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Abstract

Lightweight structural metals such as magnesium are
gaining extensive interest due to the increasing global
demand for reducing greenhouse gas emissions. In order to
promote the use of magnesium, its mechanical properties
must be improved. Reinforcement with hard ceramic par-
ticles is an effective means for improving the properties of
Mg alloys. The current study examined the effect of 1 lm a-
Al2O3 particles on the microstructure and mechanical
properties of AZ91E Mg alloy using permanent mold stir
casting. The results were evaluated through optical
microscopy, scanning electron microscopy and tensile
testing. Experimentally obtained tensile results were com-
pared to theoretical strengthening mechanism models. The
findings suggested that the addition of Al2O3 led to
improvements in both microstructure and tensile proper-
ties. Through the addition of 1 wt% Al2O3, the grain size
and yield strength improved by 61% and 11%, respectively.
The highest levels of improvement for ultimate tensile

strength and ductility, achieved through 0.5 wt% Al2O3

addition, were 15% and 79%, respectively. In addition,
refinement of the alloy secondary phases was also
observed. These findings were attributed to a combination
of grain refinement and coefficient of thermal expansion
mismatch between the matrix and the reinforcement par-
ticles. As well, the experimental results were in good
agreement with the theoretical models sometimes affected
by agglomeration of particles. This research demonstrated
that the addition of Al2O3 resulted in a novel and effective
method for improving the properties of Mg alloys for use in
consumer electronics, aerospace applications and the
transportation sector.
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Introduction

Magnesium (Mg) has been recognized as being the lightest

structural metal available. It has a high strength-to-weight

ratio, making it an attractive choice for applications where

weight savings is a priority.1,2 Due to the continually rising

demand of the consumer electronics, aerospace and auto-

motive industries for light weighting of components, Mg

has been gaining increasing popularity. However, in order

for Mg alloys to become suitable candidates for replacing

aluminum- and iron-based alloys, their mechanical prop-

erties must be improved.

Improvement in mechanical properties of Mg can be

achieved through the reinforcement of alloys with hard

ceramic particles, producing metal matrix composites

(MMC).3–10 However, several criteria must be met to

ensure the casting of an effective MMC. For example, the

added ceramic particles must be carefully selected, ensur-

ing stability in the liquid metal, crystallographic similarity

between the particles and the host metal, as well as similar

density to avoid rapid settling or inadvertent removal as

dross.11,12 Additionally, homogenous distribution of rein-

forcement particles in the alloy matrix must be attained to

avoid premature failure. Therefore, particle reinforcement

of Mg alloys has been the subject of much research.

Ganguly et al.13 examined the effects of 50 nm SiC parti-

cles on the mechanical properties of an AZ91–Ca–Sb alloy

prepared through squeeze casting. The researchers
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observed improvements in ultimate tensile strength (UTS),

yield strength (YS) and elastic modulus with the incorpo-

ration of SiC. Moreover, the 2 wt% SiC addition level

resulted in the most improved mechanical properties.

Ganguly et al.13 attributed the improvements in properties

to reduction in grain size, increase in dislocation density,

Orowan strengthening and the presence of a relatively high

amount of Al2Ca in the composites.

Aydin et al.14 studied the effect of 40–45 lm TiB2 particle

content on the mechanical behavior of AZ91 Mg alloy. The

researchers prepared the metal matrix composites through

powder metallurgy using hot pressing at 525 �C and

45 MPa. Uniform distribution of reinforcement particles

was reported, with partial agglomeration at higher addition

levels (30 wt%). In addition, the hardness of the compos-

ites showed signs of improvement with increasing TiB2

content. Aydin et al.14 attributed the improvement in

mechanical properties to the generation of geometrically

necessary dislocations through coefficient of thermal

expansion mismatch between the particles and the matrix,

as well as load sharing from the Mg matrix to the harder

TiB2 particles.

Recent research conducted by Nie et al.15 analyzed TiC

particle-reinforced Mg–Zn–Ca-based composites. In their

study, the experimental procedure consisted of 50 nm TiC

particle addition, multi-directional forging and subsequent

extrusion. The researchers reported a significant improve-

ment in strength and ductility with the addition of 0.5 wt%

TiC. The improvement in mechanical properties was

attributed to grain recrystallization and Orowan strength-

ening through precipitated MgZn2 secondary phases.

