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a b s t r a c t

Synthesis of nanocrystalline magnesium aluminate spinel (MgAl2O4) by mechanical activation of a pow-
der mixture containing Al2O3 and MgCO3 with subsequent annealing was investigated. Simultaneous
thermal analysis (STA), X-ray diffraction (XRD), and scanning electron microscopy (SEM) techniques
were utilized to characterize the as-milled and annealed samples. Results showed that pure nanocrys-
talline spinel could be fabricated completely by 5 h of mechanical activation with subsequent annealing
vailable online 25 September 2009
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at 1200 ◦C for 1 h with a crystallite size of about 45 nm. Further milling had no significant effects on
structure or phase composition of spinel phase after subsequent annealing. The nanocrystalline spinel
powder obtained after 60 h of milling and subsequent annealing at 1200 ◦C for 1 h had a crystallite size of
about 25 nm according to Williamson–Hall approach and particle sizes smaller than 200 nm. Enhanced
mechanical properties were observed in samples prepared from the powder mixture and milled for a
old crushing strength
anostructured materials

longer period.

. Introduction

Nanocrystalline materials with an average crystalline size of
few nanometers have been of much interest to many investi-

ators [1–3]. Nanomaterials exhibit increased strength/hardness,
nhanced diffusivity, improved ductility/toughness, reduced den-
ity, reduced elastic modulus, increased specific heat, etc. They
ave high potentials for use in structural and device applications in
hich enhanced mechanical and physical properties are required

4,5].
Magnesium aluminate spinel (MgAl2O4) is one of the best

nown and widely used materials. It develops high strength at
oth elevated and normal temperatures which, combined with the
act that it has no phase transition up to the melting temperature
2135 ◦C), makes it an excellent refractory material [6]. Also due to
ts good thermal shock resistance, high chemical inertness in both
cidic and basic environments, and excellent optical and dielectric
roperties, spinel is widely used in the metallurgical, electrochemi-
al, and chemical industrial fields [7–9]. Moreover, spinel has found
pplications in dentistry [10], catalyst supports [11], humidity sen-

ors [12], reinforcing fibers [13], photoluminescent materials [14],
uclear technology [15], and ceramic pigments [16].

Several synthetic methods have been used to synthesize spinel
owder that include the precipitation route [17], the aerosol
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method [18], the citrate–nitrate route [19,20], sol–gel of double
or semi-alkoxides [21,22], spray drying [23], freeze-drying [24],
organic gel-assisted citrate process [25]. The traditional method
of synthesizing this material is the ceramic one in which the
reaction in the solid phase takes place at high temperatures
(>1400–1500 ◦C) between oxides (or hydroxides or salts) of alu-
minium and magnesium [26]. This process has some disadvantages,
the most important being low surface area and chemical inhomo-
geneity. Mechanical activation is an efficient method to improve
the contact and interaction of the reactants by the milling pro-
cess, which increases the chemical homogeneity of the product and
reduces the severity of thermal treatment [27]. Although, synthesis
of spinel by a combination of mechanochemical treatment of alu-
minium hydroxide (gibbsite) and magnesium hydroxide (brucite)
powder mixture with subsequent heat treatment has been pre-
viously investigated [28], the crystallite size of the final product
was not in the nano-range, requiring heat treatment at tempera-
tures between 1400 and 1600 ◦C. The purpose of the present work
was to develop an easy method for synthesizing pure nanocrys-
talline spinel powder from alumina (Al2O3) and magnesite (MgCO3)
through mechanical activation with subsequent annealing.

2. Experimental procedures
2.1. Powder preparation

The powders of alumina (Al2O3) (99% purity, Merck) and magnesium carbonate
(MgCO3) (98% purity, Aldrich) were used as raw materials. MgCO3 is a better choice
than MgO since it is less hygroscopic and because on decomposition at high tem-
peratures of 600–900 ◦C, a fine grained MgO with a high surface area and reactivity

