
metals

Article

Improved Compressive, Damping and Coefficient of
Thermal Expansion Response of Mg–3Al–2.5La Alloy
Using Y2O3 Nano Reinforcement

Amit Kumar 1, Khin Sandar Tun 1, Amit Devendra Kohadkar 2 and Manoj Gupta 1,*
1 Department of Mechanical Engineering, National University of Singapore, 9 Engineering Drive 1,

Singapore 117576, Singapore; amittonk@gmail.com (A.K.); mpekhst@nus.edu.sg (K.S.T.)
2 Department of Mechanical engineering, Visvesvaraya National Institute of Technology,

South Ambazari Road, Nagpur 440010, India; amitkohadkar@gmail.com
* Correspondence: mpegm@nus.edu.sg; Tel.: +65-6516-6358

Academic Editor: Daolun Chen
Received: 6 March 2017; Accepted: 14 March 2017; Published: 21 March 2017

Abstract: In the present study, the effects of the addition of Y2O3 nanoparticles on Mg–3Al–2.5La
alloy were investigated. Materials were synthesized using a disintegrated melt deposition
technique followed by hot extrusion. The samples were then characterized for microstructure,
compression properties, damping properties, CTE (coefficient of thermal expansion) and fracture
morphology. The grain size of Mg–3Al–2.5La was significantly reduced by the addition of the Y2O3

nano-sized reinforcement (~3.6 µm, 43% of Mg–3Al–2.5La grain size). SEM and X-ray studies revealed
that the size of uniformly distributed intermetallic phases, Al11La3, Al2La, and Al2.12La0.88 reduced by
the addition of Y2O3 to Mg–3Al–2.5La alloy. The coefficient of thermal expansion (CTE) was slightly
improved by the addition of nanoparticles. The results of the damping measurement revealed that the
damping capacity of the Mg–3Al–2.5La alloy increased due to the presence of Y2O3. The compression
results showed that the addition of Y2O3 to Mg–3Al–2.5La improved the compressive yield strength
(from ~141 MPa to ~156 MPa) and the ultimate compressive strength (from ~456 MPa to ~520 MPa),
which are superior than those of the Mg–3Al alloy (Compressive Yield Strength, CYS ~154 MPa
and Ultimate Compressive Strength, UCS ~481 MPa). The results further revealed that there is no
significant effect on the fracture strain value of Mg–3Al–2.5La due to the addition of Y2O3.

Keywords: Mg–Al–RE alloy; magnesium alloy; damping; Al11La3 phase; nanosize reinforcement;
mechanical properties

1. Introduction

Mg–Al-based alloys are considered important lightweight alloys due to their low density,
high strength, and stiffness with good casting and processing ability. Although Mg–Al alloys exhibit a
superior combination of mechanical properties, they are not suitable for application in automobile
engine components due to their poor creep resistance [1,2]. It is well reported that poor creep properties
in Mg–Al alloys are due to the formation of the β-eutectic phase (Mg17Al12), which is unstable at high
temperatures [3]. To improve the creep properties of Mg–Al, rare earth metals (RE) were used as
alloying elements, as they can suppress the formation of the β-phase. In addition, RE also improved the
grain refinement and strength while retaining the ductility, creep resistance, corrosion resistance and
fatigue strength [4–7]. The addition of lanthanum (La) to Mg–4Al exhibited a good strengthening effect
due to its precipitation hardening and grain refinement effects [3]. In our recent study on Mg–3Al–xLa
(x = 1%, 2.5% and 4%), it was observed that the addition of La to Mg–3Al led to the consumption
of most of the Al for the formation of Al11La3, Al2La, and Al2.12La0.88 intermetallic phases and
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suppressed the formation of the Mg17Al12 phase [8]. Among all the compositions, the Mg–3Al–2.5La
alloy exhibited the best tensile properties; Tensile Yield Strength, TYS ~160 MPa, Ultimate Tensile
Strength, UTS ~249 MPa and fracture strain ~22%. However, the addition of La in Mg–3Al alloy
caused a gradual decrease in the compressive strength and elongation [8].

