elongation and 0.12
quality index.

Figure 32: An interesting fracture surface was observed for AZ91D samples.
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Fracture surfaces of tensile test specimens with T4 heat treatment were also taken
(Figure 33) from AZ91 samples with 16.77% and 0.52 quality index. Consistently with
previous figures, it can be stated that the fractures were occurred where entrained bifilms
were present. Fractographs for fracture surfaces are obtained. Note that more pores have
been detected (Figure 34 (a) and Figure 34 (b)) on the fracture surface of T4 specimen
with lower elongation. Moreover, in particular spots, Mg-Si precipitates are detected and
EDS analysis is conducted. Also for this specimen, high degree of localized ductility has
been observed and it is presented in Figure 35.

Figure 33: Overall fractograph of T4 specimen with 16.77 % elongation and 0.52
quality index.
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(a)

(b)

Figure 34: Fracture surfaces for T4 specimen from AZ91 samples with 16.77 %
elongation and 0.52 quality index.

Figure 35: Tearing most likely caused by opened up oxide bifilms for AZ91 samples
with 16.77% elongation and 0.52 quality index.
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Fracture surfaces of tensile test specimens with T4 heat treatment were also taken
(Figure 36) from AZ91 samples with 11.32 % and 0.35 quality index. Comparing with
the other T4 sample that has higher elongation, more pores have been detected in this
specimen. Like the other AZ91 samples, faceted fracture surfaces have been observed.
For this specimen, oxide bifilm in a hole on the fracture surface has been detected. Brittle
fracture surface is also observed for this sample and it is shown in Figure 37. In this
specimen, also ductile fracture is observed in Figure 38.

Figure 36: Fracture surface the AZ91-T4 specimen with 11.32 % and 0.35 quality
index.
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Figure 37: Fracture surface of the AZ91-T4 specimen with 11.32 % and 0.35 quality
index.

Figure 38: Ductile fracture surface of AZ91-T4 specimen with 11.32% elongation
and 0.35 quality index.
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CHAPTER 6: CONCLUSIONS
In this study, the following conclusions were reached:
1. After analyzing more than 1600 data points from the literature for various Mg
alloy families, . the ductility potential (eFmax) for cast Mg alloys was developed as;
e F(max) %  41.8  0.106 Y

This ductility potential equation can be used as a metric to compare elongation
obtained from tensile specimens to measure the structural quality of Mg alloy
castings.
2. Results indicated that ductility potential was not affected by heat treatment
condition, grain size (within 30-120 μm), casting geometry, size, the type of
casting process nor chemical composition.
3. Four constitutive equations, the Hollomon, Voce, Ludwik and Swift, were fitted
to true stress-true plastic strain data in the elastoplastic region of T4 and T6
specimens. Results indicated R2 values for all equations were in excess of 0.99,
suggesting that all four equations provide excellent fits to tensile data in both heat
treatment conditions.
4. The change in work hardening rate with true stress was investigated for all
specimens by using Kocks-Mecking (KM) plots. It was determined that work
hardening behavior in T4 specimens exhibits a plateau in work hardening rate at
approximately E/25. The presence of this plateau is consistent with results given
in the literature for pure Mg.

78

5. None of the T6 specimens exhibited a plateau with constant work hardening rate.
The reasons for the absence of the plateau in T6 specimens are unknown at this
time.
6. In both T4 and T6 specimens, the KM work hardening model in which the work
hardening rate changes linearly with true stress was found to be applicable. This
is the first time that KM model was found to be valid for Mg alloys.
7. Elongation of cast AZ91 was found to decrease linearly with the KM parameter,
K. However the relationship between elongation and K was different for each
temper.
8. In all specimens investigated in this study, there was a sudden drop in work
hardening rate just prior to final fracture. This drop was attributed to structural
defects in specimens via fractography.
9. Because of the difference of the work hardening behavior between T4 and T6
specimens due to the plateau in T4, the quality index method, which is supposed
to be independent of heat treatment, did show that T4 and T6 specimens had
different quality index levels. Consequently, it was concluded that the quality
index method was not applicable to Mg alloys, at least in its original form.
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CHAPTER 7: FUTURE WORK
Although the present study shed some light on the tensile deformation characteristics of
cast Mg alloys, it has also raised some questions, which are as follows:
1. Does chemical composition have truly no effect on the ductility potential? In
aluminum alloys, different alloy families had different lines, although they are
close to each other.
2. Does the plateau in work hardening rate change with artificial aging time? To
determine the answer to this question, experiments can be designed to test the
effect of aging time, ranging between as quenched and well-overaged. It is
hypothesized that the width of the plateau, ΔσII, is a function of the artificial aging
time.
3. When casting quality is higher, i.e., closer to ductility potential and without major
defects on fracture surfaces, will T6 specimens exhibit a plateau in KM plots?
It is recommended that research be conducted to determine the answer to these questions.
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1. Introduction
Mg alloy castings have been attractive candidates in loadbearing applications, where weight is critical [1]. The density of
Mg alloys ranges from 1.5 g/cm3 in magnesium–lithium to
1.8 g/cm3 in magnesium-rare earth alloys [2]. Despite the signiﬁcant weight savings that can be achieved over other light metals, Mg alloy castings have not been as common in aerospace and
automotive applications as aluminum alloys. The barriers to their
wider use have been recently addressed [3]: (i) porosity and hottearing during solidiﬁcation, (ii) thermal treatments and (iii) process design to produce high-integrity cast magnesium components
with high ductility and strength, low porosity that are free from
oxide biﬁlms. For wider use of Mg alloy castings in structural applications, these barriers need to be removed through careful
improvement of casting processes.
Recent research [4] has shown that initial melt quality, handling the molten metal and ﬁnally design of the ﬁlling system in the
mold signiﬁcantly affect the mechanical properties of castings,
including fatigue life [5], elongation (eF) [6–11] and tensile
strength [12–13]. Therefore signiﬁcant improvement in the quality
of magnesium castings should focus on melt preparation and
handling as well as ﬁlling system design. Such a quality improvement effort requires a metric that can be used to gage the
effectiveness of techniques and/or processes implemented.
n
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However, there is no such metric available yet for Mg alloy castings. This study is motivated by this gap in the literature.
A metric for the assessment of structural quality of cast Al alloys has been developed [14–17] recently, based on the concept
that, when large numbers of data are analyzed together, there is an
increased likelihood to come across extreme data points which
may reﬂect the true property potential of the metal. Using this
property potential, a quality index that compares actual to potential tensile elongation has been introduced [14–17], along with
speciﬁc guidelines on where to focus quality improvement efforts,
depending on the current quality level. The same approach has
been expanded in this study to cast Mg alloys for various compositions. Elongation and yield strength (sY) data from 25 independent studies in the literature have been reexamined to determine the maximum elongation points for a given yield strength
level.

