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ABSTRACT
Al-0.3Mn was prepared by permanent steel mold casting (PMSC) with three

different section thicknesses of 6, 10, 20 mm, and also by squeeze casting (SC) with a
cross-sectional thickness of 20 mm under an applied pressure of 90 MPa. The first group
of samples was employed to investigate the difference in mechanical and electrical
properties between the PSMC AIl-0.3Mn Alloy and high-purity (HP) Al (99.9%). The
results of tensile testing indicated that the ultimate tensile strength (UTS), yield strength
(YS) of the cast HP Al significantly increased to 72.3 and 20.4 MPa from 59.2 and 14.0
MPa. However, the elongation (e ) and electrical conductivity of the cast alloy decreased
to 28.9% and 45.6 %IACS from 37.1% and 61.1 %IACS. The large area fraction (2.1%)
of the micron Al-Fe-Mn and nano Al-Mn phases in the PSMC Al-0.3%Mn alloy should be
responsible for the difference in mechanical and electrical properties between the PSMC
Al-0.3Mn alloy and the PSMC HP Al. The second group of samples was used to study the
effect of section thicknesses on microstructure, mechanical and electrical properties of the
PSMC AIl-0.3Mn alloy. The UTS, YS, e, and elastic modulus (E) of the alloy increased,
when the section thickness of the PSMC Al-0.3Mn decreased to 6 mm from 20 mm.
However, the porosity level increased to 1.25% from 2.58% with increasing the thickness
to 20 mm from 6 mm, respectively. The fine microstructure and low porosity level resulted

in the high mechanical properties and electrical conductivities of the 6 mm sample.

Vi
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Chapter 1:

1. BACKGROUND

With increasing fuel cost and environment concern, there is a large growth of battery-
powered electrical vehicles (BEVS) in the automotive market. Due to the average weight
of BEVs much higher than that of gasoline-powered vehicles (GPVSs), it is necessary to
develop new electric motors (EM) with lightweight materials, which have to be cheap, light,
and highly efficient. To increase the efficiency of the EM, high electrical conductivity and
low resistivity copper is usually used as the main material. As a lightweight material with
a density of 2700 kg/m? and a melting temperature of 660 =C, aluminum is 70 % lighter
than copper, and its melting point 423 <C lower than that of copper. Compared to copper,
it is very easy to manufacture the rotor bars in the EM with aluminum via casting processes.
However, the mechanical properties of the ultimate tensile strength (UTS) and the yield
strength (YS) of pure aluminum are very low. The introduction of traditional alloying
elements such Si, Mg and Cu adversely affects the electrical conductivity of these alloy
alloys. Mn is a considerable alloying element due to its extremely low solubility, which is
only 0.62 atomic percentage at 658 °C (1.25 weight percentage). The addition of Mn to Al
can increase the Al strengths and should have a minor effect on electrical conductivities of
Al-Mn alloys. The tensile properties of light Al and Mg alloys are often influenced by their
section thickness. The previous results of tensile testing indicate that ultimate tensile
strength (UTS), yield strength (YS), elongation (ef), strain hardening rate (do/de), as well
as resilience (Ur) and toughness (Uy) increase significantly with a reduction in the section

thickness of the alloy.



In various casting processes, it is demonstrated that permanent steel mold casting
(PSMC) is a well-developed manufacturing process and has been extensively used to cast
aluminum alloys.

1.2 OBJECTIVES OF THIS STUDY

The objectives of this work are outlined as follow:

Review the mechanical properties and microstructure of Mn-containing Al alloys

e Study the effect of Mn addition on mechanical properties and electrical
conductivity of HP Al;

e Investigate the effect of section thicknesses of 6, 10 and 20 mm on the mechanical
and electrical properties of the PSMC Al-0.3Mn alloy with 0.3 wt% Mn;

e Analyze the microstructures of the Al-0.3Mn alloy influenced by the section
thicknesses; and

e Understand the relation between microstructure and mechanical and electrical

properties of Al-0.3Mn alloy.

1.3 ORGANIZATION OF THE THESIS

This thesis contains six chapters. Chapter 1 provides a general background of research
and develop a lightweight EMs with light alloys, which should be cheap, light, and higher
efficient, and the objectives of this study. Chapter 2 provides the literature review about
the potential Al-Mn cast alloys for motor applications in electric vehicles. Chapters 3
presents the mechanical and electrical properties of PSMC Al-0,3Mn Alloy and HP Al
(99.9%). And Chapter 4 reports the results of the effects of section thickness on

microstructure, mechanical and electrical properties of PSMC Al-0.3Mn Alloy. Chapter 5
2



concludes and summarizes the present study. Lastly, Chapter 6 presents the

recommendations for future work.



Chapter 2: Al-Mn alloys for electrical applications: A review

2.1 INTRODUCTION

Aluminum is the most abundant metallic element in Earth’s crust and the most widely
used nonferrous metal. Aluminum alloys are widely used alloys for aircraft components,
automotive and electronic technology, due to their lightweight, good corrosion resistance,
high specific strengths, and rigidity. Especially with the emergence of battery-powered
electric vehicles (BEVS) in the past decade, light alloys have become popular in the
automotive industry for the weight reduction of the electric vehicles. This is because the
BEVs are, in general, heavier than gasoline or diesel-powered vehicles (GDVs) and the
weight reduction of the BEVs is an urgent task for the automotive industry [1-3]. Currently,
Al alloys used in the automotive industry contains the elements of Si, Mg and Cu in either
wrought (5xxx and 6xxx series) or cast (3xx series) format. The Si, Cu and Mg-containing
Al alloys in the as-cast condition have high strengths over 90 MPa in yield strength (YS)
and 150 MPa in ultimate tensile strength (UTS). But high strength and high electrical
conductivity are mutually exclusive in metallic materials. Commercially available Al
alloys have low electrical conductivities less than 40%IACS, since the solubilities of Si,
Cu and Mg in Al are relatively high, which are 1.60, 5.65 and 17.1 wt%, respectively. It is
almost impossible for the automotive industry to manufacture conductive components in
electric motors (EMs) with conventional high strength Al alloys due to their low electrical
conductivities [4-6].

Manganese as a low-cost transition metal has a multifaceted array of industrial alloy
uses in ferrous alloys-steels and cast iron, which can improve their strength, workability,
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and wear resistance. The 3xxx series of Al alloys employs Mn as a major alloying element,
and are used for applications, in which moderate strength combined with high ductility and
excellent corrosion resistance is required. With low weight percent of Mn addition, the YS
and UTS of Al alloys increase without sacrificing ductility, as Mn in aluminum-rich alloys
forms a manganese dispersoid of AlsMn, which blocks the dislocation and changes the slip
system by means of cross-slip [7]. Compared to common alloying elements, Si, Cu and
Mg, Mn has a low solubility in pure aluminum, which minimizes the reduction in electrical

conductivity. The maximum solubility of Mn is 1.25 wt% at 658 ° C [7,8]. Their current

application includes beverage cans, pipes in the chemical industry for roof cladding, wall
coverings, pressure vessels, roller shutters, roller doors and heat exchangers [8]. As a result,
low Mn addition enables the development of low-cost Al alloys with not only high
strengths but also high electrical conductivities, which are required for applications in
BEVs. The potential application for Al-Mn alloys in the BEVs includes rotor bars in
induction motors [1,2].

In the electric power industry (EPI), steel reinforced aluminum conductors (SRAC)
are widely used for overhead transmission lines. The conductors are designed with different
layers of aluminum and steel strands. The external pure aluminum strands conduct the
electric current and the steel strands in the core are designed to endure the mechanical loads
induced by various environmental conditions such as wind and ice. However, the
interaction of steel and pure aluminum strands with the environment results in galvanic
corrosion of the strands over time, which is externally invisible. The corrosion causes a

reduction in the mechanical properties of the SRAC conductors leading to unexpected



failure. The development of high strength Al-Mn alloys with high electrical conductivities
could remove steel strands as supporting cores in the conventional transmission line. As a
result, the failure of the transmission line caused by galvanic corrosion could be eliminated.
As such, lightweight high strength Al-alloy-based conductors of transmission line are
highly demanded [9].

This review presents the series of wrought and cast Al alloys in association with
alloying elements. According to Al-Mn binary phase diagram, the temperature-dependent
solubilities of Mn in Al are revealed. The dependence of microstructure development of
Al-Mn alloys on Mn contents and cooling rates is displayed. The influence of Mn content
on mechanical properties and electrical conductivity of 3xxx and 7xxx Al alloys is
discussed. The effect of heat treatment on the electrical conductivities of Mn-containing

Al alloys is highlighted.



2.2 ALUMINUM-MANGANESE SYSTEM

2.2.1  Series of Al alloys
Aluminum alloys can be classified into two groups, which are wrought alloys and cast
alloys [8,10]. The designation of wrought alloys has a four-digit system given by the
aluminum association. The principal alloying element is expressed by the first digit. A
modification of the specific alloys is shown by the second digit. A specific alloy in the
series is identified by the third and fourth digits. A three-digit system is applied to the
casting Al alloys. The major alloying element is indicated by the first digit. The second and
third digits are used to define the purity of the aluminum.
2.2.2  Aluminum-manganese phase diagram
Phase diagrams can reveal the microstructural constituency and phase composition
of materials in concentration-temperature coordinates. The equilibrium phase
diagrams depict the phase constituents of materials in the equilibrium states. Fig. 2.1
presents the Al rich corner of the equilibrium binary Al-Mn phase diagram, which
shows the precipitation of Al-Mn phase. This precipitation process can take place in
cast slabs during the re-heating process before hot rolling. The amount and the size of
the precipitated phase can be changed by adjusting the process parameters of
temperature and time. Higher temperature and longer time mean coarser precipitates
[11]. Based on the equilibrium Al-Mn phase diagram, manganese forms the particle
Al6Mn, which locks the dislocation and increase the strength of the alloys. After the

reheating process, the precipitation of AI6Mn phase can occur. The eutectic reaction



L < (Al) + AleMn occurs at 658 <C and the eutectic composition is 1.0 0.1 at% Mn

[12].
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Figure 2.1 Al-rich corner of equilibrium binary aluminum-manganese phase [11]
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2.2.3  Solubility of Mn in Al

Fig. 2.2 is an enlarged Al rich corner of Al-Mn binary phase diagram, which shows
the maximum solubility of Mn in Al solid solution. According to Fig. 2.2, the solubility of
manganese in aluminum increases with increasing temperature. Manganese has a relatively
low solubility in aluminum. The maximum solubility is 0.62 at. percentage at 658 <C (1.25
wt percentage). In the range of 500 <C to 658 <C, the solubility of manganese in aluminum
increases from 0.18 at% to 0.62 at%. Low solubility of Mn in Al could reduce the
castability of Al alloys [13]. The maximum solubility of 1.25 wt% Mn in Al is also listed
in reference [8]. However, Bubonyi and Barkoczy [11] indicated that the maximum
solubility was 1.5% Mn in Al (Fig. 2.1). The difference in the values of the maximum
solubility might result from the variation of the solidification processes. Further
investigation on the Mn solubility is needed.

2.2.4  Ternary phase diagrams for Al-Mn-TM systems

Grushko et al. [14] presented the phase diagrams for AI-Mn-TM (TM = Fe, Co, Ni,
Cu, Zn, Pd) systems as shown in Fig. 2.3. Their results showed that the solubility of Fe,
Co, Ni, Cu, Zn and Pd in p-AlsMn and A-AlsMn was low, and the high-temperature T-
AlzMn dissolved up to at least 14.5, 12, 16 and 7.5 of Fe, Cu, Zn and Pd, respectively. The
metastable ¢-AlioMns was stabilized by Fe, Co, and Ni in wide ternary compositional
regions. In Al-Co-Mn, such a region propagated up to AlsCo.. In alloys with Fe, Co and
Ni, the ternary hexagonal so-called {-phase (P63/m, a =1.76, c=1.25 nm) was formed along
~80 at% Al. In alloys with Cu and Pd, the orthorhombic so-called R-phase (Bbmm, a

=2.41,b = 1.25, c = 0.76 nm) was found at similar compositions. Ternary phases in
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the Al-rich region of the Al-Mn-Ni alloy system at 950, 850 and 750 °C were
investigated by Balanetskyy et al. [15]. Two new ternary intermetallic compounds
were revealed: the @-phase (AlsCoz- type, hP26, P63/mmc: a = 0.76632(16) and c =
0.78296(15) nm) and the k-phase (x-Ali24Cr34Niii-type, hP227, P63/m: a =
1.7625(10) and ¢ = 1.2516(10) nm). The formation of the O-phase (Pmmn; oP650;
0-Al77Cr14Pdo-type; a = 2.3316(16), b = 1.2424(15) and c = 3.2648(14) nm) was
indentified in as-cast as well as samples annealed up to 958 h. The study of phase
equilibria in the Al-rich region of the AlI-Mn-Ni alloy system at 1000, 950, 850, 750,
700, 645 and 620 °C confirmed the presence of three ternary thermodynamically
stable intermetallics, the ¢-hase (AlsCoz-type, hP26, P63 /mmc; a = 0.76632(16), c =
0.78296(15) nm), the k-phase (k-Al14.4Cr34NiLi-type, hP227, P63/ m:a = 1.7625(10)
and ¢ = 1.2516(10) nm), and the O-phase (Pmmn; oP650; 0-Al77Cr14Pdo-type; a =
2.3316(16), b = 1.2424(15) and c = 3.2648(14) nm), as well as three ternary
metastable phases, the decagonal Ds3-phase with periodicity about 1.25 nm, the
Al9(Mn,Ni)2- phase (Al9Co2-type, P1121/a, mP22; a = 0.8585(16),b = 0.6269(9), c
= 0.6205(11) nm, = 95.34(10)°) and the O1-phase (base-centered orthorhombic, a
~ 23.8,b= 12.4,c = 32.2 nm) [16]. Walnsch et al. [17] studied the phase relations in
the Mn-rich corner of the ternary Al-Mn-Ni system at 800 and 1000 °C regarding the
phase equilibria and the stability of the disordered A2 phase. The decomposition of
the disordered A2 phase by a eutectoid type of reaction (A2 2 A1 +B2) in the Mn-
rich corner of the Al-Mn-Ni system was investigated by means of transmission

electron microscopy and in-situ X-ray diffraction. Calculations based on the present
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description were in excellent agreement with the experimental data available in

literature.