On the other hand, nano-sized reinforcement (thermally stable ceramics such as Al2O3,
ZrO2, Y2O3) used in magnesium-based nanocomposites has already shown potential improvement
in the mechanical properties and ductility without any significant increase in the density [9–13].
Many types of advanced metal matrix nanocomposites are now easily available, and they exhibit
functional properties. Recently, a few particle-reinforced, self-lubricating and self-healing metal
matrix nanocomposites were synthesized using solidification techniques [14–16]. Hassan et al. [17]
showed that the addition of nano-sized yttrium oxide (Y2O3) particulates as a reinforcement in
magnesium, synthesized by the disintegrated melt deposition (DMD) technique, enhanced the
mechanical properties of the magnesium matrix. This work concluded that the addition of 1.9% Y2O3

by weight exhibits the best mechanical properties compared to 0.6% and 3.1% Y2O3 [17].
The present work addresses the further enhancement of the compression and damping response

of Mg–3Al–2.5La alloy using Y2O3 nano particulates as a reinforcement. Mg–3Al–2.5La alloy,
containing 1.9% Y2O3 by weight as reinforcement, is synthesized along with pure Mg, Mg–3Al
and Mg–3Al–2.5La alloys, using the Disintegrated Melt Deposition (DMD) technique followed by
hot extrusion. A detailed view of the effect of the Y2O3 addition on the microstructure, Coefficient of
Thermal Expansion (CTE), compression and damping properties of Mg–3Al–2.5La is provided.

2. Materials and Characterizations

2.1. Materials

Magnesium turnings (99.9% purity) supplied by Acros Organics (Geel, Belgium) were used as the base
material. Aluminium powder (99% purity) of size ~7–15 µm supplied by Alfa Aesar (Haverhill, MA, USA)
and Mg–30%La master alloy supplied by Sunreiler Metal Co. Limited (Beijing, China) were used as alloying
elements. Yttrium oxide (99.995% purity) of size 20–40 nm supplied by US Research Nanomaterials
(Houston, TX, USA) was used as reinforcement in this study.

2.2. Processing

Four different compositions, pure Mg, Mg–3%Al, Mg–3%Al–2.5%La and Mg–3%Al–2.5%La–
1.9%Y2O3 by weight were synthesized using disintegrated melt deposition technique [18]. Pure Mg
turnings, Al powder, Y2O3 powder and Mg–30%La master alloy were placed in a multilayered
sandwich fashion in a graphite crucible and superheated to 750 ◦C under an argon gas atmosphere
using electrical resistance furnace (Dakin Engineering Pte Ltd., Singapore). For uniform distribution of
reinforcement particulates within the alloy matrix, the superheated slurry was then stirred at 450 rpm
for 5 min using a stainless steel impeller (Starlight Tool Precision Engineering, Singapore) with twin
blade (pitch 45◦). Stainless steel stirrer was used to avoid any iron contamination of the molten metal.
After stirring, the molten melt was down poured through a nozzle of 10 mm diameter at the bottom of
the crucible to the mould under the influence of gravity. Before entering the mold, the molten metal
was disintegrated by two jets of argon gas, oriented normal to the melt stream. The flow of argon was
maintained at 25 L/min [17]. An ingot of 40 mm diameter was then obtained. For synthesizing other
compositions similar steps were followed. As cast ingot was later machined to 36 mm diameter and
45 mm length for the secondary processing.

Secondary processing involved the soaking of ingot at 400 ◦C for 1 h in a constant temperature
furnace (Elite Thermal Systems Ltd., Market Harborough, Leicestershire, UK). Using a 150-ton
hydraulic extrusion press, hot extrusion was carried out at 350 ◦C die temperature with an extrusion
ratio of 20.25:1 to obtain rods of 8 mm diameter. Extruded rods were further used to prepare samples
for different characterization studies.
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2.3. Characterizations