2. Background
Mechanical properties in castings are mainly determined by
the extent of the structural defects such as biﬁlms and pores. Biﬁlms are surface ﬁlms that are entrained into the liquid metal
either through poor handling of the liquid metal or during mold
ﬁlling if the ﬁlling system has not been designed properly [7].
During solidiﬁcation, biﬁlms open up under the negative pressure
developed in the metal as well as by the diffusion of dissolved
gases. They act as heterogeneous nucleation sites for intermetallics
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and pores and/or serve as cracks that lead to hot tearing in the
casting. Because of their overwhelming effect on the mechanical
behavior, it has been suggested [18] that the microstructure plays
almost no role when there are structural defects in castings.
Among all mechanical properties, low ductility is the most
prominent symptom of the presence of major structural defects
[14]. That is why efforts to increase ductility by changing heat
treatment, a practice promoted in traditional metallurgy books as
strength-ductility trade-off, has often been fruitless [14,17]. A
more effective strategy to increase ductility is to improve the initial melt quality, eliminate liquid metal transfers and design the
ﬁlling system carefully so that additional oxide biﬁlms are not
entrained [14,19,20].
Strengthening in Mg alloys is achieved in precipitation hardening (e.g., Mg–Zn, Mg–Al and Mg–Ag systems), solute solution
hardening and/or grain size hardening following the well-known
Hall–Petch equation:

σ y = σ0 + kd−0.5

eF (max ) = β0 − β1σY

(3)

where β0 and β1 (MPa ) are alloy-dependent coefﬁcients although the linear relationships for the three alloys are very similar.
Therefore, the quality index, QT, can then be found by;
1

(1)

where s0 is a material constant (MPa) and d is the grain size (μm).
Alloying additions such as Zr and rare earth (RE) elements have
been used widely for grain reﬁnement [21] to achieve signiﬁcant
grain size strengthening. Decreasing grain size was also observed
to increase ductility [22–23]. The low ductility of cast Mg alloys at
room temperature has been attributed [2,24] to cracking along
grain boundaries during tensile deformation as a result of only
three slip systems being active (in the o 112̄0 4 directions) due to
its hexagonal close packed (hcp) unit cell.
Tensile deformation in cast Mg alloys with defects has been
investigated recently [11,25,26]. Song et al. conducted in situ experiments on die cast AM50 alloys and observed how the material
around pores and biﬁlms deforms in tension. Only after stress
exceeds yield strength, there was noticeable deformation around
pores and biﬁlms. Song et al. also stated that (i) the ﬁnal fracture is
probably not due to cracking and/or decohesion of the β-phase
(Mg17Al12) and (ii) the alloy could withstand large amount of
plastic deformation before fracture although the presence of
structural defects reduced the elongation to only 6%. For the same
alloy, Lee et al. [27] found a strong correlation between elongation
and area fraction of porosity on the fracture surface. The fracture
path was observed to go through the regions of clusters of structural defects. Lee et al. stated that the defect-free elongation for
the alloy with sY E120 MPa should be 29%. Weiler and Wood investigated the effect of pore area fraction on the elongation and
tensile strength of AM60B alloy castings via experimentation [25]
and ﬁnite element modeling [26]. As can be expected, they found
that elongation is reduced signiﬁcantly with increasing size of
pores. They also attempted to estimate elongation when the area
fraction of pores is zero, i.e., when the specimen is defect-free, by
extrapolating the elongation – area pore fraction relationship to
zero pores. For a specimen with sY E130 MPa, they estimated the
defect-free elongation, eF(max), to be 10%. A similar approach was
taken by Lee and Shin [8] and Lee [9] for AZ91 alloy castings. In
these studies, elongation was correlated to the level of microporosity [8] and grain size [9]. Lee and Shin developed a critical
strain model, which predicted eF(max) to be between 6 and 10% for
sY ¼125 MPa, which agrees with the results of Weiler and Wood.
Lee [9] extrapolated elongation-area pore fraction relationships for
various grain sizes and found that for sY ¼125 MPa, defect-free
elongation can be estimated as:

eF (max ) = 13.6 exp ( − 1.3 × 10−3d)

aluminum castings was proposed by one of the authors and his
coworkers [19,28]. Comparison of current elongation to defect-free
elongation, estimated from work hardening characteristics [29]
was proposed as a quality index. However, structural defects affect
the work hardening characteristics signiﬁcantly in cast aluminum
alloys [30,31]. Therefore, using work hardening characteristics of
specimens with defects to estimate defect-free properties was
found [19] to signiﬁcantly underestimate eF(max). Subsequently,
one of the authors and his coworkers used hundreds of data from
the aerospace and premium castings literature for Al-7% Si–Mg
[32], A206 [33] and A201 [34] to estimate eF(max). Because yield
strength is minimally affected by structural defects, yield strength
is plotted in the x-axis with eF on the y-axis. A linear relationship
between yield strength and elongation was found [14] for all alloys:

(2)

Lee also suggested that the effect of grain size on elongation
should become less pronounced with decreasing level of porosity.
The use of elongation as a measure of the structural quality of

QT =

eF
eF
=
β0 − β1σ Y
eF (max )

(4)