Figure 2.3 Partial isothermal sections of Al-Mn-TM ternary phase diagrams: a) Al-
Cu-Mn at 750 <C, b) Al-Co-Mn at 800 <C, c) Al-Ni-Mn at 750 <C, d) Al-Fe-Mn at
875 T, e) Al-Zn-Mn at 600 <C, f) Al-Cu-Mn at 700 <C and g) the compositional regions

of the Al-Pd-Mn pha
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2.3 MICROSTRUCTURE CHARACTERISTICS OF MN-CONTAINING AL
ALLOYSELECTRICAL RESISTIVITY AND CONDUCTIVITY OF AL-FE

ALLOYS

2.3.1  Mn-containing 3xxx and 7xxx Al alloys
Miri [18] showed that the hot deformation of AA3xxx Al alloys Mn was affected by Mn
addition and homogenization treatment. Three ascast AA3xxx samples with different
manganese contents of 0.05, 0.29 and 1.04 wt% were employed for microstructure
observation. The first AA3xxx sample contained 0.36 wt% Fe, 0.05% wt% Mn, 0.15 wt%
Si, 0.009 wt% Ti, while the second AA3xxx sample had 0.37 wt% Fe, 0.29% wt% Mn,
0.15 wt% Si, 0.008 wt% Ti. The third AA3xxx sample was prepared with the compositions
of 0.37 wt% Fe, 1.04% wt% Mn, 0.15 wt% Si, 0.008 wt% Ti. The manganese weight
percentages of the three alloys were quite different, although the composition variation in
Fe and Ti was very little and negligible. The detailed chemical compositions of the three
sample are listed in Table 2.1. The microstructures of the three alloys are shown in Fig. 2.4.
As the Mn content rised from 0.05 to 0.29-1.04 wt%, the percentage of the Al-Mn
imtermetallic phase increased from 4.8 to 7.6-11.1%, and the size of the primary Al phase
was reduced [18]. The formation of MnAl might result from the nonequilibrium
solidification (rapid cooling), while the point of 1.25% Mn is present in the equilibrium
phase diagram. The high Mn content promotes the formation of MnAl dispersoids. The
massive presence of MnAl at the grain boundaries retards the grain growth and reduce the
grain size. The high fraction of MnAl dispersoids causes large scatter of conductive

electrons, which increases electrical resistivity and decreases electrical conductivities. Liu
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and Chen [19,20] investigated the effect of Mn contents (up to 2 wt%) on the evolution of
microstructure of Al-Mn-Mg 3004 alloy. Their results showed that, in the as-cast
microstructure, the dominant intermetallics were interdendritical Als(MnFe) until to 1.5 wt%
Mn. With further addition of Mn to 2 wt%, the blocky primary Al6Mn/ Alg(MnFe) and
high volume of fine Alg(MnFe) intermetallics formed in the matrix, leading to the rapid
increase on the volume fraction of intermetallics (Fig. 2.5). After the precipitation heat
treatment (375 <C/ 48 h), the precipitation of dispersoids increased with increasing Mn
contents and reached the peak condition in the alloy with 1.5 wt% Mn. However, the 2 wt%
Mn resulted in the lowest volume fraction of dispersoids (Fig. 2.6) and highest volume of
dispersoid free zone (Fig. 2.7). Huang et al. [21] developed a two-step annealing (TSA)
process consisting of a prerecovery process (450 <C/5 h) and a following recrystallization
process (530 <C/15 h) to tailor microstructure of a cold rolled twin-roll cast (TRC) Mn-
containing 3003 alloy sheet. The distribution of the second phase particles was examined
by SEM backscattered technique, as displayed in Fig. 2.8. It can be seen that small primary
particles with a mean size about 0.5 pm distributed at the grain boundaries and along the
rolling direction in the cold-rolled condition (Fig. 2.8a). For the single-step annealing (SSA)
sample, copious fine dispersoids can be observed on the sub-grain boundaries during
recovery at 530 <C for 20 min (Fig. 2.2b). After complete recrystallization, both dispersoids
and primary particles became coarser after the long duration at 530 T (Fig. 2.8c). In the
case of TSA, a large number of fine precipitates emerged during pre-recovery treatment as
well (Fig. 2.8d). Most of them are located on the sub-grain boundaries in the interior of

grains, which was similar to the observation in Fig. 2.8b. However, some local regions
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about 1-2 pm in thickness (marked by arrows in Fig. 2.2d) were observed in the vicinity
of primary particles, where only few precipitates existed or even no precipitates at all. Nam
and Lee [7] examined the microstructures and dislocation structures of the AA7000 series
alloys containing 0.8 wt% Mn using transmission electron microscopy (TEM). Fig. 2.9
shows the TEM micrograph of the dislocation structure in the Mn-containing 7000 series
alloy. The added manganese formed a manganese dispersoid of AlsMn. This dispersoid
had an incoherent structural relationship with respect to the matrix, the face-centered cubic
(FCC) crystal structure, in retarding the motion of dislocations that increased strengths.
Once the dislocation was blocked by the dispersoid, it tended to change the slip system by
means of cross-slip. This cross-slip allowed the deformation to maintain uniformly good
ductility. TEM observation proved the above mentioned activities of dislocation by

analyzing the characters of the dislocations around and away from the dispersoids.

Table 2.1 Chemical compositions (wt%) of three AA3xxx samples with different Mn

contents [18]

Fe [wit%] Mn Si Ti Al
[wit%a] [wit%a] [wia] [wita]
Alloy 1 0.36 0.05 0.15 0.009 Bal.
Alloy 2 0.37 0.29 0.15 0.008 Bal.
Alloy 3 0.37 1.04 0.15 0.008 Bal.

2.3.2  Al-Ni-Mn alloys
Due to their potential for high-temperature applications, Al-Ni-Mn alloys were

attractive to the automotive and aerospace industries. Fan et al. [22] studied precipitation
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hardening of eutectic and hypoeutectic Al-Ni alloys containing 2—4 wt% Mn with focus on
the effect of the alloys’ chemical composition and solidification cooling rate on
microstructure. The alloys were cast in a fast-cooling die to achieve different cooling rates
up to 90 K/s. SEM pictures of different Al-Ni-Mn alloys given in Fig. 2.10 depicts the
influence of alloy composition on the microstructure of the alloys. The primary a-Al
dendrites eutectic o -Al, eutectic AI3Ni, and primary O phase were found in the cast alloys.
Fig. 2.6 presents measured area fractions of O phase as a function of cooling rate. The
quantity of O phase in the Al-Ni-Mn alloys was predominantly affected their chemical
compositions. The high levels of Ni and/or Mn boosted the O phase formation as revealed
in Figs. 2.10 and 11. The presence of Mn-enriched O phase (14.55 wt% Mn) supressed the
formation of the Mn-supersaturated solid solution as well as precipitation strengthening by
Al6Mn precipitates. Moreover, the O phase was rich inNi (5.3 wt% Ni), of which formation
reduced the amount of AI3Ni eutectic that forms by the eutectic reaction.

The effect of Mn on microstructure of Al-4Ni alloy cast in a steel mold was
investigated by Fang et al. [23]. Addition of Mn transformed the eutectics from Al3Ni/a-
Al to A19(Ni,Mn)2/a-Al phases. Fig. 2.12 gives SEM and TEM micrographs revealing the
microstructure characteristics of the Al-4Ni and Al-4Ni-2Mn alloys. The primary a-Al
dendrites and eutectic phases were present in the two alloys. The primary a -Al in the Al-
4Ni alloy had 0.28 wt% Ni. However, the Al-4Ni-2Mn alloy had the a -Al contained with
about 0.43 wt% Ni and 1.6 wt% Mn. The Ni solubility in Al was very limited. But, the Mn
solubility in Al was relatively high around 1.8 wt%. Therefore, the large amount of Mn in

the primary a-Al phase was detected, compared to that of Ni. There are the cylindrical
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eutectic intermetallic phases in both the Al-4Ni and Al-4Ni-2Mn alloys. The Ni content of
the eutectic intermetallic phase in the Al-4Ni alloy 23.4 at%Ni, indicating a AI3Ni phase.
The eutectic intermetallic phase of the Al-4Ni2Mn alloy contained 13.5 at%Ni and 3.7
at%Mn, which suggested the presence of the AI9(Ni,Mn)2 phase instead of AI3Ni. Fig.
2.12c, d, and e present TEM picture and diffraction patterns of the intermetallic phase. The

similar work was also performed by Yu et al. [24].

(@) (b) (©)

Figure 2.4. As-cast AA3xxx with (a) 0.05 wt%, (b) 0.29 wt%, and (c) 1.04 wt% Mn

[18].
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Figure 2.5. As-cast microstructure of experimental Al-Mn—Mg 3004 alloys with Mn
contents: (a) 1.06 (M10), (b) 1.19 (M12), (c) 1.52 (M15), and (d)—(e) 2.05 (M20) wt %,

respectively [20]
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Figure 2.6 Distribution of dispersoids in experimental Al-Mn-Mg 3004 alloys with

Mn contents after 375 °C/48 h: (a) 1.06, (b) 1.19, (¢) 1.52, and (d) 2.05 wt%, respectively

[20].
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Figure 2.7 Distribution of dispersoid free zone in experimental Al-Mn-Mg 3004

alloys with Mn contents after 375 °C/48 h: (a) 1.06 (M10), (b) 1.19 (M12), (c) 1.52

(M15), and (d) 2.05 (M20) wt%, respectively [20].

Figure 2.8 SEM Back-scattered micrographs showing microstructures of TRC Mn-
containing 3003 alloy sheets after cold-rolling and various annealing conditions: (a) cold-
rolling, and annealing at (b) 530 T/20 min, (c) 530 <C/15 h, (d) 450 <C/5 h, (e) 450 <T/5

h+ 530
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Oliveira et al. [25] studied the effect of Ni on the microstructure of Al-1 wt% Mn alloy
prepared by directional solidification (DS). The microstructure of the directionally
solidified (DS) Al-1 wt% Mn alloy was shown to be characterized by an a-Al primary
phase having a cellular morphology with the eutectic mixture at the boundaries (Fig. 2.13).
However, the morphology of the a-Al phase of the DS Al-1 wt % Mn-1 wt% Ni alloy
casting depended on the magnitude of the experimental solidification cooling rate ( CR)."
For CR"> 2.3 <T/s, the morphology was cellular; in the range of 2.3 <CR < 1.1 <CJs,
became the cellular/dendritic transition. For CR "< 1.1 <C/s, the microstructure was entirely
dendritic. The eutectic mixture remained in the intercellular and interdendritic regions. The
cellular and primary dendritic spacings of the alloys were correlated with® CR by
experimental power function equations

2.3.3  Quasicrystalline Al-Mn alloys

Due to the demand for highly functional lightweight materials, development of Al
alloys containing amorphous, quasicrystalline phases as strengthening phases have been
motivated [17-24]. Very high (104 —107 K/s) cooling rates were required for the formation
of quasicrystalline phases in Al alloys, of which casting of the alloys became a costly [26-
33].

Recently, Stan-Gtowinsk et al. [34] employed intermediate cooling rates (102 —103
K/s) to cast Al alloyed with low-cost elements of Mn and Fe for formation of
quasicrystalline phases. They selected two alloys of 94Al-6Mn and 94Al-4Mn-2Fe (at%).

The alloys were prepared by suction casting into Cu cylindrical dies, of which with height
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was 35 mm and diameters were 1, 2, 3 and 4 mm. Table 2.2 gives the averaged cooling
rates calculated for Cu cylindrical dies.