In most cases, to ensure adequate distribution of rein-

forcement particles in the alloy matrix, complex prepara-

tion techniques such as friction stir processing, multi-

directional forging or spark plasma sintering are uti-

lized.14–16 These fabrication techniques are typically not

feasible in a high-volume production setting, since they

require expensive and unique equipment. In addition, using

nano-sized reinforcement particles is not viable due to their

cost and difficulty in implementation. As a result, there is

ongoing research to identify a cost-effective and easily

implementable solution for preparing Mg-based MMCs

that can be readily adapted to high-volume production

settings.

In the present study, Al2O3 was selected as a reinforcement

particle due to its high melting point relative to Mg, high

strength, high density and low cost.17–20 As well, the large

coefficient of thermal expansion (CTE) mismatch between

Al2O3 (8.2 9 10-6 �C-121) and AZ91

(26.2 9 10-6 �C-122) can promote increased CTE mis-

match strengthening. Other polymorphs of Al2O3, such as

c-Al2O3, were neglected due to their instability at elevated

temperatures.23 The effect of 0.25–2 wt% addition of 1 lm

a-Al2O3 particles on the microstructure and mechanical

properties of AZ91E Mg alloy was investigated. The par-

ticle size of 1 lm was chosen to closely match heteroge-

neous nuclei size reported for Mg alloys and to maximize

the contribution of strengthening mechanisms.24 The

experimental procedure utilized permanent mold stir cast-

ing, which can be implemented with ease in an industrial

production setting. Extensive microscopy and tensile test-

ing were carried out. Subsequently, the experimental

results were related to results from theoretical strengthen-

ing mechanism models. This enabled a novel and in-depth

understanding of the effects of 1 lm Al2O3 particle rein-

forcement on AZ91E Mg alloy prepared through stir

casting. Such a study, incorporating the AZ91E alloy, stir

casting with 1 lm a-Al2O3 particles, extensive optical and

scanning microscopy, tensile testing and theoretical

strengthening mechanism analysis, has not been performed

to date.

Materials and Methods

Cast samples were prepared by melting 1 kg of AZ91E

alloy ingots in an electric resistance furnace. The crucible

used for melting and casting was composed of low carbon

steel with a diameter of 110 mm and a height of 150 mm.

The furnace temperature was set to 750 �C, and an atmo-

sphere of 4.7 L/min of CO2 and 0.5 vol% SF6 was used to

prevent oxidation.25 Once the ingots were molten, the

surface of the melt was skimmed of dross and subsequently

poured into an ASTM B 108-6 permanent standard tensile

mold coated with SFP Micawash No. 15 refractory coat-

ing.26 The pouring temperature of the melt was 720 �C, and

the mold was pre-heated to 350 �C to enable a controlled

cooling rate. The result of each casting was two standard

round tensile bars. The chemical composition of the alloy

measured using an Oxford Instruments optical emission

spectrometer (Foundry Master Pro) can be seen in Table 1.

The composites were prepared using 1 lm a-Al2O3 parti-

cles with 99.99% purity. Prior to casting, the particles were

pre-heated to 200 �C for removal of moisture. Addition

levels of 0.25, 0.5, 1 and 2 wt% were utilized. Once the

melt temperature reached 740 �C, the surface was skim-

med, and the Al2O3 particles were added. The particles

were contained in an aluminum foil to facilitate their

addition. Subsequently, the melt was stirred for 3 min at

300 rpm using a low carbon steel pitched blade impeller

with rounded blades. The diameter of the impeller was 60

Table 1. Average Chemical Composition of the AZ91E
Ingots (wt%)

Al Mn Zn Si Fe Cu Mg

8.94 0.21 0.68 0.0075 0.0031 \0.002 Balance
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mm with three equally spaced blades and a pitch of 45�.
The impeller was immersed to a depth of 20 mm from the

bottom of the crucible. For each condition, including the

base alloy, two casting trials were carried out, producing

four tensile bars.

Tensile testing was performed using a United Universal

Testing Machine (Model STM-50kN) according to ASTM

B 557M-15.27 The tests were performed at ambient tem-

perature using a pull rate of 12.5 mm/min. The ductility of

the samples was determined using an extensometer during

testing. For metallographic analysis, sections were extrac-

ted from the tensile bar gauge area, 10 mm from the

fracture surface. The samples were ground using SiC paper

and polished with 9, 3 and 1 lm oil-based diamond

suspension.