Tiryakioğlu and Campbell [14] have recently suggested that there
are three regions for QT: (1) QT is below 0.25, (2) QT is between
0.25 and 0.70, and (3) QT is above 0.70. In Region 1, premature
fracture is due to “old”, coarse oxide biﬁlms which are typically the
skins of ingots. In this region, engineers need to focus on melt
quality to eliminate old oxides from remelts. Chilling the melt can
increase the quality marginally. In Region 2, the molten metal
which is free from major “old” oxides but there are “young” oxide
biﬁlms which are entrained during molten metal transfers and
mold ﬁlling. Chilling can freeze biﬁlms in the beginning of the
process which can increase the properties of the metal. When QT is
above 0.70, every small detail of the melt preparation and mold
ﬁlling system design needs to be reviewed. In this region, chilling,
i.e., decreasing secondary dendrite arm spacing (SDAS) has no
effect on elongation [17]. For all three regions, Tiryakioğlu and
Campbell proposed speciﬁc quality improvement efforts.
The approach taken by Tiryakioğlu and coworkers has been
applied to Mg alloy castings in this study by collecting large
numbers of tensile data from the literature and analyzing elongation versus yield strength.

3. Analysis of data and discussion
In this study, elongation and yield strength data from twenty
ﬁve independent studies in the literature [35–59] have been reanalyzed. In total, more than one thousand and six hundred data
points have been collected and analyzed. Alloys from ﬁfteen
commercial alloy families as well as a binary alloy have been included. As indicated above, elongation (y-axis) data have been
plotted versus yield strength (x-axis). The plot for all data is presented in Fig. 1. Note that there are many specimens at low ductility levels ( r5%), especially when yield strength exceeds
100 MPa. Therefore, it is easy to understand why low ductility is
assumed to be intrinsic in Mg castings. Fig. 1 also shows that for a
particular level of yield strength, number of data points becomes
sparse with increasing elongation. The number of points that can
be considered maximum at any given yield strength level is approximately 25. Therefore, less than 2% of all data included in this
study represent maximum elongation values.
In Fig. 1, maximum points seem to have linear trend with yield
strength, similar to what was reported for Al alloys. The line that
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achieved by selecting a less expensive alloy and careful design of
processes to minimize structural defects.
Relevant details about selected points on or immediately below
the line are presented in Table 1. The details in Table 1 have several implications:
1. As mentioned previously, there are data from almost all alloy
families around the line.
2. Casting geometry and size include plate, separately-cast tensile
bars, ingot, and actual premium and aerospace castings. Hence,
it can be stated that maximum elongation can be reached for
any casting shape and size.
3. Specimens with different tempers, produced via various casting
processes can reach the maximum elongation levels.
4. Table 1 shows that grain size of specimens near the true ductility line shows ranges between 10 and 163 μm. Hence, there is
strong evidence that grain size has no effect on ductility when
castings are free from structural defects.
Fig. 1. Yield strength versus elongation plot for various series of Mg alloys.

goes immediately above all maximum points has the following
equation:

eF (max ) (%) = 41.8 − 0.106σ y

(5)

This line represents the true ductility potential of cast Mg alloys. It
also represents the true (intrinsic) trade-off between ductility and
strength, commonly referred to in metallurgy textbooks.
It is noteworthy that there are data from almost all Mg alloy
systems included in this study near the true ductility potential
line. While alloying additions affect the strengthening mechanisms to reach the desired yield strength, the maximum elongation
at that particular yield strength is independent from the chemical
composition of the alloy. This result has signiﬁcant implications for
the selections of Mg alloys for particular applications and/or future
Mg alloy development efforts, because the same strength and
elongation can be obtained by different alloying additions. As an
example, at sy E235 MPa in Fig. 1, there are two data points just
below the line, one from the ZK (Mg–Zn–Zr) alloy family (#15) and
the other from the ZQ (Mg–Zn–Ag) alloy family (#14). Although
they have almost the same strength and elongation, the cost for
the two alloys can be expected to be vastly different because of the
Ag addition in the ZQ series. Hence, signiﬁcant cost savings can be

That grain size has no effect on the ductility potential is consistent
with the ﬁnding in cast Al-7% Si–Mg alloys that SDAS, similarly,
does not affect eF(max). Although Lee [9] has been correct to state
that the effect of grain size on elongation is lessened with
increasing quality, the results in the present study suggest that
the effect of grain size on elongation disappears completely as
elongation approaches eF(max). If grain size is taken as a measure of
the local solidiﬁcation time, then, in the absence of biﬁlms, the
heterogeneous nucleation sites for pores and intermetallics do not
exist, resulting in defect-free castings, regardless of how long it
takes for the castings to solidify. Moreover, cracking along grain
boundaries is not expected to occur as easily during tensile
deformation when biﬁlms (and intermetallics) are not on grain
boundaries. Although grain boundaries are usually assumed to be
weak and consequently cracking along them is considered normal,
recent research [60] on bicrystals has shown that the strength of
grain boundaries, when inclusions and impurities are not present,
approaches the theoretical strength of monocrystals. Hence cracking along grain boundaries during tensile deformation and a
“beneﬁcial” effect of grain reﬁning should be taken as symptoms
of a high density of biﬁlms in the structure. This point has been
suggested by Campbell [18] to explain the true “grain reﬁning”
effect of Zr, a common alloying addition in Mg alloys, by the
sedimentation of biﬁlms to the bottom of the melt.

Table 1
Detailed information about data indicated in Fig. 1.
Point

Alloy

Ref.