Fig. 2.14 presents SEM (BSE) micrographs revealing the microstructure features of
the 94AI1-6Mn alloy in the middles of the castings solidified in the Cu cylindrical dies with
different diameters. Different rod diameters resulted in different cooling rates. The small
size die led to high cooling rate The 1-mm diameter die gave the highest cooling rate of
103 K/s. The capability of acquiring bulk quasicrystal-strengthened Al-rich alloys (94Al-
6Mn and 94AI-4Mn-2Fe) was evaluated at intermediate cooling rates. SEM, TEM, X-ray
diffraction and differential scanning calorimetry (DSC) were employed to understand the
cooling rate effect on the quasicrystalline phase formation. The lowest cooling rate was 40
K/s which was present in the 4 mm diameter rod. The microstructure consisted of needles
of the particle phase. At the highest cooling rate with 103 K/s, particles became micron
plates dispatched radially. In the 2 mm and 3 mm samples with the cooling rates of 102
K/s, both needles and plate-like particles phase were observed. The plate-like morphology
was also observed at the edge of the slow cooling samples. SEM pictures presented in Fig.
14 depicted the microstructures of the binary 94Al-6Mn alloy [34]. TEM micrographs
(Fig. 2.15) reveal presence of crystalline hexagonal A-Al4Mn phase and quasicrystalline
decagonal phase (D-phase) and orthorhombic L-phase. The fast cooling promoted the
formation of the orthorhombic L-phase and supressed the formation of the icosahedral
quasicrystalline phase (I-phase). The formation of a quasicrystalline phase (I-phase) was
promoted by the Fe introduction into the 94Al-6Mn binary alloy [34]. Fig. 2.16 presents

SEM picture showing microstructure features of 94Al-4Mn-2Fe alloy. The coarse
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microstructures (Fig. 2.16a, d) were present in the casting with the slowest cooling rate.
The crystalline orthorhombic Al6(Mn, Fe) phase was found in the alloy along with the
primary Al. The SEM analysis detected a small amount of AI3(Mn, Fe) phase as shown in
Fig. 2.17a. The median cooling rate of 102 K/s resulted in the formation of the
quasicrystalline D-phase and the orthorhombic Al6(Mn, Fe) as depicted in Fig. 2.16b, e.
The micron D-phase had the similar size and morphology to those found in the 94Al-6Mn
binary (Fig. 2.14b). As illustrated in Fig. 2.16c, f, the fast cooing led to the excessive
presence of Iphase, of which structure was identified by TEM and diffraction analyses (Fig.
2.17c, d). Fig. 2.16f shows that the fine eutectic phase encompassed the star-shaped I-
phase. Jun et al. [35] investigated the formation of the I-phase in mish-metal (Mm)-
containing Al94Mn6 alloy cast in Cu dies. An addition of Mm into the AI94Mn6 alloy
generated icosahedral quasicrystalline phase (IQC) with an extinction of hexagonal and
Al6Mn phases, and the fraction of IQC increased continuously with an increase in Mm
content. K.A.Darling et al.[36] examined the applicability of high energy mechanical
alloying for producing high-strength, nanocrystalline Al8 at% Mn alloy powders and
characterized the influence of Mn content on the inherent microstructure of the alloy. The
solubility level (3.1 at% Mn) obtained was upto five times the equilibrium solubility limit
(0.62 at%Mn) of Mn in Al. The observed microstructures were consistent with being a
nanocomposite composedof an Al-Mn solid solution matrix with dispersed Mn particles.
For alloys with solid solutions upto 3.1 at %, increasing the Mn content correlated with a

decrease in thematrix grain size down to a minimum of 12 nm (Fig. 2.18)
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Figure 2.9 TEM micrograph showing the dislocation structure of the AA7000 series

alloys containing 0.8 wt% Mn. (Arrows indicate Mn-dispersoids) [7].

G

Figure 2.10 SEM photomicrographs of Al-Ni-Mn alloys cast with 90 K/s cooling rate.
(@) Al-6Ni-4Mn, (b) Al-6Ni-3Mn, (c) Al-6Ni-2Mn, (d) Al-4Ni-4Mn, (e) Al-4Ni-3Mn, (f)

Al-4Ni-2Mn [22]
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Figure 2.12 Microstructure characteristics of (a) Al-4Ni and (b) Al-4Ni-2Mn alloys
illustrated by SEM pictures; (c) eutectic AI9(Ni,Mn)2 phase displayed by TEM picture;
and diffraction patterns indexed to AI9(Ni,Mn)2 phase on (d) [001] and (e) [101] axis

[23]
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Al-1wt.%Mn-1wt.%Ni

Figure 2.13 (a) cellular arrangement of the Al-1 wt% Mn alloy and (b) dendritic
arrangement of the Al-1 wt% Ni alloy. Microstructural evolution of the Al-1 wt% Mnl
wit% Ni alloy casting showing (c) cellular, (d) transition and (e) dendritic growth regimes

[25]
Table 2.2 Cooling rates of Cu cylindrical dies [34].

Cooling rates of Cu cylindrical dies [34].

Rod diameter 4 3 2 1
(mm)
Cooling rate 40 1 x 10° 1 x 10% 1x10°
(K/s) (slow (median (median (fast
cooling) cooling) cooling) cooling)
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2.4 ELECTRICAL CONDUCTIVITIES OF MN-CONTAINING AL ALLOYS

The electrical conductivity of alloys is one of important properties, especially for
applications of electric motors. Electrical conductivity (a) is reciprocal of electrical
resistivity (y) [18,37,38]. Matthiessen’s rule [1,2,37,38] relates the conductivity and
electrical resistivity to the chemical composition (¢) of the alloy:

a=1/y 1)

v =vypure (T) + 3yj & (2)
where ypure (T) is the temperature-dependent electrical resistivity of pure Al, vj is the
electrical resistivity of specific component j in solid solution, €] is the concentration of a
specific component j in solid solution [27,28].

Table 2.3 presents the change of the electrical resistivity resulting from introduction
of different solutes in aluminum alloys. It can be seen from Table 2.4 that the electrical
resistivity of Al alloys was affected considerably by the addition of iron and manganese.
In other words, they produced the lowest effect on the electrical conductivity of Al. Among
them, iron has the lowest solubility in fcc-Al, because Fe can form constitute precipitates
during casting and solidification [2]. Although Al solid solution could be supersaturated
by Mn, the formation of Mn containing dispersoids are often formed in Al alloys [7, 8,
2127, 35].

Miri [14] measured the electrical conductivities of as-cast three AA3xxx Al alloys
with different Mn contents. Table 2.4 presents the electrical conductivities for three alloys
in the as-cast and heat treatment conditions %IACS [18]. Since the contents of other

alloying elements, Fe, Si and Ti were almost constant in the three alloys, their electrical
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conductivities were dictated by the Mn content in Al solid solution. The lowest electrical
conductivity of 29.98%IACS of Alloy 3 in the as-cast condition possessed the highest Mn
level of 1.04 wt% in aluminum. Meanwhile, Alloy 1 with the lowest Mn content of 0.05
wt% in Al exhibited the highest electrical conductivity of 55.46%IACS.

Miri [18] investigated the influences of heat treatments on electrical conductivities of
Mn-containing AA3xxx Al alloys by employing three different schemes of heat treatments.
They were, Homogenization #1, H1, Homogenization #2, H2, and Homogenization #3, H3,
of which details were given in Fig. 2.19. The results showed that during heat treatment, the
dispersoids formed by migration of the Mn from Al solid solution to dispersoid particles.
The electrical conductivities of the three alloys increased following the treatment. The
increases in electrical conductivities of Alloy 1 and Alloy 2 were about 5% and 10%, which
were limited. The application of the heat treatment to alloy 3 increased the electrical
conductivity by almost 30%. This might be attributed to the fact that the Mn was highly
supersaturated in solid solution of the as-cast Alloy 3. Heat treatment of Alloy 3 promoted
a large amount of dispersoid formation. The difference in electrical conductivities between
the different treatments for a specific alloy was insignificant.

The effect of heat treatment on the electrical conductivity of the TRC 3003 alloy was
also studied by Huang [21]. The TSA annealing process significantly increased the
electrical conductivity of the TRC 3003 alloy to 50%IACS from 28% IACS by about 80%,
while the SSA improved the electrical conductivity by only 60%. The increase in the

electrical conductivity should be attributed to fact that the applied heat treatment reduced
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the Mn concetration in solid solution and increased the amount of Mn precipitated out oft

he solid solution.

a)

Figure 2.14 SEM pictures depicting the microstructures of the binary 94Al-6Mn

alloy cast in the Cu die with the diameters of (a) @ 4 mm,(b) @2 mm, and (c) @ 1 mm

[34]

D-phase 10-fold axis

L-phase [110]° L-phase [010] L-phase [111]

Figure 2.15 (a) hexagonal A-Al4Mn phase, (b) b decagonal phase (D-phase) and ( ¢)
orthorhombic L-phase revealed microstructure of 94Al-6Mn by TEM pictures and

electron diffraction patterns [34].
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2.5 MECHANICAL PROPERTIES OF MN-CONTAINING AL ALLOYS

251 Strengthening Al alloys

The total strength (o) of alloys can be calculated by Eq. (3) given below [1,39,40]:

0 =060 t ogs toss + odis + op 3)

where co is Peierls stress, ogs is grain boundary strengthening, oss is solid solution
strengthening, Sdis is dislocation strengthening, and op represents precipitation
strengthening. All of these strengthening contributions lead to a degradation of the
electrical conductivity, as conductive electrons are scattered by solute atoms and crystal
defects. Each scattering event causes an electron to lose kinetic energy and to change its

direction, thus increasing electrical resistivity or decreasing electrical conductivities.

Figure 2.16 SEM pictures showing microstructures of 94Al-4Mn-2Fe alloys cast in

Cu dies with the diameters of @ 1-4 mm. Low magnification: a—c, and high

magnification: d—f [34].
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Alg(Mn, Fe) [110] D-phase 10-fold axis

I-phase 5-fold axis I-phase 3-fold axis

Figure 2.17 crystalline Al6(Mn, Fe) phase and quasicystalline D-phase and I-phase

identified by TEM and diffraction analyses in the 94Al-4Mn—2Fe alloy [34].
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Figure 2.18 Mean grain size of the Al-rich matrix as a function of dissolved Mn content

[36]
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Table 2.3 Change of ¢lectrical resistivity (Ay) of Al alloys with common elements

and their solubilities [28].

element Mg 5i Cu Zn Fe Mn
Ay (Qmy/witlh x 10%) 6.11 6.68 3.32 1.01 38.00 31.43
Solubility (wt%) 17.1 1.60 5.65 31.6 0.025 1.25

Table 2.4 Electrical conductivity for three alloys sample in as-cast and heat treatment

conditions %IACS [18].

SRLACS
Alloy 1 Alloy 2 Alloy 3
[0.05 wt% Mn] [0.29 wt% Mn] [1.04 wt% Mn]
As-cast 55.46 45.30 2998
H1 57.90 50.27 40.73
H2 58.27 50.68 41.77
H3 58.22 X 40.45

2.5.2 Solid solutions strengthening

The solid solutions strengthening works by adding atoms of one element (the alloying

element) to the crystalline lattice of another element (the base metal), forming a solid

solution. This strengthening can be separated into substitutional solid solution

strengthening and interstitial solid solution strengthening. Substitutional solid solution

strengthening occurs when the solute atom is large enough (difference in atomic radii

between the two atoms is less than about +15%). When the size of the solute atom less

than 57% the radii of the solvent atoms can stay inside interstitial sites between the solvent
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atoms, an interstitial solid solution forms. The atoms packed at the interstitial sites can

result in the bonds of the solvent atoms to compress and thus deform [41].

2.5.3  Precipitation strengthening
For certain classes of alloys, heat treatment is often applied to improve their strength
and hardness via precipitation hardening, in which seconD-phase precipitates are present
as obstacles to dislocation glide. The inter-particle spacing, size, shape of precipitates,
coherency of the matrix/precipitate interface, and spatial distribution of the precipitates
govern the strengthening effect [42].
2.5.4  Dislocation accumulation strengthening
A dislocation is a linear or one-dimensional material defect around which some of the
atoms are misaligned. Almost all metals and alloys contain some dislocations that are
introduced during solidification, and as a consequence of thermal stresses that result from
rapid cooling. The plastic deformation can result in dislocations to initiate from the surfaces,
at stress concentrations or inside the material at defects and grain boundaries [43]. The ease
with which a metal is capable of plastic deformation is a function of dislocation mobility—
that is, restricting dislocation motion leads to increased hardness and strength. The large
number of dislocations inside the grain and at its boundaries provides a considerable
amount of strengthening in alloys, because dislocation multiplication or the formation of
new dislocation hinder the motion of a dislocation. Thus, the high dislocation density

enhances dislocation strengthening [44].
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25,5  Grain boundary strengthening
Grain boundaries are barriers to dislocation movement. A metal or alloy that has small
grains is stronger than one with large grains because the former has more grain boundary
area and consequently more barriers to dislocation motion. The alteration of the grain size
influences the number of dislocations that accumulate at the grain boundary. Based on the
well-known Hall-Petch equation [45], a reduction in the grain size increases the yield

strength significantly.