Microstructural analysis and secondary phase identification

were performed using a JEOL scanning electron micro-

scope (SEM) (Model 6380LV) equipped with an energy-

dispersive X-ray spectrometer (EDS). For grain size anal-

ysis, a Nikon Eclipse metallurgical microscope (Model

MA200) was used. Prior to measurement, samples were

solution heat treated according to ASTM B661-12 and

etched using a 95% distilled water and 5% citric acid

solution, revealing grain boundaries.28 For each casting

condition, a total of 20 images captured at 100 9 magni-

fication were measured using the linear intercept procedure

specified in ASTM E 112-13.29

Results

Grain Size Analysis

Figure 1a displays an optical micrograph of the base

AZ91E alloy. The image was captured post-solution heat

treatment at 413 �C for 24 h and etching using a distilled

water and citric acid solution, to clearly display the grain

boundaries. The base alloy contained a coarse grain

structure with irregular grain boundaries. With the addition

of 0.25 wt% Al2O3, the grain size displayed signs of

refinement, as shown in Figure 1b. In particular, the aver-

age grain diameter appeared to be smaller, and the grain

boundaries were more laminar. However, the grain struc-

ture was not wholly uniform, and a variation of both fine

and coarse grains was present. Improvements in the grain

size, shape and uniformity were observed with increasing

Al2O3 content. In effect, the microstructure of the alloys

displayed gradual enhancement up to 1 wt% Al2O3.

However, no discernable changes in the grain structure

were observed by increasing the refiner content from 1 to 2

wt% Al2O3.

The average grain diameter for the base AZ91E castings

and the samples refined with Al2O3 is summarized in

Figure 2. All measurements were performed on solution

heat treated and etched samples. Using the linear intercept

method, the grain diameter of the base alloy was deter-

mined to be 202 lm. The addition of Al2O3 improved the

average grain size of the alloys. With the addition of 0.25

wt% Al2O3, the average grain size decreased to approxi-

mately 125 lm. This marked a decrease in grain size of

38%. Further Al2O3 particle addition to 0.5 wt% and 1 wt%

decreased the average grain size of the alloys to approxi-

mately 100 lm and 79 lm, respectively. However, further

increasing the Al2O3 weight fraction to 2 wt% did not

continue to improve the alloy grain size. As a result, the

greatest improvement in average grain size was observed

for the 1 wt% addition level, which led to a 61% reduction

in average grain diameter.

Microstructural Analysis

The microstructure of the as-cast base AZ91E alloy is

presented in Figure 3a. The alloy microstructure consisted

of the a-Mg matrix, b-Mg17Al12 eutectic phases and Al–

Mn-based intermetallics. Energy-dispersive X-ray spec-

troscopy results confirming the presence of these phases

can be seen in Figure 3b–d, respectively. The b-Mg17Al12

phase typically precipitates on grain boundaries.25,30 The

morphology of this phase is in the form of coarse and large

networks. Further, the eutectic phase is the last phase to

form during solidification.25 In contrast, the Al–Mn-based

intermetallics are the first phase to precipitate during

solidification.25 The intermetallics are present in two

forms, needle-like or blocky, and they are mostly found in

clusters within the Mg matrix. In the absence of a more

potent nucleant, the Al–Mn phases have been reported to

act as nucleation sites for a-Mg.31

Figure 4 displays the microstructure of the AZ91E alloy

with the addition of 0.25 wt% Al2O3. Similar to the base

alloy, the microstructure consisted of the Mg matrix, the b-

Mg17Al12 eutectic phases and Al–Mn-based intermetallics.

The b-Mg17Al12 networks appeared shorter and smaller in

size relative to those observed in the base alloy, which is a

direct result of the finer grain size of the reinforced alloy.

No significant changes were observed in the morphology or

distribution of the Mn–Al-based intermetallics. Further, the

figures also displayed particles of Al2O3 within the

microstructure as shown in Figure 4c, with the associated

EDS spectrum in Figure 4d. The particles appeared to be

well distributed throughout the microstructure, with no

signs of agglomeration. Particles were also observed near

the center of grains alongside the Mn–Al phase, which may

indicate that they were a source for nucleation of a-Mg.

Scanning electron micrographs of the alloy refined with 0.5

wt% Al2O3 can be seen in Figure 5. At this addition level,

the b-Mg17Al12 networks appeared significantly smaller

and shorter in length as compared to the base alloy. Again,

this was thought to be a result of the finer grain size. The
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shape of the Mn–Al-based intermetallics was also modi-

fied. Flower-like morphologies of the intermetallics were

observed near Al2O3 particles, as depicted in Figure 5b.

The distribution of the Al2O3 particles within the matrix

was less uniform when compared to the 0.25 wt% Al2O3

condition. As mentioned, small clusters of Al2O3 were

observed near the Mn–Al intermetallics, which may have

prompted their altered shape (Figure 5b). Additionally,

slight particle collections were also observed in the Mg

matrix, as shown in Figure 5c. These were expected since

the number of added particles increased twofold.