Temper

d (μm)

Process

Casting

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

EK11
AZ31
AT33
AZ31
QK71
AZ91
AM60
GN112
ZQ33
GW63
ZK61
ZQ71
ZA81
ZQ64
ZK61
ZQ71
Mg–20Gd
ZQ91
ZQ64

35
36
37
36
38
39
40
41
38
42
43
43
44
45
46
45
47
48
49

F
F
F
F
T6
W
F
W
T6
F
T6
T6
T6
T6
T6
T6
F
T6
T6

30
–
55
163
71
125a
10a
70a
90a
25
76
81
80
–
–
–
80
25
–

Permanent mold casting
Copper mold
Copper mold
Copper mold with electromagnetic stirring
Green sand casting
Sand casting
Intensively sheared melt, high pressure die casting
Permanent mold casting
Green sand casting
High vacuum die casting
Green sand casting
Green sand casting
Permanent mold casting
Permanent mold casting
Green sand casting
Permanent mold casting
Copper mold
Green sand casting
–

5 mm diameter, 25 mm length
150 mm diameter, 200 mm length
60 mm  40 mm  12 mm
150 mm diameter, 200 mm length
13 mm diameter cast tensile bars
200 mm  100 mm  15 mm plate
6.4 mm diameter bars
70 mm  50 mm  20 mm plate
13 mm diameter cast tensile bars
6.3 mm diameter tensile bars
25.4 or 50.8 mm-thick rectangular plates with chills
25.4 or 50.8 mm-thick rectangular plates with chills
Ingot
Aerospace casting
13 mm diameter cast tensile bars
Aerospace casting
70 mm  40 mm  9 mm ingot
13 mm diameter cast tensile bars
12 kg premium quality casting

a

Estimated from micrograph.
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Along the same lines as grain size, the effect of section thickness should be reevaluated. Hu et al. [61] stated that yield strength
and elongation decrease with section thickness, i.e., solidiﬁcation
time. However, when attention was paid to every detail of the
casting process, Lagowski and Meier [43] reported that section
thickness had no effect on the ductility of Mg alloys.
Turning our attention to past efforts to estimate defect-free
elongation, Eq. (2), developed for sY ¼125 MPa, can be compared
with Eq. (5). Taking the two extreme grain size values in Table 1, 10
and 163 μm, Eq. (2) yields 13.4% and 11.0% elongation for the defect-free condition. These numbers are signiﬁcantly lower than
eF(max) ¼28.6% found by using Eq. (5) for the same yield strength.
Hence Eq. (2) underestimates eF(max) signiﬁcantly. The same conclusion can be made for the estimates of eF(max) made by Weiler
and Wood [25] and Lee and Shin [8]. The estimate, eF(max) ¼29%,
provided for Lee et al. [27] at sY E120 MPa, is almost identical to
the outcome of Eq. (5) (29.1%).
The ductility potential line (Eq. (5)) can now be used to assess
the structural quality of all Mg alloy castings by using Eq. (4).
Therefore, QT can be used as a metric during any effort to improve
the structural quality and hence the performance of Mg alloy
castings. Until guidelines speciﬁc to Mg alloys are developed, the
quality improvement recommendations made [14] for aluminum
alloy castings can be taken as a starting point.

4. Conclusions

 A relationship representing the ductility potential has been
developed for all cast Mg alloys:

eF (max ) (%) = 41.8 − 0.106σ y

 Most estimates of defect-free elongation for cast Mg alloys in





the literature signiﬁcantly underestimate the ductility
potential.
Grain size has no signiﬁcant effect on elongation as it approached the ductility potential line.
Chemical composition of the alloy as well as the temper affect
the yield strength of metal but not the ductility potential at a
given yield strength.
Casting geometry, size and the type of casting process were not
found to have any effect on the ductility potential.
The actual elongation can be compared with the ductility potential to calculate QT, which can be used as a metric in any
quality improvement effort in Mg alloy castings.
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CHARACTERIZATION OF TENSILE DEFORMATION
IN AZ91D Mg ALLOY CASTINGS
0HÛO /"- .VSBU5JSZBLJP MV
6OJWFSTJUZPG/PSUI'MPSJEB6/'%SJWF+BDLTPOWJMMF '- 64"
,FZXPSET8PSL)BSEFOJOH,PDLT.FDLJOH1PSPTJUZ%FGFDUT#JGJMNT
Abstract
";DBTU.HBMMPZTQFDJNFOTJO5BOE5UFNQFSTIBWFCFFOUFTUFEJOUFOTJPO5SVFTUSFTT
USVF QMBTUJD TUSBJO SFMBUJPOTIJQ IBT CFFO DIBSBDUFSJ[FECZFWBMVBUJOH UIFGJUTUPGPVSDPOTUJUVUJWF
FRVBUJPOT .PSFPWFS  XPSL IBSEFOJOH CFIBWJPS JO CPUI UFNQFST IBT CFFO JOWFTUJHBUFE BOE IPX
XFMMUIFGPVSDPOTUJUVUJWFFRVBUJPODBONPEFMUIJTCFIBWJPSIBTCFFOUFTUFE5IFFGGFDUTPGUFNQFS
BOETUSVDUVSBMRVBMJUZPOUFOTJMFQSPQFSUJFTBOEXPSLIBSEFOJOHBSFEJTDVTTFEJOUIFQBQFS
Introduction
.HBMMPZDBTUJOHTIBWFCFFOBUUSBDUJWFDBOEJEBUFTJOMPBECFBSJOHBQQMJDBUJPOTEVFUPUIFJSMPX
EFOTJUZ <> )PXFWFS  .H BMMPZT IBWF OPU CFFO VTFE BT GSFRVFOUMZ BT DBTU BMVNJOVN BMMPZT JO
BFSPTQBDFBOEBVUPNPUJWFBQQMJDBUJPOT#BSSJFSTUIBUMJNJUTUIFXJEFSVTFPG.HBMMPZIBWFCFFO
SFDFOUMZJEFOUJGJFEBT<> J QPSPTJUZBOEIPUUFBSJOHEVSJOHTPMJEJGJDBUJPO  JJ UIFSNBMUSFBUNFOUT
BOE JJJ QSPDFTTEFTJHOUPQSPEVDFIJHIJOUFHSJUZDBTUNBHOFTJVNDPNQPOFOUTXJUIIJHIEVDUJMJUZ
BOETUSFOHUI MPXQPSPTJUZUIBUBSFGSFFGSPNTUSVDUVSBMEFGFDUTTVDIBTQPSFTBOEPYJEFCJGJMNT
4USVDUVSBMEFGFDUTTVDIBTQPSPTJUZBOECJGJMNTJODBTUJOHTBEWFSTFMZBGGFDUNFDIBOJDBMQSPQFSUJFT 
JODMVEJOH GBUJHVF MJGF < >  FMPOHBUJPO F'  <    > BOE UFOTJMF TUSFOHUI < > 3FDFOU
SFTFBSDITIPXFEUIBU<>TVSGBDFGJMNTBSFFOUSBJOFEJOUPUIFDBTUJOH BDUBTOVDMFBUJPOTJUFTGPS
QPSFTBOEJOUFSNFUBMMJDT BOEFWFOUVBMMZMFBEUPQSFNBUVSFGSBDUVSF*UJTJNQFSBUJWFUIBUUIFJOJUJBM
NFMU IBT B MPX EFOTJUZ PG FOUSBJOFE GJMNT  SFGFSSFE UP BT CJGJMNT  BOE UIF GJMMJOH TZTUFN CF
EFTJHOFEUPNJOJNJ[FPSFWFOFMJNJOBUFEBNBHFCZFOUSBJONFOUPGTVSGBDFGJMNT*OUIFBCTFODF
PGTUSVDUVSBMEFGFDUT JUIBTCFFOSFDFOUMZTIPXOCZUIFBVUIPST<>UIBUDBTU.HBMMPZTIBWFB
IJHIUFOTJMFEVDUJMJUZQPUFOUJBM
*ODBTU"MBMMPZT JUXBTGPVOE<  >UIBUUSVFUFOTJMFEFGPSNBUJPODIBSBDUFSJTUJDTDBOOPUCF
EFUFSNJOFEXIFOTUSVDUVSBMEFGFDUTBSFQSFTFOU CFDBVTFUIFTFEFGFDUTSFEVDFUIFXPSLIBSEFOJOH
SBUF .PSFPWFS  B TVEEFO ESPQ JO XPSL IBSEFOJOH SBUF XBT PCTFSWFE KVTU CFGPSF GJOBM UFOTJMF
GSBDUVSF BT B SFTVMU PG NBKPS TUSVDUVSBM EFGFDUT 5IFSF IBWF CFFO TFWFSBM TUVEJFT <  > PO
UFOTJMF XPSL IBSEFOJOH DIBSBDUFSJTUJDT PG .H BMMPZT *O UIFTF TUVEJFT WBSJPVT DPOTUJUVUJWF
FRVBUJPOTIBWFCFFOVTFE5PUIFBVUIPSTLOPXMFEHF UIFSFJTOPDPNQSFIFOTJWFTUVEZJOXIJDI
DPOTUJUVUJWF FRVBUJPOT IBWF CFFO FWBMVBUFE BOE XPSL IBSEFOJOH DIBSBDUFSJTUJDT IBWF CFFO
DIBSBDUFSJ[FEJODBTU.HBMMPZT5IJTTUVEZJTNPUJWBUFECZUIJTHBQJOUIFMJUFSBUVSF