2.3.1. Microstructural Characterization

The microstructure was characterized using an optical microscope (Olympus Corporation,
Shinjuku, Tokyo, Japan) on polished and etched samples (etchant: 4.2 gm picric acid, 10 mL acetic acid,
70 mL ethanol and 10 mL distilled water). The grain size was measured on the longitudinal section of
samples, with the help of Scion image analysis software (beta 4.0.2, Frederick, MD, USA, 2000).
To observe intermetallic phase formation and distribution, scanning electron microscopes JEOL
JSM-6010 (JEOL Ltd., Tokyo, Japan) and Hitachi FESEM-S4300 (Hitachi, Ltd., Tokyo, Japan) equipped
with energy dispersive spectrometric analysis (EDS) were used. X-Ray diffraction analysis was
conducted using an automated Shimadzu LAB-XRD-6000 (Shimadzu Corporation, Kyoto, Japan)
(Cu Kα:λ = 1.54056 Å) spectrometer with a scan speed of 2◦/min.

2.3.2. Physical Characterization

Density and Porosity: The density of extruded pure Mg, Mg–3%Al, Mg–3%Al–2.5%La and
Mg–3%Al–2.5%La–1.9%Y2O3 was measured using a gas pycnometer (Micromeritics Instrument Corp.,
Norcross, GR, USA). Each sample was run for five cycles to measure the density more accurately.
Pure helium gas was purged with a pressure of 19.5 Psig for all the five cycles with a cycle fill
pressure of 19.5 Psig. The difference between theoretical density (calculated by the rule of mixture)
and experimentally measured density was quantified as the porosity level in the material.

The Coefficient of thermal expansion: By using a thermo-mechanical analysis instrument LINSEIS
TMA PT 1000LT (Linseis Thermal Analysis, Robbinsville, NJ, USA) the coefficient of thermal expansion
(CTE) of pure Mg, Mg–3%Al, Mg–3%Al–2.5%La and Mg–3%Al–2.5%La–1.9%Y2O3 was determined.
The heating rate of 5 ◦C/min was maintained with constant argon flow rate of 0.1 L per minute.
The displacement of the test samples (each of 5 mm length and 8 mm diameter) was measured
as a function of temperature (323 K to 673 K) using an alumina probe (Linseis Thermal Analysis,
Robbinsville, NJ, USA).

Damping: The vibrational damping capacity of the materials was measured using the resonance
frequency damping analyzer (RFDA), (IMEC, Genk, Belgium). The vibration signal of each material
(8 mm diameter, 60 mm length) was measured as a function of amplitude vs. time.

2.3.3. Mechanical Characterization

Compression Properties: In accordance with ASTM E9-09, compressive properties of extruded
pure Mg, Mg–3%Al, Mg–3%Al–2.5%La and Mg–3%Al–2.5%La–1.9%Y2O3 samples were determined at
ambient temperature, using a fully automated servo-hydraulic mechanical testing machine, MTS-810
(MTS systems corporation, Eden Prairie, MN, USA). The compression properties were measured at a
strain rate of 8.334 × 10−5 s−1. The specimens of 8 mm diameter, with length to diameter ratio of one
were used. At least five different samples of each composition were tested to ensure repeatability of
results. Fractured surfaces of all samples were analyzed using Hitachi S-4300 FESEM (Hitachi, Ltd.,
Tokyo, Japan).

3. Results and Discussion

3.1. Microstructural Characterization

The microstructures of all the samples were initially characterized using SEM microscopy (JEOL
Ltd., Tokyo, Japan) (Figure 1). Table 1 and Figure 2a show the grain size of different compositions
after analysis. The results revealed that the addition of 2.5% La and 1.9% Y2O3 to Mg–3Al reduced
the average grain size by ~50%. It was observed that the addition of Al in Mg (Figure 1a,b)
significantly reduced the grain size from ~22.6 µm to ~7.74 µm. It is frequently reported that during the
solidification of Mg–Al alloys, fine grains are nucleated as the primary-Mg solid solution, along with
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the Mg17Al12 eutectic mixture distributed along the grain boundaries [1,2,19,20]. Secondary processing
or hot deformation during extrusion further breaks down the Mg17Al12 network structure into fine
precipitates, which results in grain refinement as observed in Mg–3Al (Figure 1b). Hot extrusion was
performed at 350 ◦C (which is >0.5 Tm of pure Mg), and therefore it resulted in recrystallization and
the formation of nearly equiaxed grains.