Figure 6 displays SEM micrographs of the alloy refined

with 1 wt% Al2O3. The secondary phase morphology and

distribution were similar to the 0.25 and 0.5 wt% condi-

tions. Specifically, the b-Mg17Al12 phase networks were

refined and a slightly elongated flower-like morphology of

the Mn–Al intermetallics was present. These effects were

attributed to the refinement in grain size and the added

Al2O3 particles. Alternatively, significant agglomeration of

the Al2O3 particles was observed within the alloy

microstructure, which is apparent in Figure 6b. Clusters of

Al2O3 particles were observed near the b-phase, Mn–Al-

based intermetallics and the Mg matrix. Such agglomera-

tions can cause stress concentrations during tensile testing,

which may lead to premature failure.

Figure 1. Optical micrographs, captured post-heat treatment and etching, display-
ing the typical grain structure of (a) AZ91E base alloy, (b) AZ91E 1 0.25 wt% Al2O3,
(c) AZ91E 1 0.5 wt% Al2O3, (d) AZ91E 1 1 wt% Al2O3 and (e) AZ91E 1 2 wt% Al2O3.
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Figure 7 displays SEM micrographs of the alloy refined

with 2 wt% Al2O3. The alternate morphology of the Mn–

Al-based phase was still present at this addition level

(Figure 7b). As well, significant levels of Al2O3 particle

agglomeration were observed in the alloy microstructure.

Examples of the agglomeration are given in Figure 7a and

c. It is evident that greater weight fractions of Al2O3 led to

appreciable particle agglomeration. As observed in Fig-

ures 5 and 6, particle clustering was present at addition

levels above 0.5 wt%. As a result, it can be concluded that

the manual stirring process using an impeller is not effec-

tive in homogenously distributing grain refining particles

above the 0.5 wt% threshold.

Mechanical Properties and Strengthening
Mechanisms

The ultimate tensile strength, yield strength and % elon-

gation (%EL) of the base alloy and the samples refined

with Al2O3 were determined by tensile testing at ambient

temperature. The results of the tensile tests are summarized

in Figure 8. The UTS of the base alloy, in the as-cast

condition without addition of Al2O3, was approximately

138 MPa (Figure 8a). With the addition of 0.25 wt%

Al2O3, the UTS increased by 5% to 145 MPa. Further

Al2O3 addition to 0.5 wt% increased the tensile strength to

approximately 159 MPa. This marked an increase in tensile

strength of nearly 15%. Increasing the Al2O3 particle

content from 0.5 to 1 wt% did not further improve the UTS

of the alloys. Similarly, no improvement in UTS was

observed for the 2 wt% Al2O3 addition level. Therefore,

Figure 3. Scanning electron micrograph of (a) base alloy and corresponding EDS spectra of (b) Mg
matrix, (c) b-Mg17All2 phase and (d) Mn–Al phase.

Figure 2. Average grain size of the base alloy and
refined alloys as measured using the linear intercept
procedure; error bars indicate one standard deviation
about the sample mean.
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Figure 5. Scanning electron micrographs of the alloys refined with 0.5 wt% Al2O3 captured at
(a) 3 500 magnification, (b) 3 1000 magnification and (c) 3 1500 magnification.

Figure 6. Scanning electron micrographs of the alloys refined with 1 wt% Al2O3 captured at
(a) 3 500 magnification, (b) 3 1000 magnification and (c) 3 1500 magnification.

Figure 4. Scanning electron micrographs of the alloys refined with 0.25 wt% Al2O3

captured at (a) 3 500 magnification, (b) 3 1000 magnification, (c) 3 1500 magnifica-
tion and (d) EDS spectrum of Al2O3 particle.
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particle additions above 0.5 wt% resulted in a negative

effect on the UTS, such that at the 2 wt% Al2O3 addition

level, the UTS was similar to the base alloy.

Figure 8b displays the ductility of the base alloy and the

alloys refined with Al2O3 particles. The ductility of the

samples displayed a similar trend when compared to the

ultimate tensile strength. In the base condition, the ductility

of the samples was approximately 1.4%. Upon adding 0.25

wt% Al2O3, the ductility increased to 1.6%. Moreover,

further improvement in ductility was observed by

increasing the Al2O3 content. At the 0.5 wt% addition

level, the ductility increased to 2.5%. This is a significant

improvement of approximately 79%. However, similar to

the trend observed for UTS, increased Al2O3 particle

addition above 0.5 wt% resulted in diminished alloy duc-

tility. Upon adding 1 wt% and 2 wt% Al2O3, the ductility

decreased to 1.6% and 1.3%, respectively. The highest of

alloy ductility was achieved with the 0.5 wt% Al2O3

addition.