117

91

Background
"SFWJFXPGMJUFSBUVSFTIPXFEUIBUUIFUSVFTUSFTT mUSVFQMBTUJDTUSBJO Q SFMBUJPOTIJQTJO.H
BMMPZTIBWFCFFONPEFMFECZVTJOHUIF)PMMPNPO< > 7PDF< > -VEXJH<>BOE4XJGU
<>DPOTUJUVUJWFFRVBUJPOT5IFTFFRVBUJPOTBSFQSFTFOUFEJO5BCMF/PUFUIBUUIF)PMMPNPO
&RVBUJPOIBTUXPQBSBNFUFSTXIJMFUIFPUIFSTIBWFUISFFQBSBNFUFSTUIBUOFFEUPCFFTUJNBUFE
8PSLIBSEFOJOHSBUF  DBOCFXSJUUFOBT
E








E Q
5FOTJMF JOTUBCJMJUZ UBLFT QMBDF XIFO UIF $POTJEÍSF DSJUFSJPO JT NFU TVDI UIBU     *O NBOZ
BQQMJDBUJPOT JUJTJNQPSUBOUUPFTUJNBUFUIFTUSFTTBOETUSBJOXIFSFUIF$POTJEÍSFDSJUFSJPOJTNFU
5IFSFGPSFJUJTOFDFTTBSZUPFWBMVBUFIPXUIFDPOTUJUVUJWFFRVBUJPOTNPEFMXPSLIBSEFOJOHSBUF
)FODF UIFEFSJWBUJWFPGBMMDPOTUJUVUJWFFRVBUJPOTXFSFUBLFOBOESFBSSBOHFETPUIBU JTPOMZB
GVODUJPOPG 5IFTFXPSLIBSEFOJOHSBUFFRVBUJPOTBSFBMTPQSPWJEFEJO5BCMF
5BCMF5SVFTUSFTTUSVFQMBTUJDTUSBJOBOEXPSLIBSEFOJOHSBUFBTBGVODUJPOPGUSVFTUSFTTGPSUIF
GPVSDPOTUJUVUJWFFRVBUJPOT
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*O DBTUJOHT  XPSL IBSEFOJOH SBUF BOBMZTJT JT DPOEVDUFE VTVBMMZ UP FWBMVBUF TUSVDUVSBM RVBMJUZ
XIFO XBTQMPUUFEWFSTVT JODBTUBMVNJOVNBMMPZT BTVEEFOESPQXBTPCTFSWFEKVTUQSJPSUP
GSBDUVSF < >  'SBDUPHSBQIJD BOBMZTJT TIPXFE UIBU UIJT TVEEFO ESPQ DPVME CF BUUSJCVUFE UP
NBKPSDBTUJOHEFGFDUT*OTQFDJNFOTXJUIBIJHIFSTUSVDUVSBMRVBMJUZ OPNBKPSEFGFDUT UIFSFXBT
OPTVEEFOESPQJO BOEEFGPSNBUJPODPOUJOVFEQBTUUIFJOUFSTFDUJPOPGUIFDVSWFTGPS BOE 