% H1 o H2 50 H3 -
€00 600 600 ;
550 50 550 2h
500 gh 500 4h 500
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s 400 g 400
3 30 350 5 30
§ 8 20 § 300
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Figure 2.19 Time vs. temperature curves for heat treatments of (a) H1, (b) H2, and (c)

H3 [18].
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2.6 MECHANICAL PROPERTIES OF MN-CONTAINING AL ALLOYS

2.6.1  Mn-containing 3xxx and 7xxx Al alloys

To understand the hot deformation behavior of Mn-containing AA3xxx wrought Al
alloys, Miri [18] performed plane strain compression (PSC) tests at the deformation strain
rates of 0.1, 1.0 and 10 s —1, and the deformation temperature of 300-500 <C with 100 <C
temperature steps. From the stress-strain curves, the average flow stresses at the strain of
0.20 and 0.45 were calculated. Table 2.5 lists the flow stresses of Alloy 3 for strain rates
of 0.1 and 10 for all three heat treatments of H1, H2 and H3 and temperatures of 300, 400
and 500 °C. Flow stresses of Alloy 2 for Hland H2 and for the same temperatures and
strain rates of 0.1 and 10 are given in Table 2.6. For Alloys 2 and 3, flow stresses for the
same temperature and strain rate was similar or slightly lower for PSC specimens heat
treated in H2 than those for H1. The PSC specimen of Alloy 2 treated in condition H2
showed the minimum flow stress (20.58 MPa) in the tested alloys. In one specific heat
treatment, flow stress decreased as temperatures rose. Moreover, at a specific temperature,
a high strain rate increased the flow stress. Alloy 3 with high Mn content exhibited higher
flow stress for the same temperature and strain rate and heat treatment than those of Alloy
2 with low Mn content.

To show the Mn effect on the mechanical properties of other wrought Al alloys,
AAGxxx and 7xxx series alloys were included. Nam et al. [7] investigated the influence of
the Mn content on the mechanical properties of extruded AAG6xxx and AA7xxXxX wrought
Al alloys by tensile testing with a strain rate of 4 x 10—-3 s —1. Fig. 2.20 presents the Mn

content-depedent tensile properties of the extruded AA7xxxx wrought Al alloys with the
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Mn addition varying from 0.1 to 1.2 wt% [7]. It was found that, below 0.7 wt%, the
enhancement of the yield strength and ultimate tensile strength was very significant. When
the Mn content became higher than 0.7 wt%, the effect of Mn on the strengths of the
extruded AA7xxxx wrought Al alloys was limited. With the addition of Mn from 0.1 to 1.2
wt%, the elongation reduction of the extruded AA7xxxx wrought Al alloys was negligible.
Fig. 2.21 displays the tensile properties of the Mn-containing AA6xxx series wrought Al
alloys in both the extruded and T6 conditions, and compares them with the relevant
properties of the commercial 6061 wrought Al alloy [7]. It can be seen from Fig. 2.21(a)
that, in an extruded state, the strength of the Mn-containing alloy had higher than that of
the Al 6061 with the same level of elongation. Under the T6 condition as shown in Fig.
2.21(b), the Mn-containing alloy also exhibited strengths higher than that of the T6-treated
Al 6061, while the T6 treatment reduced their elongation considerably. The heat treatment
increased the manufacturing cost, although the T6 treatment affected the mechanical
properties of the Mn-containing AA6xxx series wrought Al alloys. The elimination of the
heat treatment could reduce the production cost by 15% and increase productivity
significan
Table 2.5 Flow stresses (oflow) of Alloy 3 at various strain rates [18].

Flow stresses (0q,,,) of Alloy 3 at various strain rates [18].

H1 H2 H3
Alloy 3 Strain rate Temperature Ty (MPa) Tigw Oty
™1 g} (MPa) (MPa)
0.1 300 75.49 74.26 70.06
400 45.53 45.61 39.51
500 29.77 30.95 24.50
10 300 101.59 101.40 97.00
400 72.84 69.94 66.96
500 47.97 47.13 42.93
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Table 2.6 Flow stresses (cflow) at various strain rates for Alloy 2 [18].

H1 H2
Alloy 2 Strain rate Temperature Taow (MPa) Taow (MPa)
(s™H ("C)
0.1 300 60.65 57.84
400 34.90 33.68
500 21.69 20.58
10 300 87.09 84.42
400 59.69 57.19
500 37.76 36.69
600 T — T T — 16
~[0- Tensile strength 0O o
-~ Yield strength g 414
550 [_ =\~ Elongation
i m
—_ 12 =
g [a qf 0 ] §
= O 1 %
» 500} a,( {10 =
o o i - o
I E— -
? e / 18 -.E’f
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Figure 2.20 Mn content-depedent tensile properties of the extruded AA7xxxx wrought

Al alloys [7].
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Figure 2.21 Tensile properties of Mn-containing 6000 series Al alloy and commercial

6061 A1l alloy. (a) extrusion and (b) T6 heat treatment [7].
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Figure 2.22 Microhardness at room temperature (a) and YS at 300 T (b) with Mn

contents [20].
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Figure 2.23 Creep curves at 300 <T of experimental alloys after 375 <C/48 h [20].
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Figure 2.24 Effects of cooling rates on the yield strengths of the Al-Ni-xMn alloys

prepared under different cooling rates [22]

Liu and Chen [19] applied the precipitation treatment to the permanent mold cast Al-

Mn-Mg 3004 alloy. It was shown that the peak compression yield strength (YS) at 300 C
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of the alloy reached as high as 78 MPa due to a large volume fraction (~2.95 vol%) of a-
Al(MnFe)Si dispersoids. The dispersoids were found to be thermally stable at 300 <T for
up to 1000 h of holding, leading to consistently high mechanical performance and creep
resistance. They also investigated the effect of Mn content on mechanical properties of the
cast 3004 alloy. Their results as displayed in Figs. 2.22 and 2.23 indicated that the best
combination of microhardness at room temperature, YS, and creep resistance at 300 <C
obtained by heat treatment at 375 <C/48 h was obtained, as the Mn content was optimized
at 1.5 wt%, due to the important contribution of dispersoid strengthening
2.6.2  Al-Ni-Mn alloys

The yield strengths (YS) of Al-Ni alloys containing 2-4 wt% Mn varying with
chemical compositions and solidification cooling rates were evaluated by Fan et al. [22].
Fig. 2.15 presents the effects of cooling rates on the yield strengths of the Al-Ni-xMn alloys.
Close examination of Fig. 2.24 revealed that the yield strengths of the Al-6Ni-xMn alloys
were higher than those of Al-4Ni-xMn alloys. To effectively increase the yield strengths
of the Al-6Ni-xMn alloys, the high Mn levels of 3 and 4 wt% were needed, as the cooling
rate was > 30 K/s for Al-6Ni-xMn alloys, and > 50 K/s for Al-4Ni-xMn alloys. At the Mn
level of 2 wt%, the cooling rate had little effect on the yield strengths of both Al-6NixMn
and Al-4Ni-xMn alloys [22]. The study by Fang [23] showed that, at the room temperature
of 25 <C and the elevated temperature of 250 <C, the tensile and yield strengths as well as
the hardness of Al-4Ni alloy were enhanced by Mn as depicted in Fig. 2.25. The Al-4Ni
alloy presented hardness of 42.3 HV10, while the Al-4Ni-2Mn alloy showed a 53%

increase to 64.5 HV10. When the Mn level was further increased to 3.01 wt% and 3.77
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wt%, the hardness increased to 67.2 HV10 and 69.9 HV10, respectively, as shown in Fig.
2.25a. The yield strength at 25 <C increased from 48 MPa to 92 MPa with 1.87 wt% Mn
and then to 117 MPa with 3.77 wt% Mn (Fig. 2.25b). At 250 <C, the yield strength

increased from 35 MPa to 82 MPa with 1.87% Mn and then to 101 MPa with 3.77% Mn

(Fig. 2.25¢).
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Figure 2.25 Mn influence on (a) hardness, and YS and UTS and elongation (EL) of the

Al-4Ni alloy at (b) 25 <T and (c) 250 T [23].
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Figure 2.26 Vickers microhardness of the Al-1 wt% Mn and Al-1 wt% Mn-1 wt% Ni
cast alloys as a function of the cellular (AC) and primary dendritic (A1) spacings ( AC/1—1/2),

and R2 is the coefficient of determination [25]

The ultimate tensile strength (UTS) rose from 123 MPa for the Al4Ni alloy to 202
MPa for the Al-4Ni-2Mn alloy, and then to 223 MPa as the Mn level reached 3.77 wt% at
25 T (Fig. 2,25b). The UTS increased from 51 MPa for the Al-4Ni alloy to 120 MPa for
the Al-4Ni-2Mn alloy, further to 223 MPa as the Mn level reached 3.77 wt% at 250 T
(Fig. 2,25¢).

Based on strengthening mechanisms as discussed in the preceding section, it was
almost impossible for Ni with an ultra low solubility (0.05 wt% at 640 <C) of Ni in Al
matrix to generate solid solution strengthening. However, Mn had a solubility of 1.25 wt%
at 658 <C and an atomic radius of 1.40 A larger than that (1.25 A ') of Al. In the Al-Mn

solid solution, the atomic lattice distortion impeded dislocation movement during plastic
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deformation for high strengths. Also, the high level of Mn boosted the amount of eutectic
phases and primary intermetallic phases. The Al-4Ni alloy contained 44 vol% of eutectic
phases. With 1.87 wt% Mn addition, the eutectic phases increased to 51 vol%, while no
primary intermetallic phase was found. With 3.01 wt% Mn addition, the eutectic phases
increased to 58 vol%, and the primary intermetallic phase was found at a level of 1 vol%.
When the Mn content was increased to 3.77 wt %, the eutectic phases increased to 60 vol%
and the primary intermetallic phase increased to 5 vol%. The high content of the eutectic
phases and primary intermetallic phases induced secondary-phase strengthening. The
alloys with Mn exhibited less strength loss than Al-4Ni alloy at 250 <C. The eutectic
AI9(Ni,Mn)2 phase showed good thermal stability. No coarsening was observed after 2000
h at 250 <C.

Oliveira [25] reported the relation between the microstructure and the mechanical
properties of Al-Mn binary and AI-Mn—Ni ternary alloys in the as-cast condition. A Hall-
Petch-type equation was established relating the Vickers microhardness (HV) of the Al-1
wt% Mn and Al-1 wt% Mn-1 wt% Ni alloys to their cellular (AC) and primary dendritic
(A1) for the alloys as shown in Fig. 2.26.

Darling et al. [36] investigated the microhardness of mechanically alloyed Al-8 at%Mn
alloys prepared by ball milling. A Hall-Petch plot for the Al-rich matrix grain size as a
function of milling time, showing the linear increased in hardness with decreasing Al grain
size. The plot included hardness values for both the pre-milled and non-pre-milled Al as
well as literature data for pure Al. There was a change in the Hall-Petch slope at a grain

size of 25 nm (around 0.2 nm—1/2), which was attained after 5-10 h of milling. Also, for
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the alloys with up to 3.1 at% Mn in solid solution, increasing the Mn content correlated
with a decrease in the matrix grain size down to a minimum of 12 nm (0.29 nm—1/2). A

high hardness values of 4 GPa was obtained. Fig. 2.27.
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Figure 2.27 Hall-Petch grain size dependence of the pre- and unmilled Al samples,

and pure nanocrystalline Al for comparison [36]
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Figure 2.28 Compressive engineering stress—strain curves at room temperature for Al-

Mn-Mm alloys [26].

Mraied and Cai [46] studied the effects of Mn alloying on the tribocorrosion behavior
of magnetron-sputtered Al-Mn thin films with 5.2 at% and 20.5 at% Mn in a 0.6 M NaCl
aqueous solution. Tribocorrosion resistance was found to be strongly affected by the
alloying concentration and applied potential. Higher Mn content increased the ratio of
hardness to elastic modulus(H/E) and promoted the formation of denser and more compact
passive film, consequently, improving tribocorrosion resistance of Al. In particular,
alloying with 20.5 at% Mn led to an increase of the corrosion resistance by about 10 times

and the hardness by around 8 times compared to pure Al.

2.6.3  Quasicrystalline Al-Mn alloys
Jun et al. [26] evaluated tensile properties of quasicrystal Al-MnMm alloys with

compression tests. The compressive engineering stress—strain curves of the Al Mn Mm
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alloys obtained at room temperature and under a constant crosshead speed of 1 mm/min,
are given in Fig. 2,28. Compressive yield strength (ocys) and ultimate compressive strength
(oucs) of the AI-Mn-Mm alloys were improved remarkably with Mm content up to 4%,
while elongation was steeply deteriorated by the Mm addition. The change in ccys and
oucs with Mm content might well be closely associated with the microstructural evolution

(increased quantity of 1QC with finer morphology).
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2.7 Summary

Al alloys has a great potential for engineering applications employed in the battery-
powered electric vehicles as well as in the electric power industry. Mn as a transition
metallic alloying element can enhance mechanical properties of Al alloys prepared by
either wrought or casting processes without sacrificing high electrical conductivities of
aluminum required by electric motor applications in the BEV and EPI. This is because Mn
is capable of generating seconDphase or precipitation strengthening with Al and has a
relatively low maximum solubility in Al solid solution. When the low contents of Mn
(0.05-1.20 wt%) were introduced into the conventional wrought 3xxx and 7xxx Al alloys,
their YS and UTS increased by about 50%. The added manganese formed a manganese
dispersoid of A16Mn and/ or AI3Mn, which had an incoherent structural relationship with
respect to the FCC matrix in retarding the motion of dislocations that increased strengths.
With the increased levels (2-4 wt%) of Mn, the yield strengths of cast Al-Ni alloys
increased by two times at 25 <C and three times at 250 <C. This increase resulted from
transformation of the eutectic phase from AI3Ni/a-Al to AI9(Ni, Mn)2/a-Al. As extremely
high cooling rates (10"4 —10"7 K/s) were applied, cast Mn containing Al alloys with the
high level (4 and 6 wt%) of Mn addition developed quasicrystalline phases as strengthening
phases. As a result, the Mn-containing Al alloys with misch metal exhibited around 800
MPa in ultimate compressive strength.