As the solubility of La in Mg is very limited (~0.78 wt %) [21,22] and La is a grain refiner, therefore
the addition of 2.5% La to Mg–3Al alloy further reduced the average grain size from ~7.74 µm to
~6.26 µm. These results obtained in this study are in good agreement with other available reports
claiming La as an excellent grain refiner in Mg [23,24]. The reinforcement of nano-sized thermally
stable 1.9% Y2O3 powder to Mg–3Al–2.5La further reduced the grain size as Y2O3 nanoparticles can act
as the nucleation sites during solidification and recrystallization besides pinning the grain boundaries
in the later stages. Figure 2a represents the change in the grain size of pure Mg with the addition of
3Al, 2.5La, and 1.9Y2O3 subsequently.
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Figure 1. Scanning Electron Microscopic (SEM) micrographs of (a) pure Mg, (b) Mg–3Al,
(c) Mg–3Al–2.5La, and (d) Mg–3Al–2.5La–1.9Y2O3 alloys, illustrating the grain structure.

Table 1. Results of average grain size, density, porosity and Coefficient of Thermal Expansion
(CTE) measurements.

Material (wt %)
Average Grain

Size (µm)

Density and Porosity Measurements
CTE

(×10−6/K)Theoretical
Density (g/cc)

Experimental
Density (g/cc) Porosity (%)

Pure Mg 22.6 ± 7.3 1.738 1.737 0.15 26.8 ± 3.9
Mg–3Al 7.74 ± 1.5 1.758 1.753 0.29 26.1 ± 2.6

Mg–3Al–2.5La 6.26 ± 1.1 1.791 1.788 0.17 25.3 ± 2.7
Mg–3Al–2.5La–1.9Y2O3 3.6 ± 0.5 1.818 1.813 0.16 25.0 ± 1.1
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Figure 2. Change in (a) grain size and (b) coefficient of thermal expansion in pure Mg with the addition
of 3Al, 2.5La and 1.9Y2O3 subsequently.

Figure 3a–c are the SEM micrographs of Mg–3Al, Mg–3Al–2.5La, and Mg–3Al–2.5La–1.9Y2O3

alloys. Figure 3a–b show the SEM micrographs of extruded Mg–3Al and Mg–3Al–2.5La alloys.
In Mg–3Al alloy, the dispersed Mg17Al12 phase is distributed inside the Mg matrix. A uniformly
distributed bright white phase appeared in the Mg–3Al–2.5La alloy (Figure 3b) in rod-like (Al11La3)
and polygon-type (Al2La, Al2.12La0.88) shapes, which is consistent with earlier reports [3,21,25–29].
The brighter second phase in Figure 3c is broken into even finer shapes in the Mg–3Al–2.5La–1.9Y2O3

alloy, especially rod-like shapes, illustrating the ability of Y2O3 nanoparticles to refine the second
phases. Similar findings were observed as a result of the addition of Al2O3 in the AZ31 alloy [30].
The uniform distribution of the second phase is due to the hot extrusion, which broke down these
scattered rod-like and polygon shapes into small pieces throughout the microstructure.
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Figure 3. SEM micrographs of (a) Mg–3Al, (b) Mg–3Al–2.5La, and (c) Mg–3Al–2.5La–1.9Y2O3 alloys;
(d) compressive fractograph of Mg–3Al–2.5La–1.9Y2O3 alloys.
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X-ray diffraction (XRD) studies conducted in the longitudinal direction of the samples are
shown in Figure 4. These diffractograms did not reveal the presence of any La phase with Mg,
which is consistent with other available reports on Mg–Al–La alloys [8,21,22,25–29,31,32]. However,
they revealed the strong presence of Mg peaks together with the phase comprised of Al11La3, Al2La
and Al2.12La0.88, which are also observed in the SEM micrographs. The formation of Al11La3, Al2La
and Al2.12La0.88 as intermetallic phases occurred due to the large difference in the electronegativity
of Al and La when compared to Mg and Al [21,33,34]. It is well documented in the literature that
dominating diffraction angles in extruded Mg rods corresponding to 2θ = 32◦, 34◦ and 36◦, respectively,
represent the prismatic (1, 0, −1, 0) plane, the basal (0, 0, 2, 0) plane and the pyramidal (1, 0, −1, 0) plane
of HCP Mg crystal [35]. From the intensity of these peaks at various diffraction angles, it is evident
that the addition of La in Mg–3Al increased the I/Imax ratio for the basal plane but the pyramidal
texture still dominated. The Mg–3Al–2.5La–1.9Y2O3 alloy showed that the peak corresponding to the
basal plane becomes dominant. This indicates that the presence of Y2O3 clearly strengthens the basal
texture in the Mg–3Al–2.5La alloy.
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3.2. Physical Characterization