*O DBTU "M BMMPZT  XPSL IBSEFOJOH SBUF XBT GPVOE UP EFDSFBTF MJOFBSMZ XJUI USVF TUSFTT  XIJDI
SFQSFTFOUTUIF,PDLT.FDLJOH ,. XPSLIBSEFOJOHNPEFM< >
E





 , 
E Q
XIFSF JTUIFJOJUJBMXPSLIBSEFOJOHSBUFBOE,JTUIF,.QBSBNFUFS/PUFUIBU&RVBUJPOJT
JEFOUJDBMUPUIFXPSLIBSEFOJOHSBUFGPSUIF7PDFFRVBUJPOJO5BCMF TVDIUIBU   ñ,7BOE
,,78JUIEFDSFBTJOHFMPOHBUJPO JF TUSVDUVSBMRVBMJUZ< > ,XBTGPVOEUPJODSFBTFJO
"5BMVNJOVNBMMPZDBTUJOHT<>
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5IF QFSGPSNBODF PG UIF GPVS DPOTUJUVUJWF FRVBUJPOT MJTUFE JO 5BCMF  JO NPEFMJOH UIF XPSL
IBSEFOJOH CFIBWJPS PG ";% DBTU NBHOFTJVN BMMPZ XBT BTTFTTFE CZ VTJOH UFOTJMF EBUB GSPN
TQFDJNFOT JO 5 BOE 5 UFNQFST  .PSFPWFS  UIF XPSL IBSEFOJOH DIBSBDUFSJTUJDT JO 5 BOE 5
XFSFDIBSBDUFSJ[FECZVTJOH  DIBSUT

Experimental Details and Analysis
5IF DIFNJDBM DPNQPTJUJPO PG UIF ";% DBTU NBHOFTJVN BMMPZ VTFE JO UIJT TUVEZ JT HJWFO JO
5BCMF

5BCMF$IFNJDBMDPNQPTJUJPO JOXU PGUIF";%.HBMMPZVTFEJOUIJTTUVEZ
Al
Zn
Mg
Si
Fe
Be
Ni
Cu
Mg



     #BMBODF

*OJUJBMMZTBOEDBTUUFOTJMFCBSTXJUINNEJBNFUFSXFSFQSPEVDFE5IFTFCBSTXFSFNBDIJOFE
JOUP  NN EJBNFUFS CBST BOE IFBU USFBUFE UP 5 BOE 5 UFNQFST  5IJSUZ TQFDJNFOT JO FBDI
UFNQFSXFSFUFTUFEJOUFOTJPOBUBTUSBJOSBUFPGT5IFTQFDJNFOTXJUIUIFIJHIFTUFMPOHBUJPO
JOFBDIEBUBTFUXFSFEFUFSNJOFEBOEUIFJSUFOTJMFEBUBXFSFVTFEJOUIJTTUVEZ5SVFTUSFTTBOE
USVFTUSBJOWBMVFTXFSFPCUBJOFECZBTTVNJOHDPOTFSWBUJPOPGWPMVNF

Results and Discussion
&WBMVBUJPOPG$POTUJUVUJWF&RVBUJPOT
5IF  QDVSWFTPGUIFTQFDJNFOTTFMFDUFEGPSUIJTTUVEZBSFQSFTFOUFEJO'JHVSF5IFTQFDJNFOT
IBEZJFMETUSFOHUI : PGBOE.1BBOEFMPOHBUJPO F' PGBOEGPS5BOE
5UFNQFST SFTQFDUJWFMZ


'JHVSF5SVFTUSFTTUSVFQMBTUJDTUSBJODVSWFTGPSUIFUXPTQFDJNFOTJOWFTUJHBUFEJOUIJTTUVEZ
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5IF /FXUPO3BQITPO NFUIPE XBT VTFE UP FTUJNBUF UIF QBSBNFUFST PG UIF GPVS DPOTUJUVUJWF
FRVBUJPOT UIBU QSPWJEFE UIF CFTU GJU  JF  MPXFTU SPPU NFBO TRVBSF FSSPS 3.4&  BOE IJHIFTU
DPFGGJDJFOU PG EFUFSNJOBUJPO  3  UP UIF UFOTJMF EBUB TIPXO JO 'JHVSF   5IF WBMVFT PG UIF
FTUJNBUFEQBSBNFUFSTBTXFMMBT3.4&BOE3GPSFBDIGJUBSFQSFTFOUFEJO5BCMF/PUFUIBUUIF
3WBMVFTJOFBDIDBTFJTBCPWFXIJDITIPXTUIBUBMMDPOTUJUVUJWFFRVBUJPOTJODMVEFEJOUIJT
TUVEZ DBO CF VTFE UP DIBSBDUFSJ[F UIF USVF TUSFTTUSVF TUSBJO SFMBUJPOTIJQ JO UIJT BMMPZ  'PS UIF
TQFDJNFOJO5UFNQFS UIFCFTUGJUXBTPCUBJOFECZUIF7PDFFRVBUJPO BOEGPSUIF5TQFDJNFO 
UIF-VEXJHFRVBUJPOQSPWJEFEUIFCFTUGJU

5BCMF&TUJNBUFEQBSBNFUFSTPGDPOTUJUVUJWFFRVBUJPOTGPSUIFUXPTQFDJNFOTBOEUIF3.4&
BOE3PGFBDIGJU

T4
T6
RMSE
RMSE
2
Equations Parameters Estimate
R
Estimate
R2
(MPa)
(MPa)


K H (Mpa)
 
 
Hollomon


nH


∞ (MPa)
 
 


Voce
0 (MPa)


KV


K S (MPa)
εS


 
 
Swift


nS


L (MPa)


 
 
Ludwig
nL


K L (MPa)