Studies on electrical properties of Mn-containing Al alloys are scarce. But, Mn
addition affected the electrical conductivity of Al alloys. It has been shown that the low

amount (0.05 wt%) of Mn had little effect on the electrical conductivity of the as-cast 3xxx
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Al alloy. As Mn addition increased to 1.04 wt%, the electrical conductivity of the as-cast
3xxx Al alloy reduced less than 30%IACS, which is unacceptable for the BEV and EPI
applications. Although heat treatment could increase the electrical conductivities,
additional manufacturing steps make components costly. To satisfy the engineering
requirement for electric motor applications, the level of Mn addition in Al alloys should be
limited to maintain high electrical conductivities. Meanwhile, high cooling rates needs to
be applied during casting, which can generate high mechanical properties. The combination
of low Mn contents and high cooling rates in casting could make the advent of cost-

effective Mn-containing Al alloys in the BEVs and EPI feasible
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Chapter 3: Nano Phase-containing Al-0.3Mn Alloy for Potential EV
Applications: Microstructure, Tensile Behavior and Electrical

Conductivity

3.1 1. INTRODUCTION

To reduce greenhouse gas emissions, battery-powered electric vehicles (BEVS) are
gaining the popularity in the auto community. For further expansion of the BEV market,
development of inexpensive, lightweight, highly efficient induction motors becomes
an urgent task the automotive industry to, since the current BEVs are considerably
heavier than those gasoline-powered vehicles (GPVs). In induction motors, squirrel
cage rotors play a key role in electromechanical energy conversion [1-3]. At present,
pure Al as a substitute for copper is used for production of rotor bars in induction
motors by casting because of its high electrical conductivity, lightweight and low price.
Unfortunately, the tensile properties including the ultimate tensile strength (UTS) and
yield strength (YS) of the pure aluminum are very low. The engineering performance
assurance of Al rotor bars requires a large cooling system to be placed in the induction
motor. The installation of the cooling system enlarges the size and makes the induction
motor much heavy, and consequently increases the BEV weight [1]. A reduction in the
BEV weight becomes essential for low battery energy consumption and long driving
range [3].

The employment of conventional Al casting alloys for the rotor bar could
eliminate the large cooling system and reduce the motor weight. However,

commercially available Al casting alloys containing Si, Mg and Cu exhibit low
54



electrical conductivities around 30 %IACS, because they have high solubilities in
aluminum solid solution [4-11]. Manganese as a low-cost transition metal has a
multifaceted array of industrial alloy uses in ferrous alloys-steels and cast iron, which
can improve their strength, workability, and wear resistance. The 3xxx series of wrought
Al alloys employs Mn as a major alloying element, and are used for applications, in which
moderate strength combined with high ductility and excellent corrosion resistance is
required. With low weight percent of Mn addition, the YS and UTS of Al alloys increase
without sacrificing ductility, as Mn in aluminum-rich alloys forms a manganese dispersoid
of AleMn, which blocks the dislocation and changes the slip system by means of cross-slip
[7]. Compared to common alloying elements, Si, Cu and Mg, Mn has a low solubility in
pure aluminum, which could minimize the reduction in electrical conductivity. The
maximum solubility of Mn is 1.25 wt% at 658 °C [7, 8]. As a result, low Mn addition
enables the development of low-cost Al alloys with not only high strengths but also high
electrical conductivities, which are required for applications in BEVs. However,
simultaneous studies on microstructure, tensile behavior and electrical conductivities of
castable Al-Mn alloys are scarce.

In the present study, an Al-0.3Mn alloy and HP Al (99.9%) were cast in a permanent
steel mold (PSMC) to produce retangular casting plates. The mechanical properties and the
electrical conductivities of the prepared castings were evaluated. The preliminary

microstructure analyses of the PSMC Al-0.3Mn alloy and HP Al was carried out. printer.
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3.2 2. EXPERIMENTAL PROCEDURE

3.2.1

2.1. Materials and Casting

The Al-0.3Mn alloy with the chemical composition in Table 3.1 was selected for

investigation. High purity (HP) Al (99.9%) was also used for the purpose of

comparison, of which composition is given in Table 3.1. In each casting run, about 1

kg of the alloy melt was prepared in an electric resistance furnace using a graphite

crucible. The melt was held at 750 °C£10 °C for about 20 min, stirred for 10 minute to

homogenize its chemical composition, and then poured into a permanent steel mold to

produce a rectangular casting plate with the dimensions of 150 mm =125 mm x 10

mm.
Table 3.1 Chemical compositions of Al-0.3Mn alloy and high purity (HP) Al
chemical composition (wt%)
Materials | Mn Fe Si Cu Zn C Al Others
Al-0.3Mn | 0.30 | 0.034 | 0.062 | <0.002 | <0.01 | <0.01 | remain None
HP Al - 0.030 | 0.060 - 0.001 | <0.01 | 99.9% 0.13

3.2.2

2.2. Porosity Measurement

Porosity was quantitatively determined by density measurements. Based on the

weight measurement of both the permanent steel mold cast (PSMC) Al-0.3Mn and

PSMC HP Al specimens in air and water, the actual density (Da) of each specimen was

determined using Archimedes principle based on ASTM Standard D3800 [12]
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Dy Wa
Wa—Wy

Da= (Eq 1)

where W, and W, are the weight of the specimen in the air and in the water, respectively,
and Dw the density of water. The porosity of each specimen was calculated by the following
equation. The porosity of each specimen was calculated by the density values through the

following equation (ASTM C948) [13]

t — Dq

% Porosity = [ ] %X 100% (Eq 2)

where D is the theoretical densities of the pure Al, with the density of 2.70 g/cm?® [9], and
the Al-0.3Mn alloy calculated based on the weight percentages of Al (2.70 g/cm?) and Mn

(7.43 g/lcm®), with the density of 2.72 g/cm?.

3.2.3  2.3. Microstructure Analysis

Metallographic samples were cut from the center of cast specimens. The standard
mounting and polishing procedure were applied to the cut metallographic samples
subsequently before the observation. The detailed features of the microstructure were
characterized by a scanning electron microscope (SEM), Hitachi™ Tabletop Microscope
TM3000 (Tokyo, Japan), with a maximum resolution of 30 nm in a backscattered mode/1
um in x-ray diffraction mapping mode, and useful magnification of 10 to 10,000. maximize
composition reading of the energy dispersive spectroscopy (EDS) data. Quantitative
evaluation of specimen microstructures consisted of calculating area fractions of different
phase constituents and porosity. This procedure was completed with ImageJ, a public

domain image processing system [14].
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3.24  Tensile Testing

The mechanical properties of both the PSMC Al-0.3Mn and PSMC HP Al specimens
were evaluated by the tensile testing, which was carried out at ambient temperature on a
MTS Criterion (Model 43) Tensile Test Machine (Eden Prairie, MN, USA) equipped with
a data acquisition system. According to ASTM B557 [15], subsize flat tensile specimens
(0.025 m in gage length, 0.006 m in width, and 0.010 m in as-cast thickness) were
machined from the sectioned coupons. The strain rate during tensile testing was 0.5
mm/min with a sampling rate of 10 Hz. The tensile properties, including 0.2% vyield
strength (YS), ultimate tensile strength (UTS), elongation to failure (ef), and elastic
modulus (E) were obtained based on the average of three tests.

3.25  Measurement of Electrical Conductivity

The electrical conductivity is an important electrical property of the both the
PSMC AI-0.3Mn alloy and PSMC HP Al specimens. The handhold device
SIGMASCOPE with FS40 probe was employed to perform the electrical conductivity
measurements of the the PSMC Al-0.3Mn alloy and PSMC HP Al specimens based
on the phase sensitive eddy current method. This type of signal evaluation enables
non-contact measurement. It also minimizes the influence of surface roughness. The
measuring range of the device is 0.5 - 108% IACS (% International Annealed Copper
Standard), and the accuracy at room temperature is = 0.5% of the measured reading.
The minimum measurable radius of the specimen was 7 mm. The electrical

conductivity data were obtained based on the average of three tests.
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3.3 RESULTS AND DISCUSSION

3.3.1  Microstructure
Figure 3.1 presents SEM micrographs and EDS spectra showing the microstructural
constituents of the permanent steel mod cast (PSMC) Al-0.3% Mn alloy and PSMC HP Al.
The microstructure of the PSMC Al-0.3Mn alloy mainly consisted of not only the primary
a-Al phase (gray) but also the micron Al-Fe-Mn intermetallic phases and nano Al-Mn
imtermetallic phase (white). The observation on the element distribution and phase
morphology in areas A, B and C implied the presence of the primary Al phase as matrix

and the intermetallic phases in the form of precipitates as indicated in Figure 3.1(a)-(d).
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Figure 3.1 SEM micrographs showing microstructure of PSMC Al-0.3Mn alloy, (a)
low and (b) high magnifications, and EDS spectra identifying (c) primary Al phase, (d)

micron Al-Fe-Mn phase, and (e) nano Al-Mn phase.

Also, according to the SEM and EDS analyses, nano Al-Mn particles were identified
besides the micron-sized Al-Fe-Mn phase as can be seen from areas E and D in Figure 3.1
(b). The examination of the SEM micrograph also revealed the presence of porosity (dark
gray), due to the poor feedability of the PSMC Al-0.3Mn alloy.

Figure 3.2 gives SEM micrograph and EDS spectra for the PSMC HP Al. Compare to
that of the PSMC Al-0.3Mn alloy, the microstructure of the PSMC HP Al was comprised
of different phases and porosity. The microstructural constituents were identified by the
EDS spectra given in Figure 3.2 (c) and (d). It was revealed that the primary Al (gray), and
micron Al-Fe and nano Al-Fe intermetallic phases (white) were present in the
microstructure. The porosity was also observed due to the poor castability of the HP All.

To determine the area fractions of the intermetallic phases, ImageJ was used to convert
the SEM micrographs to binary and white images, with the black areas representing the
intermetallic phases (Al-Fe-Mn, Al-Fe and Al-Mn phases) and the white areas representing
primary a-Al. Following conversion, the software automatically calculated area fractions
of black and white areas. Figure 3.3 presents the converted micrographs highlighting the
presence of the intermetallic phases in the observed PSMC Al-0.3Mn alloy and HP Al
represented by the black areas. Figure 3.4 shows the area fractions of the intermetallic
phases. The area fractions of the intermetallic phases in the PSMC Al-0.3Mn alloy and the

PSMC HP Al were measured to be 2.1 and 0.4% , respectively.
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Figure 3.2 SEM micrograph showing microstructure of PSMC HP Al (99.9%), (a) low
(b) high magnifications, and EDS spectra identifying (c) primary Al phase, (d) Al-Fe

intermetallic phase,
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Figure 3.3 Micrographs in binary black and white images showing the contents of

imtermetallics in (a) the PSMC Al-0.3% Mn alloy and (b) the PSMC HP Al
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Figure 3.4 Area Fractions of the PSMC Al-0.3Mn alloy and HP Al (99.9%).

3.3.2  3.2. Porosity Evaluation

Figure 3.5 presents the binary black and white images converted from the SEM
micrographs by ImageJ, showing the porosity contents in the PSMC Al-0.3Mn alloy
and PSMC HP Al. It is worthwhile noting that both the PSMC Al-0.3Mn alloy and the
HP Al were cast in the steel mold with the cross-section thickness of 10 mm, which
suggested they were cooled in a relatively slow rate. Therefore, these two materials
exhibited the large number of gas and shrinkage pores (black area). The porosities of
the PSMC Al-0.3Mn alloy and the PSMC HP Al alloys determined quantitatively from
the density measurements and the imageJ analyses are shown in Figure 3.6. The
porosity of the PSMC AI-0.3Mn alloy was around 2.26% from the density
measurement and 2.12% from the imageJ. The PSMC HP Al had a porosity level of
2.25% from the imageJ, which was similar with that (2.26%) of the PSMC Al-0.3Mn

alloy.
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Figure 3.5 Binary black and white images showing porosity in (a) PSMC Al-0.3Mn

alloy and (b) PSMC HP Al.
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Figure 3.7 Typical engineering stress vs. strain curves of the PSMC Al-0.3Mn alloy

and PSMC HP Al.
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Table 3.2 Tensile properties of the PSMC Al-0.3Mn alloy and PSMC HP Al (99.9%)

at room temperature

Material UTS (MPa) | YS (MPa) e (%) Modulus (GPa)
PSMC Al-0.3Mn Alloy 72.3 20.4 28.9% 66.3
PSMC HP Al 59.2 14.0 37.1% 60.8

3.3.3  Tensile Behavior

Tensile properties

The typical engineering stress—strain curves from tensile testing of the PSMC Al-
0.3Mn alloy and PSMC HP Al with a cross-sectional thickness of 10 mm are shown in
Figure 3.7. Table 3.2 lists the tensile properties of the PSMC Al-0.3Mn alloy and HP Al
As shown in Figure 3.7, the slope of the linear portion of the engineering curve for the
PSMC AI-0.3Mn alloy had a large increasing tendency than that of the PSMC HP Al. The
UTS of the PSMC AIl-0.3Mn alloy and PSMC HP Al were 72.3 MPa and 59.2 MPa,
respectively, which signifies an improvement of 22% over that of the PSMC HP Al for the
as-cast conditions. The yield strength of the PSMC Al-0.3Mn alloy was 20.4 MPa on
average, which was 46% higher than that of the PSMC HP Al (14.0 MPa). However, the
elongation of the PSMC Al-0.3Mn alloy was 28.9%, whereas the elongation of the PSMC
HP Al (99.9%) was 37.1%, which had a decrease of 22% over that of the PSMC HP Al.
Resilience

The ability of a material to absorb energy is referred to as resilience when it is deformed

elastically, and releases that energy upon unloading. The resilience is usually measured by
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the modulus of resilience which is defined as the maximum strain energy absorbed per
unit volume without creating a permanent distortion. It can be calculated by integrating
the stress-strain curve from zero to the elastic limit. In uniaxial tension, the strain

energy per unit volume can be determined by the following equation [4, 16, 17]:

v, =L- (Eq3)
where Uy is the modulus of resilience, YS is the yield strength, and E is the Young's
modulus. The calculated modulus of resilience for PSMC Al-0.3Mn alloy and PSMC HP
Al (99.9%) are given in Table 3.3. In comparison between the PSMC Al-0.3Mn alloy and
PSMC HP Al (99.9%), the modulus of resilience in the PSMC Al-0.3Mn alloy was 3.14
kJ/m? higher than that of the PSMC HP Al (99.9%) (1.61 kJ/m®). As such, the PSMC Al-
0.3Mn alloy was much more capable of resisting energy loads in engineering application
during service, in which no permanent deformation and distortion are allowed.