Figure 8. Mechanical properties of the AZ91E base alloy and the alloys refined with
Al2O3 (a) ultimate tensile strength, (b) % elongation and (c) yield strength; error bars
indicate one standard deviation about the sample mean.

Figure 7. Scanning electron micrographs of the alloys refined with 2 wt% Al2O3 captured at
(a) 3 500 magnification, (b) 3 1000 magnification and (c) 3 1500 magnification.
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The yield strength of the base and refined alloys is sum-

marized in Figure 8c. The YS of the base alloy was mea-

sured to be approximately 95 MPa. With the addition of

Al2O3, the YS of the alloys increased steadily up to 1 wt%,

after which a decline was noticed. That is, with addition of

0.25 and 0.5 wt% Al2O3 particles, the YS increased to 97

MPa and 100 MPa, respectively. The highest measured YS

was approximately 106 MPa, which was achieved by

adding 1 wt% Al2O3. It must be noted that the trend

observed for the YS differed from those of UTS and duc-

tility where the maximum properties were achieved with

the addition 0.5 wt% Al2O3. Increasing the refiner content

to 2 wt% decreased the YS to 98 MPa, although slightly

improved compared to the base alloy (95 MPa). The

highest measured YS was seen for the 1 wt% Al2O3 par-

ticle addition level, with an increase in strength of

approximately 12%.

To determine the mechanisms for the enhancement in YS

of the alloys reinforced with Al2O3, a theoretical investi-

gation of the strengthening mechanisms was conducted.

Ceramic particle-reinforced alloys are typically strength-

ened through Hall–Petch strengthening, coefficient of

thermal expansion strengthening and load transfer from

particle to matrix. The Hall–Petch effects occur though the

increase in grain boundary area, which is known to impede

dislocation motion. Coefficient of thermal expansion

strengthening occurs due to the mismatch of thermal

expansion coefficients between the matrix and reinforce-

ment particles. During solidification, the difference in CTE

prompts the formation of geometrically necessary dislo-

cations, which have been reported to hinder plastic defor-

mation. The load-bearing effect of the particles operates on

the principal that load can be transferred from the softer

matrix (Mg) to the hard ceramic particle reinforcements

(Al2O3). It is important to note that the Orowan

strengthening mechanism was neglected in this study, since

the added reinforcement particles were not nano-sized.32

The relative contribution of each of the above-mentioned

mechanisms to the overall YS of the alloy can be deter-

mined using Eqn. 1.33

Drsum ¼ DrHall�Petch þ DrCTE þ Drload Eqn: 1

where DrHall�Petch is the increase in strength due to grain

refinement, DrCTE is the increase in strength due the CTE

mismatch, and Drload is the increase in strength due to load

transfer from particle to matrix.

The incremental increase in strength due to the Hall–Petch

phenomenon was estimated using Eqn. 2.34,35

DrHall�Petch ¼ Kd�1=2
m Eqn: 2

where the Hall–Petch coefficient K is 0.13 MPa m1=236 and

dm is the average grain size of the alloy.

The relative contribution of CTE mismatch strengthening

to the overall strength of the alloy was calculated using

Eqn. 3.37

DrCTE ¼
ffiffiffi

3
p

bGmb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12VpDaDT

1 � Vp

� �

bdp

s

Eqn: 3

where the strengthening coefficient b is 1.25,38 the shear

modulus of the matrix Gm is 13.7 GPa, the magnitude of

the burgers vector b is 0.2 nm,39 the volume fraction of the

added particles Vp was determined based on the refiner

addition levels, the difference in thermal expansion

coefficient between the particles and the matrix Da is

17.6 �C-1,21,22 the difference in processing and test

temperatures DT is 327 �C, and the average diameter of

the added particles dp is 1 lm.