8PSLIBSEFOJOHSBUFGPSUIFUXPUFOTJMFDVSWFTJO'JHVSFXFSFPCUBJOFECZBNPWJOHQPJOU
GJUUJOHTDIFNFBOEJUTEJGGFSFOUJBUJPO5IFDIBOHFJO XJUIUIFEJGGFSFODFCFUXFFOUSVFTUSFTT
BOEZJFMETUSFOHUI  : GPSUIFUXPTQFDJNFOTJTQSFTFOUFEJO'JHVSF/PUFUIBUDVSWFTXJUI
XPSL IBSEFOJOH SBUFT PCUBJOFE CZ VTJOH UIF FRVBUJPOT JO 5BCMF  BOE FTUJNBUFE QBSBNFUFST JO
5BCMFBSFBMTPJOEJDBUFE'PSUIF5TQFDJNFOJO'JHVSFB BMMDPOTUJUVUJWFFRVBUJPOTJOJUJBMMZ
VOEFSFTUJNBUF UIF XPSL IBSEFOJOH SBUF  5IF 7PDF FRVBUJPO QSPWJEFT UIF CFTU GJU BGUFS
BQQSPYJNBUFMZ  :.1B"MMDPOTUJUVUJWFFRVBUJPOTQSPWJEFBMNPTUJEFOUJDBMGJUTGPS  :ö
 .1B  'PS UIF 5 TQFDJNFO  )PMMPNPO  4XJGU BOE -VEXJH FRVBUJPOT HJWF TJNJMBS GJUT UIBU
DMPTFMZGPMMPXUIFXPSLIBSEFOJOHSBUFDVSWF5IF7PDFFRVBUJPOEPFTOPUQSPWJEFBHPPEGJU 
FTQFDJBMMZBUMPXFSTUSFTTMFWFMT

5IFSFTVMUTGPSUIF5BOE5TQFDJNFOTBSFDPOUSBEJDUPSZJOIPXUIFGPVSDPOTUJUVUJWFFRVBUJPOT
QFSGPSN  "NPOH UIF GPVS FRVBUJPOT  POMZ UIF 7PDF FRVBUJPO JT CBTFE PO UIF FWPMVUJPO PG UIF
EJTMPDBUJPOEFOTJUZXJUIQMBTUJDEFGPSNBUJPO EFWFMPQFECZ,PDLTBOE.FDLJOH< >.FSFMZ
GJUUJOHUIFGPVSDPOTUJUVUJWFFRVBUJPOTUPUIFTUSFTTTUSBJOEBUBQBTUZJFMETUSFOHUIJTOPUTVGGJDJFOU
UPDIBSBDUFSJ[FUIFQMBTUJDEFGPSNBUJPOCFIBWJPSJOUIJTBMMPZ
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B




C
'JHVSF,PDLT.FDLJOHEJBHSBNBOEQMPUTPGXPSLIBSEFOJOHSBUFDBMDVMBUFEGSPNEFSJWBUJPOPG
DPOTUJUVUJWFFRVBUJPOTGPS B 5BOE C 5
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,PDL.FDLJOH"OBMZTJT
5IFXPSLIBSEFOJOHSBUFJOUIFUXPTQFDJNFOTBTBGVODUJPOPG  :JTQSFTFOUFEBHBJOJO'JHVSF
/PUFUIBUJOCPUITQFDJNFOT UIFSFJTBEJTUJODU4UBHF***XPSLIBSEFOJOHSFHJPOJO EFDSFBTFT
MJOFBSMZXJUIJODSFBTJOHTUSFTT GPMMPXJOH&RVBUJPO'PSUIF5TQFDJNFO   .1BBOE
,'PSUIF5TQFDJNFO  BOE,BSF .1BBOE SFTQFDUJWFMZ

*OCPUITQFDJNFOT BTVEEFOESPQJOXPSLIBSEFOJOHSBUFQSJPSUPGJOBMGSBDUVSFJTPCTFSWFE*U
XBTEFUFSNJOFE< >JODBTUBMVNJOVNBMMPZTWJBGSBDUPHSBQIJDBOBMZTJTUIBUUIJTTVEEFOESPQ
XBTBSFTVMUPGUIFQSFTFODFPGTUSVDUVSBMEFGFDUT TVDIBTCJGJMNTBOEQPSFTJODBTUJOHT5IFTF
EFGFDUTSFTVMUJOQSFNBUVSFGSBDUVSFJOUFOTJPO/PUFUIBUUIFTVEEFOESPQJOXPSLIBSEFOJOHSBUF
GPSCPUITQFDJNFOTIBTUBLFOQMBDFBUBMFWFMXFMMBCPWFUIFMFWFMPGUSVFTUSFTT BTJOEJDBUFECZ
UIF i   u MJOF  5IFSFGPSF  UIF $POTJEÍSF DSJUFSJPO JT NFU POMZ BU UIF NJDSPTDBMF  JO BSFBT
BSPVOEDBTUJOHEFGFDUTUIBUBDUFEBTTUSFTTDPODFOUSBUPST

*UJTOPUFXPSUIZUIBUUIF5TQFDJNFOFYIJCJUFEGJSTUBTUFFQEFDSFBTFJOXPSLIBSEFOJOHSBUF EVF
UP B TIPSU FMBTUPQMBTUJD USBOTJUJPO  GPMMPXFE CZ B QMBUFBV JO XPSL IBSEFOJOH SBUF  JOEJDBUFE BT
4UBHF**$POTFRVFOUMZ UIFSFJTBSFHJPOJOUIFUSVFTUSFTTUSVFQMBTUJDTUSBJODVSWFJO'JHVSF
XIFSFUSVFTUSFTTJODSFBTFTMJOFBSMZXJUITUSBJO BQQSPYJNBUFMZCFUXFFOUSVFTUSFTTMFWFMTPG
BOE.1B'PSUIF5TQFDJNFO 4UBHF**XPSLIBSEFOJOHJTGPMMPXFECZ4UBHF***JOXIJDI
XPSL IBSEFOJOH SBUF EFDSFBTFT MJOFBSMZ XJUI TUSFTT  5IF QSFTFODF PG B 4UBHF ** XJUI DPOTUBOU
XPSLIBSEFOJOHSBUFXBTSFQPSUFEGPSQVSF.H<>BOETFWFSBM.HBMMPZT< >/PUFUIBU JT
.1BJO4UBHF**JO'JHVSFB XIJDIJTTJNJMBSUPUIFMFWFMTSFQPSUFEGPSQVSF.H<>BOE
FRVBMDIBOOFMBOHVMBSQSFTTFE &$"1 ".BMMPZ<>