Toughness

The tensile toughness of a ductile alloy is its ability to absorb energy during static loading
condition, i.e., static deformation with a low strain rate. The ability to bear applied stresses
higher than the yield strength without fracturing is usually required for various engineering
applications. The toughness for ductile alloys can be considered as the total area under the
stress-strain curve for the amount of the total energy per unit volume. To evaluate the

deformation behavior, the energy expended in deforming a ductile alloy per unit volume

given by the area under the stress-strain curve can be approximated by [4, 16]

(YS+UTS)xe
Uy = Ugy + Uy = ——— (Eq4)
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where Ut is the total energy per unit volume required to reach the point of fracture, U is
the energy per unit volume for elastic deformation, Uy is the energy per unit volume for
plastic deformation, and e is the elongation at fracture. Table 3.3 lists the calculated U for
the PSMC Al-0.3Mn alloy and PSMC HP Al (99.9%). The PSMC Al-0.3Mn alloy had a
U value of 13.40 MJ/m3, which was comparable to that (13.58 MJ/m?) of the PSMC HP
Al (99.9%). The total area under the engineering stress and strain curve of the PSMC Al-
0.3Mn alloy was almost the same as that of the PSMC HP Al (99.9%). This was because
the PSMC Al-0.3Mn alloy had the much higher ultimate tensile strength and yield strength,
despite the PSMC HP Al (99.9%) having a very high elongation. Hence, the PSMC Al-
0.3Mn alloy capable of absorbing the energy during deformation was as tough as the PSMC

HP Al (99.9%).

Table 3.3 Tensile toughnesses and resiliences of PSMC Al-0.3Mn alloy and PSMC

HP Al (99.9%) at room temperature

Resilience Toughness
Material
(kI/m?3) (MJ/md)
PSMC Al-0.3Mn Alloy 3.14 13.40
PSMC HP Al 1.61 13.58

Strain Hardening

Figure 3.8 show the true stress vs. strain curves of the PSMC Al-0.3Mn alloy and PSMC
HP Al. The true stress and strain for plastic deformation can be related by the power law
equation:

69



o = K &

(Eq5)

where o is the true stress, &t is the true strain, K is the strength coefficient, and n is the

strain-hardening exponent [17, 18]. The regression analysis indicated that the power

expression agreed well with the tensile data. The numerical values of the derived constants

in Eq (5) with the regression coefficients (R?) are listed in Table 3.4. The high strain-

hardening exponent implied that the PSMC Al-0.3Mn alloy would gain strength more

quickly than the PSMC CP Al during plastic deformation.

To determine the strain-hardening rate (dov/det), Eq (5) was differentiated to obtain:
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Figure 3.10 Electrical conductivities

Figure 3.9 presents the strain-hardening rate versus true plastic strain curve during the

plastic deformation, which was derived from the true stress versus true strain curve (Figure
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3.8). Upon the onset of plastic deformation at a strain of 0.002, the strain-hardening rate of
the PSMC Al-0.3Mn alloy was 3253 MPa, as the PSMC HP Al exhibited a strain-hardening
rate of 2318 MPa. In the early stage of plastic deformation, the strain-hardening rate of
PSMC AIl-0.3Mn alloy was 40% higher than that of the PSMC HP Al. As the strain
increased to 0.008, the strain-hardening rates of the PSMC Al-0.3Mn alloy and HP Al
decreased to 1312 and 1007 MPa, respectively. At a strain of 0.008, the strain-hardening
rate of the PSMC Al-0.3Mn alloy remained higher than that of the PSMC HP Al by 30%.
An observation of the variation of strain-hardening rate versus strain suggested that,
compared to the HP Al, the PSMC Al-0.3Mn alloy could strengthen itself spontaneously
to a large degree upon plastic deformation. The high content of the imtermetallic phases in
the microstructure of the PSMC Al-0.3Mn alloy should be responsible for the high tensile
properties and strain hardening rate. The tensile behavior of the PSMC Al-0.3Mn alloy and

HP Al generally agreed with the microstructural observation.

Table 3.4 Best fit parameters for power equations

Material K (MPa) n R?
PSMC AI-0.3Mn Alloy | 165.17 0.3505 | 0.9962
PSMC HP Al 137.66 0.393 | 0.9988

3.3.4  Electrical Conductivities
The electrical conductivities of both the PSMC Al-0.3Mn alloy and PSMC HP Al
are displayed in Figure 3.10. The electrical conductivity of the PSMC Al-0.3Mn alloy

was 45.6 %IACS, while it was 61.1 %IACS for the PSMC HP Al (99.9%). There was
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a decrease of 25% in the electrical conductivity of the PSMC Al-0.3 Mn alloy compared
to that of the PSMC HP Al. However, the conductivity of 45.6 %IACS was much higher
than those (30 %IACS) of the commercially available Al casting alloys. The microstructure
analyses indicated that the addition of 0.3 wt% Mn was primarily consumed in the
formation of the AI-Mn intermetallic phase. As a result, a limited amount of Mn was
dissolved in the primary Al, which made the Al electron movement almost unaffected in
the Al-Mn solid solution. The minimum requirement of the electrical conductivity for the
EV motor applications is about 48 %IACS [1]. The difference between the 48 and
45.6 %lACS is only 5%. The proper adjustment of the Mn content in Al-Mn solid solution
should boost the electrical conductivity of Al-Mn alloy to meet the industrial specification.
The similar phenomena taking place in the cast Al-Fe alloys [17, 18] and Mn-containing

wrought Al alloys [19] were observed previously.
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3.4 SUMMARY

The results of tensile testing of the PSMC Al-0.3Mn alloy and HP Al showed that
the UTS, Y'S and resilience of the PSMC Al-0.3Mn alloy were 72.3 and 20.4 MPa, and
3.14 kJ/m?3, respectively, which were higher than those (59.2 and 14.0 MPa, and 1.61
kJ/m?) of the PSMC HP Al. The toughness of the PSMC Al-0.3Mn alloy was 13.40
MJ/m3, which was comparable to that (13.58 MJ/m?) of the PSMC HP Al. But, the
elongation of the PSMC Al-0.3Mn alloy was only 28.9%, which was lower than that
(37.1%) of the PSMC HP Al. The difference in tensile behavior between the PSMC
Al-0.3Mn alloy and the HP Al should be attributed to the fact that the relatively large
amount of the micron Al-Fe-Mn and nano Al-Mn intermetallic phases was present in
the PSMC Al-0.3Mn alloy, compared to almost little intermetallic phase in the PSMC
HP Al. The addition of 0.3 wt% Mn affected the electrical conductivity of the PSMC
HP Al, which was only slightly below the industrial specification for the EV motor

application.
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Chapter 4: Section Thickness Effect on Microstructure, Mechanical
and Electrical Properties of Permanent Steel Mold Cast Al-

0.3Mn Alloy

4.1 INTRODUCTION

The demand for battery-powered electric vehicles (BEVSs) rises in the auto market
because of environmental concerns and high fuel price. In general, the BEVs are relatively
heavier than gasoline-powered vehicles (GPVs). The weight reduction in the BEVs
becomes urgent for energy efficiency and extended range. Decreasing the weight of the
electric motors (EMs), as one of the heaviest components in the BEVs, appears to be a
quick solution [1]. Conventionally, copper has been widely used in the EMs due to its high
electrical conductivity [2]. However, as a light metallic element with a density of 2700
kg/m?3, aluminum is 70% lighter than copper (8960 kg/m?), and its melting point of 660 °C
is 423 °C lower than that (1083 °C) of copper. Contrast to copper, aluminum and its alloys
can be easily used to manufacture complex components in the EM with various casting
processes [3]. But, the strengths including the ultimate tensile strength (UTS) and the yield
strength of pure aluminum are very low. Despite that pure aluminum has relatively high
electrical conductivity around 60% IACS, its yield strength is only 10 MPa. To achieve the
desired performance of the Al-containing EMs during operation, a large cooling system
has to be installed in the EMs, which increases their size and weight [4]. To effectively
reduce the EM weight, Al alloys with both high strength and electrical conductivity need
to be developed and implemented for the EM size reduction by eliminating the cooling

system in the EMs. To fabricate Al components in the EM, permanent steel mold casting
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(PSMC) as one of the most cost-effective manufacturing techniques, and widely used in
casting light alloys [5, 6]. Commercially-available cast Al alloys have high strengths but
low electrical conductivities, as the strength and conductivity of metallic materials are
mutually exclusive. It has been pointed out [7, 8] that, in Al alloys, insoluble alloying
elements can achieve higher electrical conductivity than soluble elements in high-strength
alloys. Manganese as a low-cost transition metal has a maximum solubility of about 1.25
in Al at 658 °C [ 9, 10]. As a result, Mn addition enables the development of low-cost Al
alloys with not only high strengths but also high electrical conductivities, which are
required for applications in the EMs.

In the past, the influence of section thickness on mechanical properties of cast Al and
Mg alloys has been reported in the literature [11-15]. Zhang et al. [13] reported that, the
reduction in the section thicknesses of the squeeze cast AM60 alloy from 20 mm to 6 mm
increased the solidification rate from 2.8 °C/s to 11.9 °C/s. The tensile properties of the
alloy were influenced by the section thickness. The significant increases in elongation
(176%), ultimate tensile strength (67%) and yield strength (43%) of the 6 mm alloy over
the 20 mm section were achieved. Sun et al. [14] investigated the effect of section
thicknesses on tensile properties, strain-hardening and fracture behaviors of the die cast
AZ91 with section thicknesses of 2, 6 and 10 mm. The results of tensile testing indicate
that ultimate tensile strength (UTS), yield strength (YS), elongation (es), strain hardening
rate (do/de), as well as resilience (Ur) and toughness (Ux) increase significantly with a

reduction in the section thickness of the alloy. However, studies on section thickness-

79



dependent mechanical properties and electrical properties of Mn-containing Al alloys are
scarce.

This paper presents the microstructure, mechanical properties, and electrical
conductivity of the Al-0.3Mn alloy samples with different section thicknesses of 6, 10 and
20 mm, which were prepared by permanent steel mold casting (PSMC). The
microstructure-property relationship and the mechanism for property improvement were

discussed.
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4.2 EXPERIMENT PROCEDURE

4.2.1  Material and casting
An Al-0.3Mn alloy with the chemical composition listed in Table 4.1 was selected
for investigation. In casting run, about 700 g of the alloy melt in a graphite crucible was
prepared under the protection of nitrogen in an electrical resistance furnace. The melt was
held at 720 °C+10 °C for about 20 min, stirred for 10 minutes to homogenize its chemical
composition, and then poured into a permanent steel mold to produce a step casting with

the different section thicknesses of 6, 10 and 20 mm.

Table 4.1 Chemical composition of Al-0.3Mn alloy

Chemical composition
Mate M Fe Si Cu Zn C Al Ot
rials n hers
Al- 0. 0. 0. <0. <0 <0 re No
0.3Mn 30 034 062 002 01 .01 main ne

4.2.2  Cooling rate determination
As it is quite difficult to precisely place the temperature sensor in the center of each
step inside the permanent steel mold for temperature measurements, the numerical
simulation (Magmasoft®) as a designated casting software was used to simulate the
cooling process of the permanent steel mold casting and determine the cooling rate (CR)
of the sections with different thicknesses. The calculation of the cooling rate was based on

the initial cooling period of the curves predicted by Magamasoft.
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4.2.3 Porosity measurement
Porosity was quantitatively determined by density measurements. Based on the weight
measurement of the permanent steel mold cast (PSMC) Al-0.3Mn at different section
thickness specimens in air and water, the actual density (Da.) of each specimen was

determined using Archimedes principle based on ASTM Standard D3800 [16]

D,= 2w Wa
Wa—Wyw

(Eq1)
where W, and W, are the weight of the specimen in the air and in the water,
respectively, and Dy the density of water. The porosity of each specimen was calculated

by the density values through the following equation (ASTM C948) [17]

% Porosity = [2=22] x 100% (Eq 2)

D¢
where Dt is the theoretical density (2720 kg/m?) of the Al-0.3Mn alloy, which was
calculated based on the weight percentages of pure Al and Mn, with the densities of 2710

and 7430 kg/m?, respectively [6].