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:f_tavangarian@yahoo.com
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But even after 60 h of milling, the XRD pattern peaks of Al2O3 still
persisted. Increasing the milling time up to 60 h led to the broaden-
ing of XRD peaks and to a significant decrease in their intensity as
a result of refinement of crystallite size and enhancement of lattice
Fig. 1. Morphology of (a) Al2O3 a

hould result [29]. Fig. 1 shows the morphology of the initial powder agglomerates.
he alumina powder has an angular shape with a mean agglomerate diameter of
bout 100 �m. MgCO3 powder has a lamellar shape with a mean agglomerate size
f about 10 �m. The agglomerate size of powders was determined using scanning
lectron microscopy (SEM). Several micrographs were used for agglomerate size
easurement and the average value was reported. MgCO3 and alumina powders
ith a molar ratio of 1:1 were mixed to yield a single phase spinel. The powder mix-

ure was mechanically activated in a planetary ball mill (Fritsch P7 type) under
mbient conditions. The milling media consisted of a corundum container with
orundum balls (10 balls 10 mm in diameter). In all milling runs, the ball-to-powder
eight ratio was 10:1 and the rotational speed of the main disc was 500 rpm. Heat

reatment of the ball milled powders was carried out at 1200 ◦C for 1 h in air.

.2. Preparation of bulk sample

To evaluate the effect of milling time on the cold crushing strength (CCS) of
he prepared bulk samples, the 2–60 h milled powders were uniaxially pressed into
ellets in a hardened steel mould at a pressure of 500 MPa. Pellets of 12 mm in
iameter and 12 mm long were prepared for the determination of CCS according to
he ASTM standard (C0020-00R05).

Sintering of green bodies was carried out in a programmable resistance furnace.
o prevent the fracture of bodies during sintering, the samples were heated up to
00 ◦C in the first stage at a heating rate of 2 ◦C/min. In this situation, hydration
ater and CO2 were liberated more slowly from the pores. The specimens were

hen heated up to 1200 ◦C at a heating rate of 10 ◦C/min. After retention for 1 h at
200 ◦C, the specimens were cooled down to 600 ◦C at a rate of 50 ◦C/min to avoid
rain growth. The samples were then cooled down to ambient temperature at a rate
f 10 ◦C/min.

.3. Characterization

Phase transformation during ball milling with subsequent annealing was inves-
igated by X-ray diffractometry (XRD) using a Philips X’PERT MPD diffractometer
ith Cu K� radiation (� = 0.154056 nm). The XRD traces were recorded in the 2�

ange of 20–80◦ (step size of 0.04◦ and time per step of 1 s). The Williamson–Hall
ethod was used to estimate the crystallite size of the spinel powder [30]:

cos � = K�

D
+ ε sin � (1)

here � is the Bragg diffraction angle, D is the crystallite size, ε is the average internal
train, � is the wavelength of the radiation used, ˇ is the diffraction peak width at
alf maximum intensity, and K is the Scherrer constant (0.91) [30].

The morphology of powder particles was studied by scanning electron
icroscopy (SEM) in a Philips XL30 at an acceleration voltage of 30 kV. Image analy-

is was used to measure spinel powder particles. Differential thermal analysis (DTA)
as performed on as-milled powders in order to observe any exothermic peaks
hich may indicate crystallization temperatures of the spinel. Weight losses during

emperature rise were measured using thermogravimetric analysis (TG) at temper-
tures ranging from room temperature to as high as 1200 ◦C in air and at a heating
ate of 10 ◦C/min. CCS was measured by a Hydraulic Testing Machine type Amsler
odel D3010/2E.

. Results and discussion

.1. Thermal analysis
Fig. 2 shows the DTA and TG curves of powder after 5 min of
illing. As can be seen, the two endothermic bands observed at 290

nd 515 ◦C are attributed to dehydration and magnesite decompo-
ition, respectively [3]. At 1040 ◦C, a small exothermic effect was
etected associated with the nucleation and formation of spinel
MgCO3 powders before milling.

by reaction between alumina and periclase (MgO), as reported by
Sainz et al. [31]. The weight loss of the ball milled powder occurred
in three main stages. The first stage occurred at a temperature
below 350 ◦C probably due to the loss of water to hydration. The
second stage of weight loss took place below 700 ◦C due to the
decomposition of magnesium carbonate and crystallization of MgO.
Finally, at temperature around 1050 ◦C, the third stage occurred due
to the formation of spinel structure [31]. There was no further sig-
nificant weight loss above this temperature. So, heat treatment for
preparing spinel was performed at above 1050 ◦C.

