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Abstract

The rapid sintering of nanostructured MgO–MgAl2O4 composites was investigated with a high-frequency induction heated sintering process.

The advantage of this process is that it allows for very quick densification to near theoretical density and prohibits grain growth in nanostructured

materials. Highly dense nanostructured MgO–MgAl2O4 composites were produced with simultaneous application of 80 MPa pressure and an

induced output current of total power capacity (15 kW) within 2 min. The sintering behaviors, grain sizes and mechanical properties of MgO–

MgAl2O4 composites were investigated.
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1. Introduction

MgO is widely used in the steel industry or in non-ferrous

metallurgical applications under severe conditions [1]. The

lifespan of MgO is curtailed by a combinatory attack of

corrosion and mechanical erosion. Refractory wear is very

often the strongest at the interface of the melt wetted lining

areas [2]. To improve wear properties, the addition of a

second phase to form composites and nanostructured

materials is common. One example is the addition of

MgAl2O4 to MgO to improve the properties of the MgO. The

attractive properties of MgAl2O4 are a high hardness

(16 GPa), low density (3.58 g/cm3), high melting point

(2135 8C), high chemical inertness and high thermal shock

resistance [3–6].

Nanocrystalline materials have received much attention as

advanced engineering materials with improved physical and

mechanical properties [7,8]. Attention has been directed to the
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application of nanomaterials as they possess high strength, high

hardness, excellent ductility and toughness [9,10]. Recently,

nanocrystalline powders have been developed using the

thermochemical and thermomechanical processes of the spray

conversion process (SCP), co-precipitation and high-energy

milling [11–13]. However, grain sizes in sintered materials are

greater than those in pre-sintered powders due to fast grain

growth during the conventional sintering process. Therefore,

even though the initial particle size is less than 100 nm, the

grain size increases rapidly up to 2 mm or greater during

conventional sintering [14]. As a result, controlling the grain

growth during sintering is one of the keys to the commercial

success of nanostructured materials. High frequency induction

heated sintering (HFIHS), which can produce dense materials

within 2 min, has been shown to be effective for achieving this

goal [15].

In this study, the sintering of MgO–MgAl2O4 composites

was investigated using the HFIHS method. The goal of this

research is to produce dense nanostructured MgO–MgAl2O4

composites. In addition, the effects of MgAl2O4 on the

mechanical properties of MgO–MgAl2O4 composites were also

studied.
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Fig. 1. X-ray diffraction patterns of the powders milled for 4 h; (a) MgO–

10 wt% Al2O3, (b) MgO–20 wt Al2O3, (c) MgO–30 wt% Al2O3, (d) MgO–

40 wt% Al2O3, and (e) MgO–50 wt% Al2O3.
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2. Experimental procedure

The MgO powder with a grain size <1 mm and 99% purity

and Al2O3 powder with a grain size of <2.2 mm and 99.99%

purity used in this research were supplied by Alfa. The powders

(MgO–10 wt% Al2O3, MgO–20 wt% Al2O3, MgO–30 wt%

Al2O3, MgO–40 wt% Al2O3, and MgO–50 wt% Al2O3) were

first milled in a high-energy ball mill (Pulverisette-5 planetary

mill) at 250 rpm for 4 h. Tungsten carbide balls (9 mm in

diameter) were used in a sealed cylindrical stainless steel vial

under an argon atmosphere at a ball-to-powder weight ratio of

30:1.

The powders were placed in a graphite die (outside diameter,

45 mm; inside diameter, 20 mm; height, 40 mm) and intro-

duced into the HFIHS apparatus shown schematically in Ref.

[15]. The HFIHS apparatus included a 15 kW power supply that

provided an induced current through the sample and a 50 kN

uniaxial press. The system was first evacuated and a uniaxial

pressure of 80 MPa was applied. An induced current was then

activated and maintained until the densification rate was

negligible, as indicated by real-time output of the shrinkage of
Fig. 2. FE-SEM images of the powders milled for 4 h; (a) MgO–10 wt% Al2O3, (b) MgO–20 wt Al2O3, (c) MgO–30 wt% Al2O3, (d) MgO–40 wt% Al2O3, and (e)

MgO–50 wt% Al2O3.