4.2.4 Microstructure Analysis

Metallographic specimens were cut from the center of the cast step sample. Standard
mounting and polishing procedures were then applied to the cut metallographic samples
prior to observation. Detailed characteristics of the microstructures were characterized by
a scanning electron microscope (SEM), Hitachi™ Tabletop Microscope TM3000 (Tokyo,
Japan) with a maximum resolution of 30 nm in the backscatter mode / 1 um in the X-ray
diffraction mapping mode, and useful magnifications of 10 to 10,000 to maximize the
composition reading of energy dispersive spectroscopy (EDS) data. Quantitative

assessment of prepared specimen microstructure included calculation of area fraction of
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different phase constituents as well as porosity by using ImagelJ, a public domain image
processing system to identify microstructure characteristics through image contrast [18].
The sizes of the primary a-Al dendrites were determined by the linear intercept method
aided by ImageJ [15].
4.2.5 Tensile Testing

The mechanical properties of both the PSMC AIl-0.3Mn with three different
thicknesses specimens were evaluated by the tensile testing, which was carried out at
ambient temperature on a MTS Criterion (Model 43) tensile test machine (Eden Prairie,
MN, USA) equipped with a data acquisition system. According to ASTM B557 [19],
subsize flat tensile specimens (0.025 m in gage length, 0.006 m in width) were machined
from the PMSC step coupons. The strain rate during tensile testing was 0.5 mm/min with
a sampling rate of 10 Hz. The tensile properties, including 0.2% vyield strength (YS),
ultimate tensile strength (UTS), elongation to failure (ef), and elastic modulus (E) were

obtained based on the average of three tests.

4.2.6 Electrical Conductivity.

The handhold device SIGMASCOPE with FS40 probe was employed for the electrical
conductivity measurements of the PSMC specimens based on the phase sensitive eddy
current method. This type of signal evaluation enables non-contact measurement. It also
minimizes the influence of surface roughness. The measuring range of the device is 0.5 —
108 %IACS (International Annealed Copper Standard), and the accuracy at room

temperature was 0.5% of the measured reading. The minimum measurable radius of the
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specimen was 7 mm. The electrical conductivity data were obtained based on the average

of three tests [20].
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4.3 RESULTS AND DISCUSSION
4.3.1 Solidification

Figure 4.1 illustrates the cooling curves of the PSMC Al-0.3Mn with the section
thicknesses of 6, 10 and 20 mm, which were predicted by the numerical simulation. The
calculated cooling rates are summarized in Table 4.2, which were 2.1, 8.3, and 23.8 °C/s
for the sections of 20, 10 and 6 mm, respectively. Figure 4.2 shows the relationship between
the cooling rate and different section thicknesses. The cooling rate of the thin section (6
mm) was ten times higher than the thick part (20 mm), which could significantly affect the
microstructure development of the alloy including both the primary and secondary phases.
The previous studies on various nonferrous alloys [8, 11-15] revealed the relationship
between the cooling rate and the microstructure development, i.e., the higher the cooling
rate, the finer the microstructure.

800
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300 ' - ' '
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Figure 4.1 Cooling curves of the PSMC Al-0.3Mn alloy with the section thicknesses

of 6, 10 and 20 mm.
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Table 4.2 Cooling rates of the PSMC Al-0.3Mn alloys with the section thicknesses of

6, 10 and 20 mm

Thickness (mm) 20 10 6

Cooling rate (°C/s) 2.1 8.3 23.8
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Figure 4.2 Cooling rate of the PSMC Al-0.3Mn alloy vs. section thicknesses.

Figure 4.3 presents the results of solidification sequences of the PSMC Al-0.3Mn alloy
with the three section thicknesses of 6, 10 and 20 mm, predicted by simulation Magmasoft.
Figure 4.3 (a) through (d) illustrate the PMSC casting solidified by 20%, 40%, 60% and
80%, respectively. It can be clearly seen that the thin section solidified much faster than
the thick part as the temperature in the thin section dropped more rapidly. The last
solidification location ended at the upper center of the 20-mm section. Consequently, as

shown in Figure 4.2, the cooling or solidification rate of the thin section was much higher
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than the thick part, which had a large effect on the microstructure as well as the mechanical

properties of the alloy.

(b)

(¢ (d)

Figure 4.3 Simulation on solidification of the the PSMC Al-0.3Mn alloy with the three

section thicknesses of 6, 10 and 20 mm, a) 20% b) 40% c) 60%, and d) 80% solidified.

4.3.2 Microstructural Constituents and Phase Identification
Figure 4.4 shows the microstructures of the PSMC Al-0.3Mn alloy for the sections of
6, 10, and 20 mm in low magnification. They mainly consisted of not only the primary o-
Al phase (area A, dark grey), but also the nano Al-Mn imtermetallic phase (area B, light
white), and micron Al-Fe-Mn intermetallic phases (area C, light grey). The SEM analysis
at high magnification evidently revealed the presence of the nano-sized phase as shown in

Figure 4.5. The results of the EDS analysis are shown in Figure 4.6, and the elements
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analysis in atomic percentages are listed in Table 4.3. The micron Al-Mn-Fe phase and
nano Al-Mn phase were found in the form of fine particles distributing inside and
surrounding the boundaries of the primary a-Al grains. The observation on the element
distribution and phase morphology in areas A, B and C implied the presence of the primary
Al phase as matrix and the intermetallic phases in the form of precipitates as indicated in

Figure 4.4(a)-(c).

(b)
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Figure 4.4 SEM micrographs showing microstructures of the PSMC Al-0.3Mn alloy

with the section thicknesses of (a) 6, (b) 10, and (c) 20 mm, respectively.

Figure 4.5 Enlarged SEM micrograph showing the presence of the nano eutectic Al-

Mn phase in the section of 10 mm, respectively.
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Figure 4.6 EDS spectra (a), (b), and (c) for the areas containing the primary a-Al
phase (area A, dark grey), the nano Al-Mn imtermetallic phase (area B, light white), and

micron Al-Fe-Mn intermetallic phases (area C, light grey), as shown in Figure 4.6(b),
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Table 4.3 Elements in analyzed phase shown in Figures 4.4 and 4.5.

Element Section thickness (mm)
Phase
(Wt%o) 6 10 20
Al 99.86 99.89 99.93
o-Al
Mn 0.14 0.11 0.07
Al 98.75 98.76 98.90
Nano Al-Mn
Mn 1.25 1.24 1.10
Al 96.46 96.58 95.59
Micron Al-Mn-Fe Mn 0.30 041 0.89
Fe 3.24 3.00 3.51

To determine the area fraction of the intermetallic phases, ImageJ was employed to
convert SEM micrographs to binary black and white images. the eutectic Al phase was
displayed by black areas, while white areas represented the primary a-Al phase in the
binary images. Figure 4.7 shows the converted micrographs highlighting the presence of
the intermetallics in the observed alloy represented by the black areas. As shown in Figure
4.8, the area fraction of the intermetallics varied with the section thicknesses. The area
fractions of the Al-Mn-Fe and Al-Mn intermetallic phases in the PSMC Al-0.3Mn alloys
were 3.1%, 2.1%, and 0.8% for the sections of 6, 10 and 20 mm, respectively. Compared
to the low content of the intermetallic phase in the thick section, the high content of the

intermetallic phases in the section of 6 mm arose from the high cooling rate. Furthermore,
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the rapid solidification resulted in the presence of the nano eutectic Al-Fe phase more
extensive in the 6-mm section than those in the 10-mm and 20-mm sections, as shown in
Figure 4.9. However, the detection of the relatively high Mn (0.89 at%) content in the Al-
Mn-Fe phase and low Mn level (0.07 at%) in the primary a-Al grain of the 20-mm section
implied that the slow cooling promoted the migration of Mn from the primary phase to the
micron Al-Mn-Fe phase during solidification. As a result, the relatively large Al-Mn-Fe
particles were formed in the 20-mm sample. The previous studies [21, 22] showed the

similar cooling effect on the microstructure of Al alloys.
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Figure 4.7 Binary black and white images showing the eutectic content in the PSMC

Al-0.3Mn alloy with the section thicknesses of (a) 6, (b) 10, and (c) 20 mm, respectively.
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Figure 4.8 Area fractions of the imtermetallic phases in the PSMC Al-0.3Mn alloy

vs. section thickness.

4.3.3 Dendrite size

Figure 4.9 shows optical micrographs taken from the PSMC Al-0.3Mn alloys with the
section thicknesses of 6, 10 and 20 mm, respectively. The average sizes of the primary -
Al dendrites were 29, 65, and 106 pm for the sections of 6, 10, and 20 mm, respectively,
which are revealed in Figure 4.10. It is worth noting that the primary dendrite size was
reduced by three times, as the section thickness decreased from 106 to 29 um. This should
be attributed to the fact that the large amount of thermal energy present in the thick section
of liquid alloy required extra time for removal during solidification, as the thermal
conductivity and mold temperature were the same for all the sections. It took relatively
long time for the thick section to be solidified at the solidification temperature (around 660
°C) as illustrated in Figures 4.2 and 4.3. The long solidification time enabled the dendrites
to grow and develop a coarse structure (Figure 4.9(c) ). In other words, the thin section in
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the same mold experienced a rapid cooling rate and resulted in a fine dendritic structure as

illustrated in Figure 4.9(a).

(b)
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Figure 4.9 Optical micrographs revealing the primary a-Al dendrites in the PSMC

Al-0.3Mn alloy with the section thicknesses of 6, 10, and 20 mm, respectively.
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Figure 4.10 Average primary dendrite size in the PSMC Al-0.3Mn alloy with the

section thicknesses of 6, 10 and 20 mm.
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4.3.4 Porosity evaluation

Figure 4.11 presents the binary black and white images converted from SEM
micrographs (Figure 4.4) showing the porosity in the different sections of the PSMC Al-
0.3Mn alloy. Despite the presence of very few and small pores in the 6 mm specimens as
shown in Figure 4.11(a), a number of large pores were evidently present in both the 10 mm
and 20 mm specimens as illustrated in Figures 4.10(b) and (c), respectively. Figure 4.12
depicts the porosity contents of the alloy varying with the section thickness. The image
analyses indicated that the sections with the thicknesses of 6, 10 and 20 mm had the
porosity levels of 1.09%, 2.20% and 2.40%, respectively. Meanwhile, the porosity contents
determined by Archimedes principle were 1.25%, 2.26% and 2.58% for the sections of 6,
10 and 20 mm, respectively. The porosity measurements with Archimedes principle were
consistent with the image analyses. The porosity level rose with increasing the section
thickness. The high porosity levels in the thick sections of 10 and 20 mm should be resulted
from the slow solidification. The rapid cooling in the thin section reduced the solute
segregation and porosity formation, which led to the low porosity content. Also, there was

a reduction in the size of the entrapped pores.
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Figure 4.11 Binary black and white images showing porosity in the PSMC Al-0.3Mn

alloy with the section thicknesses of (a) 6, (b) 10 and (c) 20 mm, respectively.
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Figure 4.12 Porosity contents vs. section thicknesses.
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4.3.5

Figure 4.13 shows representative engineering stress and strain curves for the three
sections of the PSMC Al-0.3Mn alloy. For all the three sections, the curves show that the
alloy deformed elastically first under tensile loading. After reaching the yield point, the
alloy started to deform plastically. As shown in Figure 4.13, the slope of the linear portion

of the engineering curve for the 6-mm thick specimen had a large increasing tendency than

Tensile Properties

that of the 20-mm counterpart.

100

40

Engineering Stress (MPa)

20

10 ¢

0

0.00

Figure 4.13 Representative engineering stress vs. strain curves of PSMC Al-0.3Mn

alloy with different section thickness of 6, 10, and 20 mm, respectively.

Table 4.4 lists the tensile properties of these three different sections including the UTS,
YS, er, and E, which were extracted from the curves in Figure 4.13. The measured tensile
properties were influenced by the section thickness. The UTS, YS, and E increased to 88.9
MPa, 38.7 MPa and 69.9 GPa from 59.2 MPa, 12.4 MPa, and 59.6 GPa, corresponding to

the increases of 50.2%, 212.1% and 17.3%, respectively, as the section thickness of the
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PSMC Al-0.3Mn decreased to 6 mm from 20 mm. However, the ef of the PSMC Al-0.3Mn
alloy was slightly reduced from 30.8% to 28.6 by only 7.1%, with decreasing the section
thickness from 20 to 6 mm. Overall, the thin section generated much higher tensile and

yield strengths and moduli than those of the thick section.

Table 4.4 Tensile properties of the PSMC Al-0.3Mn alloy with the section

thicknesses of 6, 10 and 20 mm at room temperature.