3.2. XRD analysis

Alumina and magnesite reaction rate depends on the contact
area between the reactants (depending on their surface area), the
nucleation velocity of the final product (subordinated to the struc-
tural similarity between the product and, at least, one reactant), and
the diffusion rate of the ions through the phases of reactants and
products (influenced by the particle size, the mixing degree, and
the intimate contact of the reactants). With respect to the nucle-
ation velocity of the MgAl2O4, it must be noted that it is favored
due to the structural similarity between the spinel and alumina,
since Al2O3 can be considered as a defective spinel [32]. Considering
these observations, MgCO3 and Al2O3 were mechanically activated.
Fig. 3 shows the XRD patterns of prepared powders after different
mechanical activation times. It can be seen that the starting materi-
als of alumina (XRD JCPDS data file No. 01-1308) and MgCO3 (XRD
JCPDS data file No. 18-0769) remained after 5 min of mechanical
activation. After milling for 10 h, the XRD pattern peaks of MgCO3
disappeared. MgCO3 particles got finer and partially decomposed
during ball milling, indicating that mechanical activation gradually
creates the state in which the mixtures are amorphous [33]. The
changes in diffraction line intensities of basic MgCO3 are also faster
in comparison to pure, mechanically activated basic MgCO3 [34].
Fig. 2. DTA and TG curves of powder after 5 min milling.
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ig. 3. X-ray diffraction patterns of starting materials after various mechanical acti-
ation times.

train. No new crystalline phase was observed in the XRD patterns
ven after 60 h of mechanical activation.

To check the possibility of spinel phase formation during subse-
uent heat treatment, the milled powders were annealed at 1200 ◦C
or 1 h. Fig. 4a shows the XRD patterns of obtained powders after

echanical activation for various periods of time with subsequent
nnealing at 1200 ◦C for 1 h. The XRD pattern of the sample milled
or 5 min corresponds to those of alumina (XRD JCPDS data file No.
0-0173), periclase (XRD JCPDS data file No. 43-1022), and spinel
XRD JCPDS data file No. 21-1159) phases after subsequent anneal-
ng. In the first stage, magnesite is decomposed according to the
ollowing reaction:

gCO3 → MgO + CO2 �G1200 ◦C = −141.896 kJ/(mol K) (2)

fter this stage, the produced MgO reacts with Al2O3 to form spinel:

MgO + Al2O3 → MgAl2O4 �H1200 ◦C = −47.201 kJ/(mol K)

�G1200 ◦C = −37.411 kJ/(mol K) (3)

he negative values of �G and �H at 1200 ◦C for reaction (3) indi-
ate that the spinel reaction may occur at 1200 ◦C and that it is
xothermic. Schacht [35] proposed that at the interface between
articles of MgO and Al2O3, small crystals with the spinel sto-

chiometry and structure are nucleated relatively easily on the

urfaces of either MgO or Al2O3 grains. Once these initial spinel
ayers form, subsequent growth or thickening of the spinel product
ecomes much more difficult because, effectively, the two reac-
ants, MgO and Al2O3, are no longer in contact but are separated by
rather impenetrable spinel layer. To continue the reaction, a com-
Fig. 4. (a) XRD patterns of powders obtained after mechanical activation for various
periods of time with subsequent annealing at 1200 ◦C for 1 h and (b) decrease in the
intensity of XRD peaks with increasing milling time.

plex counter-diffusion process is thus required in which Mg2+ ions
diffuse away from, and Al3+ ions diffuse toward, the MgO–MgAl2O4
interface and vice versa for the MgAl2O4–Al2O3 interface.

In this situation, spinel formation is particularly slow because
ions such as Mg2+ and Al3+ diffuse slowly. Defects are required,
particularly vacant sites into which adjacent ions can hop. This can
be promoted by dynamically maintained high reaction interface
areas as well as the short-circuit diffusion path provided by the
large number of defects such as dislocations and grain boundaries
induced during ball milling.