Figure 9. Incremental improvements in YS of the alloys refined with Al2O3,
(a) theoretical improvements due to Hall–Petch, CTE mismatch and load-bearing
mechanisms, (b) experimental to theoretical YS comparison.
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Assuming round and equiaxed reinforcement particles, the

incremental increase in strength due to the load transfer

effect can be calculated using Eqn. 4.40

Drload ¼ 0:5 Vpr0 Eqn: 4

where r0, the average YS of the unmodified alloy matrix is

95 MPa.

The relative contribution of each of the above strengthen-

ing mechanisms to the overall YS of the alloys was cal-

culated based on Eqns. 1–4, and the results are displayed in

Figure 9. Figure 9a displays a comparison of the effects of

each individual strengthening mechanisms to the total YS

of the alloys. It is clear that the Hall–Petch phenomenon

has significant effect on the YS of the alloys. The

enhancement in YS due to grain refinement increased with

Al2O3 addition level up to 1 wt%, after which point it

declined. This was expected since the average grain size of

the alloys did not decrease after the 1 wt% Al2O3 addition

level, and grain coarsening was observed thereafter. Fur-

ther, CTE mismatch was also of significant importance to

the overall YS of the alloys. With increasing Al2O3 particle

content in the matrix, the theoretical improvements in YS

due to CTE mismatch increased as well. The relative

contribution to YS from CTE mismatch was comparable to

the Hall–Petch effect up to the 1 wt% Al2O3 addition level,

after which CTE mismatch became the dominant

strengthening mechanism. Enhancement in YS due to the

load-bearing effect appeared to be negligible in most cases.

The greatest contribution was determined to be 0.4 MPa at

the 2 wt% particle addition. In effect, it is suggested that

the load-bearing mechanism could be wholly ignored in

future analyses related to particle-reinforced Mg casting

with the range in addition levels used in this study.

Figure 9b illustrates a comparison between experimentally

measured and theoretically calculated YS of the reinforced

alloys. Satisfactory correlation was observed between the

theoretical and experimental YS results up to 1 wt% Al2O3

addition. However, it was observed that the theoretical

models overestimated the YS for every instance. The lar-

gest discrepancy between the theoretical and experimental

results was observed for the 2 wt% particle addition level.

At this level, the theoretical mechanisms overestimated the

YS by approximately 10 MPa. In addition, it must be noted

that the experimentally obtained YS of the alloys displayed

a sharp decline with the addition of 2 wt% Al2O3, as dis-

played in Figure 8. As a result, with the exception of the

alloys reinforced with 2 wt% Al2O3, the theoretical

strengthening mechanism contribution models displayed a

similar trend when compared to the experimental results.

Discussion

With the addition of 1 lm a-Al2O3 particles, significant

grain refinement was observed in the AZ91E Mg alloys.

The highest level of refinement was observed for the 1 wt%

Al2O3 addition level, which reduced the grain size

approximately 61% relative to the base condition. The

reduction in grain size was likely caused by increased

nucleation of a-Mg from Al2O3 particle substrates. The

presence of the particles in the microstructure near the Mn–

Al phases and the center of grains suggested that they were

stable in the melt and may have acted as substrates for

heterogeneous nucleation. Moreover, the crystal structure

of a-Al2O3 consists of an HCP sub-lattice, which suggested

possible high crystallographic registry with HCP-Mg.18

The density of Al2O3 (3.95 g/cm319) is higher than that of

AZ91E (1.81 g/cm325), ensuring that the particles did not

rapidly settle or float to the melt surface to be skimmed as

dross. As a result, the significant level of grain refinement

was likely brought about by heterogeneous nucleation from

Al2O3 particle substrates.

Increasing the addition level of Al2O3 beyond 1 wt% did

not result in further grain refinement. However, significant

refinement relative to the base alloy was still present. The

arrest in grain size reduction was likely caused by particle

agglomeration. As observed in Figure 7a and c, the con-

siderable number of added particles for the 2 wt% Al2O3

addition level led to appreciable agglomeration, leaving

fewer particles available to participate in the nucleation of

Mg. The previous research has established that beyond a

specific threshold of nucleant addition, grain refinement no

longer occurs, leading to grain coarsening and detriments

to mechanical properties.41 Therefore, the 1 wt% Al2O3

addition level was determined to be the threshold for

effective grain refinement. Increasing the refiner particle

content from 1 to 2 wt% did not further improve the grain

size.

Microstructural observation revealed that the alloy sec-

ondary phases were influenced by the Al2O3 particle

addition. Notably, with increasing Al2O3 content, the b-

Mg17Al12 phase became more refined. In particular, the

average size of the phase appeared to be smaller, and the

networks-like structure became shorter. As was discussed

previously, the b-phase primarily precipitated on grain

boundaries. Moreover, since the grain size of the alloys

decreased with Al2O3 addition, it followed that the b-phase

became more refined. This is due to the increased grain

boundary area, which allowed the b-phase to precipitate in

more areas throughout the microstructure, leading to

overall morphological refinement. As a result, the refine-

ment in the b-Mg17Al12 phase was determined to be a side

effect of grain refinement using Al2O3 particles.

