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Abstract Magnesium oxide (MgO) whiskers (with

diameters of about 60–80 nm) formed on the surface of

bulk polycrystalline MgB2 superconductor at a relative low

temperature (720 �C) during in situ sintering process. The

reaction between Mg and B powders begins at a tempera-

ture below melting point of Mg and maintains till about

750 �C. The residual Mg powders evaporate and react with

trace oxygen to form MgO vapor as the temperature

exceeds the melting temperature of Mg and a low super-

saturation is required for the growth of MgO whiskers. The

preformed MgB2 and MgO crystals act as substrates and

the melted Mg powders on the surface of them serve as

catalysts during the growth process of MgO whiskers. The

growth process of MgO whiskers is dominated by a self-

catalytic vapor–liquid–solid (VLS) mechanism.

Introduction

The research of crystal whisker has already made a sig-

nificant contribution to the field of crystal growth and

strength of solids. Due to their small dimensions, surface

perfection, and high elastic strength, whiskers are

undoubtedly of continuing interest for researchers. As a

member of whiskers, magnesium oxide (MgO) whiskers

show a large superiority for their high melting temperature,

low density and high modulus of rupture [1–3].

Magnesium oxide whiskers are important functional

materials, which can be widely used in the preparation of

superconductive and spaceflight composites to improve

their superconducting and mechanical properties [4]. In

view of their superiority, many techniques have been

developed to prepare MgO whiskers in various forms [5,

6]. However, both the high reaction temperature

([1,200 �C) and high cost limit the practical application of

these methods. Therefore, it is essential to develop a

method with mild temperature, low cost, and easy control

to prepare high-quality MgO whiskers.

Very recently, considerable efforts have been made to

develop low-temperature methods and control crystal sizes

and morphologies. Since the discovery of superconducting

MgB2 with a transition temperature of 39 K has stimulated

great interest [7], many groups have put efforts on studying

the decomposition and oxidation process of the MgB2.

Meanwhile, MgO whiskers with different morphologies

have been reported [8], which provide a new route to

synthesize MgO whiskers at low temperature.

In this work, we proposed a new method of synthesizing

MgO whiskers on the surface of bulk MgB2 sample during

in situ sintering process at a relatively low temperature

(about 720 �C), without using bulk MgB2 as precursor [9].

The growth process of bulk MgB2 and MgO whiskers, as

well as growth mechanism of MgO whiskers on the surface

of bulk MgB2 were discussed.

Experimental

The stoichiometrical mixture of amorphous boron powder

(with a purity of 99%, grain size\25 lm) and magnesium

powder (with a purity of 99.5%, grain size \0.1 mm) was

put into an agate mortar. After adequately grinding, the

mixed powder was pressed into cylindrical pellet (ø4

mm 9 1.5 mm) using a metallic mold. Then, the pellet

Q. Z. Shi (&) � Y. C. Liu � Z. M. Gao � Q. Zhao

College of Materials Science & Engineering, Tianjin University,

Tianjin 300072, People’s Republic of China

e-mail: licmtju@163.com

123

J Mater Sci (2008) 43:1438–1443

DOI 10.1007/s10853-007-2306-2



was heated and analyzed simultaneously using a high-res-

olution Differential Thermal Analysis (Netzsch DSC 404C)

apparatus, which was protected in the flowing argon (with a

flow rate of 10 L h-1) atmosphere at the ambient pressure.

The pellet was heated up to 720 �C with a rate of 20 K

min-1 and then cooled down to room temperature at a rate

of 40 K min-1.

The phase structures of the prepared specimens were

identified by a Rigaku D/max 2500 X-ray diffractometer

with Cu Ka radiation. The typical microstructure of the

sintered specimen was observed by JSM-6700F field

emission scanning electron microscope with accelerating

voltage of 10 KV.