5IFTUFFQEFDSFBTFJO JOEJDBUJWFPGBTIPSUFMBTUPQMBTUJDUSBOTJUJPO JTJODPOUSBEJDUJPOXJUIUIF
SFTVMUT SFQPSUFE <> GPS B IPUFYUSVEFE ";# BMMPZ  GPS XIJDI JOUFSOBM TUSBJOT EFWFMPQFE JO
UFOTJPOBOEDPNQSFTTJPOXFSFNFBTVSFECZin situOFVUSPOEJGGSBDUJPO5IFSFTVMUTTIPXFEUIBU
UIFFMBTUPQMBTUJDUSBOTJUJPOJTFYUFOEFE TPNFUJNFTMBTUJOHBTMPOHBTTUSBJO.PSFPWFS XPSL
IBSEFOJOHJTBSFTVMUPGiBDPNQPTJUFMJLFMPBETIBSJOHCFUXFFOTPGUBOEIBSEPSJFOUFEHSBJOTu
<>/PUFUIBUUIFEFDSFBTFJO GPSUIF5TQFDJNFOJTOPUBTTUFFQBOEUIFSFJTOP4UBHF**XJUI
BDPOTUBOUXPSLIBSEFOJOHSBUF 'JHVSFC)FODFUIFFMBTUPQMBTUJDUSBOTJUJPOJTMPOHFSGPSUIF5
TQFDJNFO,PDLT.FDLJOHBOBMZTJTDPOEVDUFECZEFM7BMMFFUBM<>PO&$"1".TIPXFE
UIBUTPNFTQFDJNFOTEJTQMBZFEUIFTIPSUFMBTUPQMBTUJDUSBOTJUJPOGPMMPXFECZB4UBHF** TJNJMBSUP
UIF 5 TQFDJNFO JO 'JHVSF B  XIFSFBT PUIFST IBE BO FYUFOEFE FMBTUPQMBDUJD USBOTJUJPO BOE OP
4UBHF**XJUIBDPOTUBOU TJNJMBSUPUIF5TQFDJNFO 'JHVSFC5IFSFBTPOGPSUIJTEJGGFSFODF
JO&$"1".XBTBUUSJCVUFEUPUFYUVSFFGGFDUT)PXFWFS UPUIFBVUIPSTLOPXMFEHF UIFSFJT
OPTUVEZJOUIFMJUFSBUVSFJOXIJDIUIFEJGGFSFODFTJOXPSLIBSEFOJOHCFIBWJPSIBTCFFOBUUSJCVUFE
UPUFNQFSJO.HBMMPZT.PSFSFTFBSDIJTOFFEFEUPEFUFSNJOFUIFSFBTPOTCFIJOEUIFFGGFDUPG
UFNQFSPOXPSLIBSEFOJOHCFIBWJPS
Conclusions
"MM GPVS DPOTUUVUJWF FRVBUJPOT HJWF TJNJMBS GJUT UP USVF TUSFTTUSVF QMBTUJD TUSBJO EBUB
)PXFWFS ,PDLT.FDLJOHBOBMZTJTJTSFRVJSFEUPDIBSBDUFSJ[FUIFXPSLIBSEFOJOHCFIBWJPSJO
";%BMMPZ
" TVEEFO ESPQ JO XPSL IBSEFOJOH SBUF KVTU QSJPS UP GSBDUVSF UPPL QMBDF PCTFSWFE JO CPUI
TQFDJNFOT JOEJDBUJWFPGUIFQSFTFODFPGTUSVDUVSBMEFGFDUT
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C
'JHVSF5IFSFMBUJPOTIJQCFUXFFO  : BOEXPSLIBSEFOJOHSBUF  GPSTQFDJNFOTJO B 5
BOE C 5UFNQFS
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8PSL IBSEFOJOH CFIBWJPS XBT PCTFSWFE UP CF BGGFDUFE CZ UFNQFS B TIPSU FMBTUPQMBTUJD
USBOTJUJPO GPMMPXFE CZ B 4UBHF ** XJUI B DPOTUBOU  XBT PCTFSWFE JO UIF 5 TQFDJNFO 
XIFSFBTUIF5TQFDJNFOFYIJCJUFEBMPOHFSFMBTUJQMBTUJDUSBOTJUJPOBOEOP4UBHF**XJUIB 
)FODF UFNQFSXBTGPVOEUPBGGFDUUIFXPSLIBSEFOJOHCFIBWJPSJO.HBMMPZT
#PUI 5 BOE 5 TQFDJNFOT EJTQMBZFE 4UBHF *** XPSL IBSEFOJOH  XJUI  EFDSFBTJOH MJOFBSMZ
XJUIUSVFTUSFTT
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APPENDIX III

Derivation of Four Constitutive Equations:
Hollomon:

  KH pn

H

d
 nK H  ( nH 1)
d

 
  n H 
 KH





(

nH 1
)
nH

Ludwig:
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(
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Swift:
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Voce:
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APPENDIX IV

Calculation of RMSE:

RMSE 

tn1  yt  y 
n-a

Number of Data Points for T4 specimen: 3237
Number of Data Points for T6 specimen: 2150
Number of Parameters for Hollomon: 2
Number of Parameters for Voce: 3
Number of Parameters for Ludwig: 3
Number of Parameters for Swift: 3
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APPENDIX V

Calculation of Quality Index:

QT 

eF
e F (max)

Calculation of Ductility Potential:

eF (max) (%)  41.8  0.106 Y
True Stress:

   e (1   e )
True Strain:

  ln(1   e )
True Plastic Strain:

 p  ln(1   e )  ( / E)
EMg = 45000 MPa
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