Detailed analysis of the changes in the MgO diffraction line
intensities is one parameter that can be used for describing the
reaction progress. As can be seen, in the powder milled for 2 h, the

fraction of spinel phase increased to a great extent while traces
of MgO and Al2O3 were observed after the subsequent annealing.
Fast disappearance of MgO diffraction lines is the result of the effect
of mechanical activation on the reaction rate as a result of better
reactivity of initial materials. Mechanical activation increases the
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small and highly agglomerated particles with a rounded shape and
ig. 5. Crystallite sizes of the spinel phase as a function of period of mechanical
ctivation after subsequent annealing at 1200 ◦C for 1 h.

nterface of the reacting phases, which may enhance the reaction
inetics during the subsequent annealing. After 5 h of mechanical
ctivation and subsequent annealing at 1200 ◦C for 1 h, only the
pinel phase can be detected on the XRD pattern. Further milling
p to 60 h had no significant effects on structure or phase composi-
ion of the samples after the subsequent annealing. The absence of

gO and Al2O3 on the XRD patterns indicates that during mechan-
cal activation, a homogeneous powder mixture was achieved. As
an be seen in Fig. 4b, the intensity of XRD peaks decreased with
ncreasing milling time, while their width increased after annealing
t 1200 ◦C for 1 h. This is because the crystallite size after annealing
s lower for samples milled for longer times (as shown in Fig. 5).

The crystallite sizes of the prepared spinel ceramic are shown in
ig. 5 as a function of ball milling time. As can be seen, by increasing
he milling time from 2 to 60 h, the crystallite size after annealing
ecreased continuously from 45 to 25 nm. As milling proceeded,
he density of dislocation increased as a result of more nucleation
ites being available during crystallization upon annealing, which
n turn led to the smaller final crystallite size [3].

.3. Mechanical properties

Effect of ball milling period on cold crushing strength (CCS) of

pinel samples is shown in Fig. 6. Generally, CCS increases with
ncreasing milling time and there is a significant difference in the
CS of samples after 2 and 60 h of milling time as a result of
ecrease in the powder crystallite size after subsequent heat treat-

Fig. 7. SEM micrographs of (a and c) 5 h milled powders, and (b an
Fig. 6. Mechanical properties of sintered magnesium aluminate spinels as a function
of milling time of the initial powder mixture.

ment. Another reason for this behavior is that more MgCO3 particles
were decomposed with increasing milling time, whereupon a lower
amount of CO2 was released from the bulk sample during the sub-
sequent heat treatment which led to the higher density and lower
porosity of the spinel bodies. The maximum strength of the fired
spinel bodies was 70 MPa for the sample obtained from the pow-
der mixture milled for 60 h. This finding is comparable to those
reported by Zawrah et al. [17]. They reported that the cold crush-
ing strength of spinel bodies after firing at 1550 ◦C for 2 h was
about 65 MPa. Smaller crystallite sizes in the nano-range led to
a significant reduction in the sintering temperature and to better
mechanical properties.

3.4. SEM analysis

Fig. 7(a, c) and (b, d) shows the SEM micrographs of the samples
milled for 5 and 60 h after annealing at 1200 ◦C for 1 h, respectively.
As can be seen in Fig. 7a, the powder milled for 5 h consisted of very
agglomerate sizes smaller than 20 �m after subsequent annealing
at 1200 ◦C for 1 h. The agglomerate of the spinel powder prepared
by 60 h of ball milling and annealed for 1 h at 1200 ◦C was less than
20 �m with an irregular shape (Fig. 7b). The obtained spinel powder

d d) 60 h milled powders after annealing at 1200 ◦C for 1 h.
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fter 5 h of milling and subsequent annealing at 1200 ◦C for 1 h had
particle size of less than 500 nm (Fig. 7c). As can be seen in Fig. 7d,
ith increasing the milling time, the particle size of powder milled

or 60 h and then annealed at 1200 ◦C for 1 h was less than 200 nm.

. Conclusion

Mechanical activation with subsequent annealing of MgCO3
nd Al2O3 led to the formation of the single-phase nanocrys-
alline spinel (MgAl2O4) powder. It is clear that ball milling
ctivates the mixed particles, which is favorable for the solid-
tate reaction of the reactant particles forming the MgAl2O4
hase at a lower temperature. Liberation of CO2 due to the
ecomposition of magnesium carbonate during the mechani-
al activation process led to increased contact surface area and
etter reactivity of initial materials after subsequent annealing.
ingle phase nanocrystalline spinel powder was synthesized for
–60 h of mechanical activation with subsequent annealing at
200 ◦C for 1 h. The crystallite size of the prepared spinel phase
as between 25 and 45 nm. By decreasing the crystallite size as
result of increasing milling time, the cold crushing strength

ncreased. The maximum cold crushing strength obtained was
0 MPa for the sample prepared from the powder mixture milled
or 60 h.
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