Section UTS YS Modulus
er (%)
Thickness (mm) | (MPa) (MPa) (GPa)
6 88.9 38.7 28.6% 69.9
10 72.3 20.4 28.9% 66.3
20 59.2 12.4 30.8% 59.6

4.3.6 Deformation and Strain Hardening
Resilience
The ability of a material to absorb energy is referred to as resilience when it is deformed
elastically, and releases that energy upon unloading. The resilience is usually measured by
the modulus of resilience which is defined as the maximum strain energy absorbed per unit
volume without creating a permanent distortion. It can be calculated by integrating the
stress-strain curve from zero to the elastic limit [5, 23]. In uniaxial tension, the strain energy

per unit volume can be determined by the following equation:

YS)?2
UT=(2E)

(Eq 3)
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where Uy is the modulus of resilience, YS is the yield strength, and E is the Young's or
elastic modulus. The calculated modulus of resilience for the PSMC Al-0.3Mn alloy with
three different section thicknesses given in Table 4.5. The comparison of the 6 mm and 20
mm sections indicated that the modulus of resilience for the 6 mm was 10.7 kJ/m® much
higher than that of the 20 mm (1.3 kJ/m?®). This implies that PSMC AI-0.3Mn alloy with
the 6 mm section was much more capable of resisting energy loads in engineering
application during service, in which no permanent deformation and distortion were
allowed. This was because the 6 mm alloy had a much high YS compared to those of the
10-mm and 20-mm samples.
Toughness

The tensile toughness of a ductile alloy is its ability to absorb energy during static
loading condition, i.e., static deformation with a low strain rate. The ability to bear applied
stresses higher than the yield strength without fracturing is usually required for various
engineering applications. The toughness for ductile alloys can be considered as the total
area under the stress-strain curve for the amount of the total energy per unit volume. To
evaluate the deformation behavior, the energy expended in deforming a ductile alloy per

unit volume given by the area under the stress-strain curve can be approximated by

(YS+UTS)xe
Uy = Ug + Upy = ——— (Eq4)

where Ut is the total energy per unit volume required to reach the point of fracture, Uy
is the energy per unit volume for elastic deformation, Ue is the energy per unit volume for

plastic deformation and er is the elongation at fracture [5, 24]. Table 4.5 lists the calculated
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Ut for the PSMC Al-0.3Mn alloy with the different section thicknesses. The PSMC Al-
0.3Mn alloy with the 6-mm section had a U; value of 18.3 MJ/m?, which was 66.4% higher
than that (11.0 MJ/mq) of the 20 mm sample and 36.6% higher than that (13.4 MJ/m?®) of
the 10 mm section, suggesting that the 2 mm alloy was much tougher than the 10 and 20
mm counterparts. The obtained tensile toughnesses resulted from the fact that the PSMC
Al-0.3%Mn alloy with the 6 mm section had the high ultimate tensile strength and yield
strength, and a comparable elongation. As a result, the total area under the engineering

stress and strain curve was greater for the 6 mm specimen.

Table 4.5 Tensile toughnesses and resiliences of PSMC Al-0.3Mn alloy at room

temperature
Section Thickness Resilience Toughness
(mm) (kJ/m3) (MJ/m3)
6 10.7 18.3
10 3.1 13.4
20 1.3 11.0

Strain Hardening
To understand the tensile deformation behavior, the true stress and strain were
calculated from the engineering stress and strain by:

o, = o (1+¢) (Eq 5)

& =1In(1+¢) (Eq 6)
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where o is the engineering stress, € is the engineering strain, ot is the true stress and &t
is the true strain [25]. Figure 4.14 shows the representative true stress and strain curves of
the PSMC AI-0.3Mn alloy with the three section thicknesses. Under tensile loading, the
tensile specimens deformed elastically first. Once the yield points reached, plastic
deformation of the alloy set in. However, the fracture of the 6 mm alloy occurred at a much
higher stress and strain than those of the 10 and 20-mm thick specimens.

The true stress and strain for plastic deformation can be related by the power law
equation:

o =Kel! (Eq 7)

where K is the strength coefficient and n is the strain-hardening exponent [24]. The
regression analysis indicated that the power expression agreed well with the tensile data.
The numerical values of the derived constants in Eq (7) with the regression coefficients
(R?) are listed in Table 4.6. The high strain-hardening exponent for the PSMC AI-0.3Mn
alloy implied that the 6-mm thick specimen would gain strength more quickly than the 20-

mm specimen counterpart during deformation.

Table 4.6 Best fit parameters for power equations

Section Thickness K
n R?
(mm) (MPa)
6 137.35 0.222 0.996
10 165.17 0.3503 1.000
20 189.69 0.4927 0.995
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Figure 4.14 Representative true stress vs. strain curves of the PSMC Al-0.3Mn alloy

with the three section thicknesses of 6, 10, and 20 mm.

To determine the strain-hardening rate (dot/det), Eq (7) was differentiated to obtain:
29t _ K p el (Eq 8)

Figure 4.15 presents the strain-hardening rate versus true plastic strain curve during
the plastic deformation, which was derived from the true stress versus true strain curve
(Figure 4.13). Upon the onset of plastic deformation at a strain of 0.002, the strain-
hardening rate of the 6 mm specimen was 3826 MPa, as the 20-mm specimen exhibited a
strain-hardening rate of only 2180 MPa. As shown in Figure 4.12, in the early stage of
plastic deformation, the strain-hardening rate of the 2 mm-thick PSMC Al-0.3Mn alloy
was 75.5% higher than that of the 20-mm specimen. This observation of the variation of
strain-hardening rate versus strain suggested that, compared to the 10 mm and 20 mm thick
sections, the PSMC AIl-0.3Mn with the thin section (6 mm) could strengthen itself

spontaneously to a large extent, in response to the initial plastic deformation.
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Figure 4.15 Strain hardening rates vs. true strain for plastic deformation of the PSMC

Al-0.3Mn alloy with the three section thicknesses of 6, 10 and 20 mm.
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4.4 ELECTRICAL CONDUCTIVITIES

Figure 4.16 shows the electrical conductivities of the PSMC Al-0.3Mn alloy with the
different section thicknesses. It can be seen from Figure 4.15 that the electrical
conductivities for the 6, 10 and 20-mm sections were 45.77, 45.57 and 45.36 %IACS,
respectively. There was a decrease of 0.4 %IACS and 0.5 %IACS in the electrical
conductivity, as the section thickness of the alloy increased from 6 mm to 10 and 20 mm,
respectively. The observation on the variation of the electrical conductivities suggested that
the Mn addition of 0.3 wt% had an insignificant effect on the electrical conductivity of the
alloy, even when the as-cast section thickness changed considerably. The little change of
the electrical conductivity should be attributed to the fact that the very similar phase
constituents (micron Al-Mn-Fe phase and nano Al-Mn intermetallics) and morphology
were present in the three sections of 6, 10, and 20 mm. The intermetallic contents, varying
porosity levels and primary dendrite size might be responsible for the conductivity

variation in the different sections of the alloy [20].
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Figure 4.16 Electrical conductivities vs. Section Thickness.
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4.5 CONCLUSIONS

The effect of the section thicknesses on microstructure, mechanical and electrical
properties of the Al-0.3Mn alloy prepared by the permanent steel mold casting was studied.
The conclusions drawn from this research were given below.

(1) The numerical simulation predicted that the cooling rates of the PSMC Al-0.3Mn
alloy increased from 2.1 °C/s to 23.8 °C/s with decreasing the section thicknesses
from 20 mm to 6 mm, which implied fine microstructure in the thin section.

(2) The microstructures of the PSMC Al-0.3Mn alloy consisted of the primary a-Al
dendrites, and micron Al-Mn-Fe and nano Al-Mn intermetallic phases. The average
sizes of the primary a-Al dendrites were 29, 65, and 106 pum for the sections of 6,
10 and 20 mm, respectively. The area fractions of the Al-Mn-Fe and Al-Mn
intermetallic phases in the PSMC Al-0.3Mn alloys were 3.1%, 2.1%, and 0.8% for
the sections of 6, 10 and 20 mm, respectively. The reduction in the section thickness
decreased the dendrite size, but increased the fraction of the micron Al-Mn-Fe and
nano Al-Mn intermetallic phases, since the high cooling rate was present in the thin
section.

(3) The porosity content rose from around 1% to about 2.58%, as the section thickness
increased from 6 to 20 mm, respectively. The high porosity levels in the thick
section should be resulted from the slow cooling.

(4) The measured tensile properties of the alloy were influenced by the section
thickness. The UTS, YS, and E of the alloy increased to 88.9 MPa, 38.7 MPa, and

69.9 GPa from 59.2 MPa, 12.4 MPa, and 59.6 GPa, respectively, but er decreased
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slightly to 28.6% from 30.8%, as the section thickness of the PSMC Al-0.3Mn
decreased to 6 from 20 mm.

(5) The analyses of the deformation behavior indicated that the toughness, resilience,
and strain hardening rate, increased significantly with a reduction in the section
thickness of the alloy, implying the thin section could absorb high energy and
strengthen itself spontaneously to a large extent during deformation.

(6) The electrical conductivities for the 6, 10 and 20-mm sections were 45.77, 45.57
and 45.36 %IACS, respectively. The section thicknesses had a limited effect on the

electrical conductivity of the alloy with varying the section thickness.
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Chapter 5: Conclusions

The conclusions drawn from this study can be classified into three categories based on
eight research objectives:
l. Difference between Permanent steel mold cast (PSMC) Al-0.3Mn Alloy
and high-purity (HP) Al (99.9%) in mechanical and electrical properties

1. The results of tensile testing of the PSMC Al-0.3Mn alloy and HP Al showed
that the UTS, YS and resilience of the PSMC Al-0.3Mn alloy were 72.3 and
20.4 MPa, and 3.14 kJ/m?, respectively, which were higher than those (59.2 and
14.0 MPa, and 1.61 kJ/m®) of the PSMC HP Al

2. The toughness of the PSMC Al-0.3Mn alloy was 13.40 MJ/m?, which was
comparable to that (13.58 MJ/m?) of the PSMC HP Al.

3. But, the elongation of the PSMC Al-0.3Mn alloy was only 28.9%, which was
lower than that (37.1%) of the PSMC HP Al. The difference in tensile behavior
between the PSMC Al-0.3Mn alloy and the HP Al should be attributed to the
fact that the relatively large amount of the micron Al-Fe-Mn and nano Al-Mn
intermetallic phases was present in the PSMC Al-0.3Mn alloy, compared to
almost little intermetallic phase in the PSMC HP All.

4. The addition of 0.3 wt% Mn affected the electrical conductivity of the PSMC
HP Al, which was only slightly below the industrial specification for the EV

motor application.
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. Effect of section thicknesses on microstructure, mechanical and electrical
properties PSMC Al-0.3Mn Alloy

1. The numerical simulation predicted that the cooling rates of the PSMC Al-

0.3Mn alloy increased from 2.1 °C/s to 23.8 °C/s with decreasing the section

thicknesses from 20 mm to 6 mm, which implied fine microstructure in the thin

section.

2. The microstructures of the PSMC Al-0.3Mn alloy consisted of the primary a-
Al dendrites, and micron Al-Mn-Fe and nano Al-Mn intermetallic phases. The
average sizes of the primary a-Al dendrites were 29, 65, and 106 um for the
sections of 6, 10 and 20 mm, respectively. The area fractions of the Al-Mn-Fe
and Al-Mn intermetallic phases in the PSMC Al-0.3Mn alloys were 3.1%, 2.1%,
and 0.8% for the sections of 6, 10 and 20 mm, respectively. The reduction in
the section thickness decreased the dendrite size, but increased the fraction of
the micron Al-Mn-Fe and nano Al-Mn intermetallic phases, since the high

cooling rate was present in the thin section.

3. The porosity content rose from around 1% to about 2.58%, as the section
thickness increased from 6 to 20 mm, respectively. The high porosity levels in

the thick section should be resulted from the slow cooling.

4. The measured tensile properties of the alloy were influenced by the section
thickness. The UTS, YS, and E of the alloy increased to 88.9 MPa, 38.7 MPa,

and 69.9 GPa from 59.2 MPa, 12.4 MPa, and 59.6 GPa, respectively, but er
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decreased slightly to 28.6% from 30.8%, as the section thickness of the PSMC

Al-0.3Mn decreased to 6 from 20 mm.

. The analyses of the deformation behavior indicated that the toughness,
resilience, and strain hardening rate, increased significantly with a reduction in
the section thickness of the alloy, implying the thin section could absorb high

energy and strengthen itself spontaneously to a large extent during deformation.

. The electrical conductivities for the 6, 10 and 20-mm sections were 45.8, 45.6

and 45.4 %IACS, respectively. The section thicknesses had a limited effect on

the electrical conductivity of the alloy with varying the section thickness.
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Chapter 6: Future Work

The following are the suggestions for the future work.
Study the effect of different section thicknesses of squeeze cast Al-0.3Mn alloy
on microstructure, mechanical and electrical properties, and fracture behavior;
Investigate the effect of different pressures applied in squeeze cast on
microstructure, mechanical and electrical properties, and fracture behavior of Al-
0.3Mn alloy;
Investigate the effect of different Mn contents in terms of weight percentages on
microstructure, mechanical and electrical properties, and fracture behavior of Al
alloys;
Investigate the potential of other low solubility alloying elements in aluminum
alloys (Ni, Sr, and Ca), which could be used for motor application in electric
vehicle to reach high electrical conductivity and strengths.
Study the effects of heat treatment and local Cu chill cooling on mechanical and

electrical properties of the Al-0.3Mn alloy.
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