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Abstract - An Al alloy containing 0.3 wt% Mn (Al-0.3Mn) for potential applications in electric vehicles (EV) was prepared by
permanent steel mold casting (PSMC) along with high purity (HP) Al (99.9%). The microstructure of the as-cast Al-0.3Mn alloy was
analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The microstructure analyses revealed that
the Al-0.3Mn alloy consisted of primary Al phase, micron-sized Al-Fe-Mn intermetallic phase, and nano-sized Al-Mn intermetallic
phase. The tensile properties including ultimate tensile strength (UTS), yield strength (YS) and elongation (er) were evaluated by
tensile testing. The phase sensitive eddy current method was employed to measure the electrical conductivity. The addition of 0.3 wt%
Mn increased both the UTS and YS of the cast HP Al significantly to 72.3 and 20.4 MPa from 59.2 and 14.0 MPa. The evaluation of
tensile behaviors indicated that the Mn addition significantly improved the resilience and strain hardening rate of the PSMC HP Al,
although the toughness of the PSMC Al-0.3Mn was comparable to that of PSMC HP Al. However, the er and electrical conductivity of
the cast alloy decreased to 28.9% and 45.6 %IACS from 37.1% and 61.1 %IACS. The difference in tensile behaviors and electrical
conductivities between the PSMC Al-0.3Mn alloy and the PSMC HP Al should be attribute to the emergence of a large amount (2.1%)
of the micron Al-Fe-Mn and nano Al-Mn intermetallic phases in the PSMC Al-0.3Mn alloy, compared to only 0.4% of Al-Fe
intermetallics in the PSMC HP Al

Keywords: nano intermetallic phases, Al-Mn alloys, microstructure, tensile behavior, electrical conductivity, electric
motor, electric vehicle, permanent mold casting.

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
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
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 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
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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.

2. Experimental Procedure
2.1. Materials and Casting

The Al-0.3Mn alloy with the chemical composition in Table 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 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 x 125 mm x 10 mm.

Table 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 | 030 | 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

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 (D.) of each
specimen was determined using Archimedes principle based on ASTM Standard D3800 [12]

D= (Eq )

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 following equation. The porosity of each specimen was calculated by the
density values through the following equation (ASTM C948) [13]

% 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/cm?®), with the density of 2.72 g/cm?.

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 ImagelJ, a public domain image processing system [14].
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2.4. 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% yield strength (YS), ultimate tensile strength (UTS), elongation to failure (ef), and elastic
modulus (E) were obtained based on the average of three tests.

2.5. Measurement of Electrical Conductivity

The electrical conductivity is an important electrical property of the both the PSMC Al-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.

3. Results and Discussion
3.1. Microstructure

Figure 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 « -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 1(a)-(d).
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Fig. 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.
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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 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 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 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 Al.

To determine the area fractions of the intermetallic phases, Image] 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 « -Al. Following conversion, the software automatically calculated area fractions
of black and white areas. Figure 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 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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Fig. 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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Fig. 3: Micrographs in binary black and white images showing the contents of Al-0.3Mn alloy and CP Al (99.9%).

imtermetallics in (a) the PSMC Al-0.3% Mn alloy and (b) the PSMC HP Al
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3.2. Porosity Evaluation

Figure 5 presents the binary black and white images converted from the SEM micrographs by ImagelJ, 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 6. The porosity of the
PSMC Al-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 imagelJ, which was similar with that (2.26%) of the PSMC Al-0.3Mn alloy.

- » s
; o R Ko, o~ o
AL ) 20 ym N ) . 20pm
(a) (b)

Fig. 5: Binary black and white images showing porosity in (a) PSMC Al-0.3Mn alloy and (b) PSMC HP Al.
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Fig. 6: Porosity contents of the PSMC Al-0.3Mn Fig. 7: Typical engineering stress vs. strain curves of the
alloy and HP Al (99.9%). PSMC Al-0.3Mn alloy and PSMC HP Al.

Table 2. Tensile properties of the PSMC Al-0.3Mn alloy and PSMC HP Al (99.9%) at room temperature

Material UTS (MPa) YS (MPa) er (%) Modulus (GPa)
PSMC Al-0.3Mn Alloy 72.3 204 28.9% 66.3
PSMC HP Al 59.2 14.0 37.1% 60.8

3.3. Tensile Behavior
3.3.1. 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 7. Table 2 lists the tensile properties of the PSMC Al-
0.3Mn alloy and HP Al. As shown in Figure 7, the slope of the linear portion of the engineering curve for the PSMC
Al-0.3Mn alloy had a large increasing tendency than that of the PSMC HP Al. The UTS of the PSMC Al-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.
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3.3.2. 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. In uniaxial tension, the strain energy per unit volume can be determined by
the following equation [4, 16, 17]:

¥s)2
v, =& (Eq3)

2E
where U; 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. 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.
3.3.3. 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
Up = Uy + Uy :f{ (Eq4)

where Ui is the total energy per unit volume required to reach the point of fracture, U is the energy per unit volume for
elastic deformation, U, is the energy per unit volume for plastic deformation, and er is the elongation at fracture. Table 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/m?, 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. Tensile toughnesses and resiliences of PSMC Al-0.3Mn alloy and PSMC HP Al (99.9%) at room temperature

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

3.3.4. Strain Hardening
Figure 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:

o =K¢gf (Eq 5)

where 0 ¢ is the true stress, ¢ (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 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 (d 0 /d ¢ ), Eq (5) was differentiated to obtain:

do,/de = Knegl? (Eq 6)
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Figure 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 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 Al-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 4. Best fit parameters for power equations

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

3.4. Electrical Conductivities

The electrical conductivities of both the PSMC Al-0.3Mn alloy and PSMC HP Al are displayed in Figure 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 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 Al-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 %IACS 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.
4. Summary

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. 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. 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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