In addition to the b-phase, the Mn–Al intermetallics were

also affected by Al2O3 particle addition. With addition of

Al2O3 between 0.5 and 2 wt%, an alternative flower-like

morphology of the Mn–Al phase was observed. This result

is demonstrated in Figures 5b, 6c and 7b. Upon close

examination, it appeared that in each instance of the
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alternate shape, the Mn–Al intermetallics were surrounded

by Al2O3 particles. Effectively, the particles seemed to

hinder the growth of the Mn–Al phase in particular direc-

tions, leading to a flower-like morphology. It should be

recalled that the alternate shape of the Mn–Al phase was

not observed in either the base alloy or the alloy refined

with 0.25 wt% Al2O3. This may have been due to the

significantly fewer number of particles available in the melt

and their more homogenous distribution in the solidified

alloy matrix.

As previously mentioned, the distribution of the Al2O3

particles in the matrix was homogenous up to the 0.25 wt%

addition level. Minimal signs of particle agglomeration

were observed with the addition of 0.5 wt% Al2O3. Further,

at 1 and 2 wt% Al2O3, significant signs of agglomeration

and clustering were seen in the microstructure. Ceramic

particle agglomeration is a common side effect observed in

stir cast particle-reinforced castings. With larger particle

addition levels, the overall number of particles rises. As a

result, the frequency of inter-particle collisions increases,

leading to their eventual coalescence and agglomeration.41

Also, particles can spontaneously agglomerate with one

another to reduce their surface energies. These effects are

more pronounced with decreasing particle size, and espe-

cially high for nanoparticles. In most cases, for micron-

sized particles, as used in this study, manual stirring with

an impeller is adequate to break up particle clusters.

However, longer stirring time or higher rpm must be uti-

lized to achieve such results. In either case, since Mg has a

high affinity for oxygen, vigorous and lengthy stirring

times often lead to entrapped oxides in the final castings,

which result in reduced mechanical properties. As a result,

one must carefully weigh the benefits and drawbacks of

increased particle additions, stirring time and rpm as well

as potential lack of melt cleanliness.

The mechanical properties of the alloys were also

improved as a result of Al2O3 addition. Specifically, the

UTS of the refined castings showed signs of enhancement

up to additions of 0.5 wt% Al2O3. Thereafter, the tensile

strength declined. With increasing Al2O3 particle addition,

the microstructure and grain size of the alloys become

more refined. Most notably, the refinement in the b-

Mg17Al12 secondary phase was critical, since it is known to

be brittle and precipitates along grain boundaries. It is

likely that these effects led to the enhancement in tensile

strength of the particle-reinforced alloys. However, as

stated previously, significant particle agglomeration was

observed with addition levels beyond 0.5 wt% Al2O3.

Ceramic particle agglomeration is well known to cause

stress concentrations, which can lead to premature failure

during tensile testing. As a result, the 1 and 2 wt% Al2O3

addition levels displayed significantly lower UTS as com-

pared to 0.5 wt% addition.

The ductility of the samples displayed a similar trend to

UTS. In particular, the elongation to failure of the castings

improved up to 0.5 wt% Al2O3 addition. With addition

levels beyond 0.5 wt%, a steady decline in ductility was

observed. In effect, the elongation to failure of the castings

refined with 2 wt% Al2O3 was comparable to that of the

base alloy. The enhancement in ductility likely occurred

through the same mechanisms that were stated above for

tensile strength. To reiterate, the overall homogenization of

the grain structure and secondary phases alleviated the

stress concentrations in the alloy microstructure. Con-

versely, the elongation to failure of the castings with 1 and

2 wt% Al2O3 was compromised due to the agglomeration

of Al2O3 particles in the matrix. Therefore, Al2O3 addition

was effective in enhancing the ductility of the cast alloys

up to 0.5 wt%.

The YS of the refined alloys did not behave in an analogous

manner as UTS and ductility. Specifically, the yield stress

displayed signs of enhancement up to 1 wt% addition of

Al2O3, whereas UTS and ductility improved only up to 0.5

wt% addition. This outcome likely occurred since, as

described in the previous section, YS is highly dependent

on grain size and CTE mismatch between the particles and

the matrix. In fact, with increasing particle content, the

relative contribution of the strengthening mechanisms was

shown to increase. However, since the grain size did not

improve beyond 1 wt% Al2O3, incremental increase in YS

due to the Hall–Petch effect also did not increase, albeit

theoretical improvements due to CTE mismatch were still

increasing. As a result, the arrest in grain size at 1 wt%

Al2O3 addition coupled with the significant refiner particle

agglomeration likely led to the decline in YS at the 2 wt%

Al2O3 addition level as opposed to 1 wt%.