3.2.1. Density and Porosity

From Table 1, it is observed that near-dense Mg materials were synthesized utilizing the
disintegrated melt deposition technique coupled with hot extrusion. The experimentally measured
density values of the synthesized alloys and composite are closer to those of theoretically calculated
density values. The increase in the density values of pure Mg was due to the addition of relatively
high-density Al, La and Y2O3 elements when compared to pure magnesium.

The volumetric porosity results, which were calculated using theoretical and experimental density
values, show that the addition of Y2O3 did not affect the porosity of the base Mg–3Al–2.5La alloy.
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3.2.2. The Coefficient of Thermal Expansion

Table 1 and Figure 2b show the results of the coefficient of thermal expansion (CTE) measurements
within the 25–400 ◦C temperature range. The results show that the CTE value of pure magnesium
decreased with the alloying additions of Al, La and Y2O3. The gradual decrease in the CTE values
of Mg, Mg–3Al, Mg–3Al–2.5La and Mg–3Al–2.5La–1.9Y2O3 alloy was due to the presence of the
alloying addition of Al, La and Y2O3 which have lower CTE values (23.1 × 10−6/K, 12.1 × 10−6/K
and 8.1 × 10−6/K) as compared to pure Mg (26.8 × 10−6/K) [36]. The results (see Figure 2b) suggest
that the alloys and nanocomposites investigated in this study are more dimensionally stable with
respect to temperature when compared to pure Mg.

3.2.3. Damping

The damping characteristics of extruded pure Mg, Mg–3Al, Mg–3Al–2.5La and
Mg–3Al–2.5La–1.9Y2O3 alloys are presented in Table 2. The damping capacity of a material
is defined as the ability to absorb vibration. The value of the damping capacity of a material depends
on its properties such as density, microstructure, and elasticity [8,37]. The results show that the
damping capacity of pure Mg decreased with the addition of Al in Mg–3Al, which was further
enhanced by the addition of 2.5La in Mg–3Al–2.5La. The addition of Y2O3 further improved the
damping capacity of the Mg–3Al–2.5La.

The damping loss rate represents how fast a material stops vibration. The results indicate
that addition of 1.9% Y2O3 decreased the damping loss rate compared to the addition of 2.5% La.
The significant change in the damping properties of alloys can be due to the damping mechanisms
related to texture reorientation, thermal mismatch, defects, porosity, dislocation and grain boundary.

Table 2. Room-temperature compressive and damping properties of pure Mg, Mg–3Al, Mg–3Al–2.5La
and Mg–3Al–2.5La–1.9Y2O3 alloys.