Fig. 4. X-ray diffraction patterns of the MgO–MgAl2O4 composites sintered

from milled powders; (a) MgO–10 wt% Al2O3, (b) MgO–20 wt% Al2O3, (c)

MgO–30 wt% Al2O3, (d) MgO–40 wt% Al2O3, and (e) MgO–50 wt% Al2O3.

Fig. 3. Variations in temperature and shrinkage with heating time during the

sintering of MgO and Al2O3 powders milled for 4 h.
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the sample. The shrinkage was measured by a linear gauge,

which detected the vertical displacement. The HFIHS can be

controlled by temperature or output control, and the latter was

chosen to investigate the effect of the total power output, given

that the induced current level had a direct effect on the rate of

heating and on the maximum temperature. The output level in

this study was 80% of the total power. Temperatures were

measured using a pyrometer focused on the surface of the

graphite die. At the completion of the process, the induced

current was turned off and the sample was cooled to room

temperature. The process was performed under vacuum at

5.33 Pa.

The relative density of the sintered sample was measured

using the Archimedes method. Microstructural information was

obtained from product samples, which had been polished and

thermally etched for 1 h at 1100 8C. Compositional and

microstructural analyses of the products were conducted

through X-ray diffraction (XRD) and field emission scanning

electron microscopy (FE-SEM) with energy dispersive spectro-

scopy (EDS). Vickers hardness was measured at a load of 5 kg

and a dwell time of 15 s.

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns of the MgO–10 wt%

Al2O3, MgO–20 wt% Al2O3, MgO–30 wt% Al2O3, MgO–

40 wt% Al2O3, and MgO–50 wt% Al2O3 powders after high-
energy ball milling for 4 h. Only MgO and Al2O3 peaks were

detected. FE-SEM images of MgO–10 wt% Al2O3, MgO–

20 wt% Al2O3, MgO–30 wt% Al2O3, MgO–40 wt% Al2O3,

and MgO–50 wt% Al2O3 powders after milling for 4 h are

shown in Fig. 2. The Al2O3 and MgO powders were round

nanograins with milling and agglomeration. The variations in

shrinkage displacement and temperature with heating time for

80% of the total output power capacity (15 kW) during the

sintering of the high energy ball milled MgO–10 wt% Al2O3,

MgO–20 wt% Al2O3, MgO–30 wt% Al2O3, MgO–40 wt%

Al2O3 and MgO–50 wt% Al2O3 powders under a pressure of

80 MPa are shown in Fig. 3. In all cases, the application of the

induced current resulted in shrinkage due to consolidation. The

longer the induced current was applied, the more the specimens

shrunk. High-energy ball milling treatment allows for the

control of compound formation through fixation of the Al2O3

and MgO powder microstructures. Indeed, high-energy ball

milling produced finer crystallites, strains and defects. There-

fore, the consolidation temperature decreased due to milling

because the driving force for sintering and the powder contact

points for atomic diffusion increased. Fig. 4 shows the XRD

patterns of specimens sintered from the high energy ball milled

MgO–10 wt% Al2O3, MgO–20 wt% Al2O3, MgO–30 wt%

Al2O3, MgO–40 wt% Al2O3, and MgO–50 wt% Al2O3

powders. The interaction between these phases, i.e.,

Al2O3þMgO ! þ MgAl2O4 (1)

is thermodynamically feasible [16]. FE-SEM images of MgO–

MgAl2O4 composites sintered from MgO–10 wt% Al2O3,

MgO–20 wt% Al2O3, MgO–30 wt% Al2O3, MgO–40 wt%

Al2O3, and MgO–50 wt% Al2O3 powders milled for 4 h are

shown in Fig. 5. The average grain sizes of MgO and MgAl2O4

in MgO–10 wt% Al2O3, MgO–20 wt% Al2O3, MgO–30 wt%

Al2O3, MgO–40 wt% Al2O3 systems were approximately

500 nm, and the average grain sizes of MgO and MgAl2O4

in the MgO–10 wt% Al2O3 system were approximately



Fig. 5. FE-SEM images of the MgO–MgAl2O4 composites sintered from milled powders; (a) MgO–10 wt% Al2O3, (b) MgO–20 wt Al2O3, (c) MgO–30 wt% Al2O3,