An attempt was made to use theoretical models to predict

the YS of the refined alloys. Moreover, the theoretical YS

contributions of the Hall–Petch effect, CTE mismatch

between the added particles and the alloy matrix and load-

bearing capacity were determined. It must be emphasized

that the load-bearing capacity of the particles was deemed

to be inconsequential toward the overall YS, and hence,

their further analysis was neglected by the authors. The

theoretical results displayed good correlation with the

experimental findings for 0.25. 0.5, and 1 wt% additions, as

demonstrated by the relatively low deviations of 3.3%,

2.8% and 0.1%, respectively. However, such was not the

case for the 2 wt% Al2O3 addition level, since the theo-

retical models overpredicted the YS by approximately 10

MPa (9.9% deviation). The authors believe the overesti-

mation of the YS was due to the inability of the CTE

mismatch strengthening model to account for elevated

levels of particle agglomeration in the alloy matrix.

Effectively, the CTE mismatch model continued to predict

higher values for YS even when the particles were clus-

tered. Such was not the case for the grain boundary

strengthening effect. As mentioned previously, the grain
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size did not decrease after 1 wt% Al2O3 addition. Conse-

quently, the Hall–Petch equation did not continually pre-

dict an increase in YS beyond 1 wt% particle addition. It is

clear that the overprediction in YS was solely caused by the

CTE mismatch model, which was determined to be a

drawback in its application to particle-reinforced castings.

In summary, it was shown that reinforcement with 1 lm

Al2O3 particles up to 0.5 wt% was effective in decreasing

the grain size, refining the secondary phases and improving

the overall mechanical properties of cast AZ91E Mg alloys.

These results were significant, since they were achieved

using conventional casting methods currently utilized in

industry, such as permanent mold casting and mechanical

stirring with an impeller. Furthermore, Al2O3 is inexpen-

sive and abundant, which are both crucial qualities for

industrial application. As a result, Al2O3 addition was able

to provide a simple and effective means for improving the

properties of Mg alloys for use in consumer electronics,

aerospace applications and the transportation sector.

Further research is required to fully examine the relation-

ship between AZ91E Mg alloy and Al2O3 particle addition.

For example, the effects of a range of particle sizes in the

micron-scale regime could be examined, as well as the

effects of varying holding times, stirring times and stirring

rpm. Additionally, it was observed that the inability of the

CTE mismatch strengthening model to account for inter-

particle spacing was a significant drawback in its applica-

tion to particle-reinforced castings. Consequently, efforts

could be expended toward alleviating the shortcomings of

the model by incorporating an inter-particle spacing

parameter, such as that of the Orowan strengthening model.

Conclusions

In this study, the effects of grain refinement using 1 lm a-

Al2O3 particles on the microstructure and mechanical

properties of AZ91E Mg alloy were investigated. Cast

samples were evaluated with respect to grain size, sec-

ondary phase morphology and mechanical properties. In

addition, theoretical strengthening mechanism models were

used to determine the incremental contribution of grain

boundary strengthening, CTE mismatch strengthening and

particle load-bearing capacity to the overall strength of the

alloy. The results from this research enabled a unique

understanding of the effects of varying Al2O3 addition

level on the secondary phase characteristics and mechani-

cal properties of AZ91E.

The following conclusions can be drawn from this work:

1. The addition of Al2O3 up to 1 wt% resulted in a

decrease in grain size relative to the base alloy.

Further addition beyond 1 wt% did not improve

the alloy grain size. The grain refinement was

likely caused by heterogeneous nucleation of a-

Mg from Al2O3 particle substrates.

2. The morphology of the b-Mg17Al12 phase was

enhanced through Al2O3 addition. It is suggested

that this was caused by the overall increase in

grain boundary area due to grain refinement.

3. Mechanical stirring was effective in distributing

the Al2O3 particles up to 0.5 wt%. Further

additions resulted in particle clustering and

agglomeration which were deemed to be detri-

mental to mechanical properties.

4. The mechanical properties of the alloy were also

improved through the addition of Al2O3. This was

attributed to a combination of grain boundary

strengthening, CTE mismatch strengthening and

the overall homogenization of the alloy

microstructure.

5. The strengthening mechanism models were

indeed effective in predicting the YS of the

refined alloys. However, shortcomings were

identified in incorporating the effects of inter-

particle spacing for the CTE mismatch model.
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