Material 0.2% CYS
(MPa)

UCS
(MPa)

Fracture
Strain (%)

Damping
Loss Rate

Damping
Capacity

Pure Mg [8] 90 ± 6 333 ± 4 23 ± 0.74 8.00 ± 1.000 0.000456
Mg–3Al [8] 154 ± 2 481 ± 7 24 ± 0.5 6.16 ± 0.377 0.000204

Mg–3Al–2.5La [8] 141 ± 4 456 ± 3 18 ± 1 8.29 ± 0.827 0.000265
Mg–3Al–2.5La–1.9Y2O3 156 ± 5 520 ± 8 18 ± 0.70 7.60 ± 0.701 0.000272

3.3. Mechanical Characterization

Compression properties: Table 2 and Figure 5 show the room-temperature compression properties
of extruded pure Mg, Mg–3Al, Mg–3Al–2.5La and Mg–3Al–2.5La–1.9Y2O3 samples under compression
loading. As evident from the results, the addition of 3Al in pure Mg enhanced the compressive yield
strength (CYS), the ultimate compressive strength (UCS) and the fracture strain (FS) from ~90 MPa,
~333 MPa and ~23% to a level of ~154 MPa, ~481 MPa and ~24%. This increase in compressive strength
was due to the hall-patch effect as there was a tremendous (~73%, ~22.6 µm to ~7.76 µm) reduction
in grain size of the pure Mg. Another possible reason is the presence of fine Mg17Al12 precipitates
near the grain boundaries, which lead to precipitation hardening. The addition of 2.5La to Mg–3Al
significantly reduced the CYS, UCS and failure strain values. In spite of the grain refinement (~7.74 µm
to ~6.26 µm), the compression strength of Mg–3Al–2.5La decreased. This was due to the presence
of intermetallic Al2La and Al2.12La0.88 with fine Al11La3 phases, which are hard and exhibit sharp
edges. Stress concentrates on these sharp edges and causes early crack initiation and subsequent crack
propagation. The addition of nano-sized reinforcement particulates of Y2O3 further refined the grain
size of Mg–3Al–2.5La (~6.26 µm to ~3.6 µm) and fragmented the second phases, resulting in the best
improvement of the CYS and UCS.
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The presence of finer secondary phases assisted in restricting the motion of dislocations more
effectively, leading to strength improvement in the case of the nanocomposite. Overall, the fracture
strain remained unaffected (~18%) by the addition of the reinforcement when compared to the base
alloy. Therefore, the addition of nano-sized Y2O3 compensated for the decrease in the compression
strength of Mg–3Al due to the addition of 2.5La, while the presence of La suppressed the formation of
the Mg17Al12 phase, which adversely affects the creep properties of Mg–3Al alloys.

The compression fracture morphology of the Mg–3Al–2.5La–1.9Y2O3 alloy is shown in Figure 3d.
Compressive fractography studies (quasi-static) showed that the materials underwent the shear mode
of deformation with the addition of the reinforcement. The ample split into two parts and the fracture
surfaces of all samples were inclined at an angle of ~45◦. The SEM fractograph of fractured surfaces
revealed the presence of shear bands in the sample. Smooth fracture surfaces exhibited a ductile mode
of fracture in the samples [38,39].

4. Conclusions

In this work, the effect of the addition of Y2O3 on the microstructural and mechanical properties
of Mg–3Al–2.5La alloy was primarily investigated. The following conclusions can be drawn:

1. With the addition of the Y2O3 reinforcement, an even finer grain structure can be realized (~3.6 µm
for Mg–3Al–2.5La–1.9 Y2O3 alloy, 43% less than that of Mg–3Al–2.5La at ~6.26 µm).

2. The microstructural characterization concluded that all intermetallic phases Al2La and
Al2.12La0.88 and Al11La3 were still present in dispersed form, but the sizes of these phases were
refined by the addition of nanosize Y2O3 in the Mg–3Al–2.5La alloy.

3. The compressive results concluded that the addition of Y2O3 to Mg–3Al–2.5La significantly
improved the compressive yield strength and the ultimate compressive strength (CYS from
~141 MPa to ~156 MPa and UCS from ~456 MPa to ~520 MPa), which are even better than those
of the Mg–3Al alloy (CYS, ~154 MPa and UCS, ~481 MPa). There was no adverse effect on the
fracture strain value recorded for Mg–3Al–2.5La with the addition of Y2O3.

4. The damping results concluded that the addition of nanosize Y2O3 to Mg–3Al–2.5La improved
the damping capacity. The addition of the Y2O3 reinforcement also improved the CTE value of
the Mg–3Al–2.5La alloy.
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