(d) MgO–40 wt% Al2O3, and (e) MgO–50 wt% Al2O3.
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100 nm. The refinements of MgO and MgAl2O4 in the MgO–

10 wt% Al2O3 system were due to the pinning effects of MgO

and MgAl2O4, respectively.

The role of current (resistive or inductive) in sintering or

synthesis processes has been the focus of several attempts to

provide an explanation to the observed enhancement of

sintering and the improved characteristics of the products.

The role played by the current has been variously interpreted,

with the effect explained in terms of a fast heating rate due to

Joule heating, the presence of plasma in pores separating
powder particles, and the intrinsic contribution of the current to

mass transport [17–20]. The differences between SPS and

HFIHS are that the specimen and die are heated by pulsed

current in SPS and by induced current in HFIHS.

Vickers hardness measurements were performed on polished

sections of the MgO and MgAl2O4 composites using a 5 kg load

and a 15 s dwell time. Fig. 6 shows Vickers indentations in the

MgO–MgAl2O4 composites sintered from MgO–10 wt%

Al2O3, MgO–20 wt% Al2O3, MgO–30 wt% Al2O3, MgO–

40 wt% Al2O3, and MgO–50 wt% Al2O3 powders. Additional



Fig. 6. Vickers indentations in the MgO–MgAl2O4 composites sintered from milled powders; (a) MgO–10 wt% Al2O3, (b) MgO–20 wt% Al2O3, (c) MgO–30 wt%

Al2O3, (d) MgO–40 wt% Al2O3, and (e) MgO–50 wt% Al2O3.
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cracks (1–3) stemming from the indentation area were

observed. The Vickers hardnesses of MgO and MgAl2O4

composites sintered from MgO–10 wt% Al2O3, MgO–20 wt%

Al2O3, MgO–30 wt% Al2O3, MgO–40 wt% Al2O3, and MgO–

50 wt% Al2O3 powders milled for 4 h were 583, 638, 958,

1073, and 1277 kg/mm2, respectively. The hardness of MgO–

MgAl2O4 composites increased with an increase in MgAl2O4

content because the hardness of MgAl2O4 is greater than that of

MgO.
Indentations with sufficiently large loads produced median

cracks near the indent. The lengths of these cracks allow for the

estimation of the fracture toughness of the materials [21]:

KIC ¼ 0:204
c

a

� �3=2

Hva1=2 (2)

where c is the length of the crack measured from the center of

the indentation, a is one-half of the average length of the two

indent diagonals, and Hv is the hardness. The calculated
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fracture toughness for the MgO–MgAl2O4 composites sintered

from MgO–10 wt% Al2O3, MgO–20 wt% Al2O3, MgO–

30 wt% Al2O3, MgO–40 wt% Al2O3, and MgO–50 wt%

Al2O3 powders were all 3 � 0.3 MPa m1/2. It is considered

that all the KIC obtained MgO–MgAl2O4 composites are about

3 MPa m1/2 because cracks can be blocked by MgO and

MgAl2O4, respectively.

4. Conclusions

Using the new rapid sintering method of HFIHS, the

densification of nanostructured MgO–MgAl2O4 composites

was accomplished using high energy ball milling. The Vickers

hardnesses of MgO and MgAl2O4 composites sintered from

MgO–10 wt% Al2O3, MgO–20 wt% Al2O3, MgO–30 wt%

Al2O3, MgO–40 wt% Al2O3, and MgO–50 wt% Al2O3

powders milled for 4 h were 583, 638, 958, 1073, and

1277 kg/mm2, respectively. The hardnesses of the MgO–

MgAl2O4 composites increased with an increase in MgAl2O4

content without a decrease in fracture toughness.
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