Results and discussion

Formation of MgB2 during in situ sintering

Figure 1 shows the measured DTA curve of the investi-

gated sample, which is a mixture of Mg:B = 1:2 (dashed

line). In order to make a comparison, pure Mg powder was

also pressed into cylindrical pellet (ø4 mm 9 1.5 mm) and

then sintered in DTA apparatus. The heat flow signal of the

specimen during heating was also recorded and illustrated

in Fig. 1 (solid line). From these recorded curves, the

reaction process of mixture of Mg:B = 1:2 can be identi-

fied distinctly. Reaction between Mg and B powder started

at about 520 �C, and then an exothermic peak (peak 1 in

Fig. 1) appeared until Mg melt at about 620 �C. The sub-

sequent endothermic peak (peak 3 in Fig. 1), which is

associated with the melting of Mg, is smaller than that of

pure Mg powder (peak 4 in Fig. 1) and the corresponding

peak value is prior to that of pure Mg simultaneously. This

indicated that the reaction between Mg and B powders did

not complete before Mg had melted, and the heat released

from the combination reaction of Mg and B promoted the

melt of residual Mg and partial offset of the decalescence

of Mg melt. As residual Mg melted, part of them evapo-

rated and the others reacted with residual B powder to form

MgB2 till about 750 �C. The latter reaction between the

melted Mg and B powder became stronger than the former

as the flow of liquidus Mg not only increased the atomic

diffusion rate, but also enlarged the contacting area of

reactants.

To identify the formation process of MgB2 phase, four

different sintering temperatures, 530, 600, 650, and

720 �C, were selected according to successive heating

DTA curve in Fig. 1. All samples were heated up to pro-

grammed temperatures with the same rate of 20 K min-1

and then cooled down immediately to room temperature

with a rate of 40 K min-1. X-ray diffraction patterns of the

four sintered samples obtained were illustrated in Fig. 2. It

shows that the amount of MgB2 increased with raising the

sintering temperature. However, the reactions between Mg

and B powders at the temperature below and above the

melting point of Mg were dominated by different

mechanisms:

(1) Solid–solid reaction stage As the sample was sin-

tered at a temperature below the melting point of Mg (530

or 600 �C), only a little amount of MgB2 formed in the

sample, which could be identified from the X-ray diffrac-

tion patterns (see Fig. 2). The reaction between Mg and B

powders at this stage belongs to a solid–solid reaction

mechanism, which is controlled by interdiffusion of Mg

and B atoms and the migrationrate of atoms is too slow to

promote the growth of grain substantially at this stage.

Fig. 1 Measured DTA curves of mixture of Mg:B = 1:2 (dashed

line) and pure Mg powder (solid line), both heated at a rate of

20 K min-1
Fig. 2 XRD patterns of the samples sintered at different tempera-

tures. Each spectrum is labeled with the sintering temperature
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(2) Solid–liquid–gas reaction mechanism When the

sintering temperature increased up to 650 �C (the melting

point of Mg), the amount of MgB2 increased remarkably

for the reason that the molten Mg accelerated the atomic

diffusion rate and enlarged the contacting area of reactants.

The reaction between Mg and B powders belonged to a

solid–liquid–gas reaction mechanism at this stage and the

reaction would maintain till about 750 �C. Finally, poly-

crystalline MgB2 grains with regular hexagonal

morphologies formed (see Fig. 3).

Besides, MgO with different morphologies formed

accompanying MgB2 during the whole sintering process.

Details about formation process and growth mechanism of

MgO are discussed in below.

Formation of MgO with different morphologies

As seen from X-ray diffraction patterns in Fig. 2, the

amount of MgO rose with the increase in sintering tem-

perature for the reason that more and more Mg powders

were oxidized. Since all starting materials are powders,

they may contain a moderate amount of oxygen which

cannot be completely degassed. Additionally, there might

be other resources to introduce oxygen: (1) the desorption

of oxygen physically adsorbed on the surfaces of Mg and B

powders, as well as that in the alumina crucible; and (2) the

leakage of air into the reaction system through joints.

Wherever the oxygen comes from, its partial pressure has

to be kept as low as possible to ensure a relatively low

supersaturation of MgO vapor generated by reaction

between the Mg vapor and trace O2, which is crucial to the

formation of MgO whiskers.

At the initial stage of reaction between the Mg and B

powders (around 530 �C), there was almost no MgO

formed that could be detected by X-ray diffraction analysis

(as indicated in Fig. 2(a)). As the temperature increased up

to 600 �C, only a small amount of MgO was detected (as

seen in Fig. 2(b)), which reveals that the oxidation of Mg

powders was not fierce before Mg was melted.

When the temperature exceeded the melting point of

pure Mg, the residual Mg powders began to melt and part

of them evaporated to generate Mg vapor partial pressure.

At this stage, the molten Mg not only reacted with the

residual B to form MgB2 phase unceasingly, but also trace

oxygen to form crystalline MgO phase. The formed crys-

talline MgB2 and MgO phases would act as substrate

materials for the further growth of MgO whisker. Mean-

while, the Mg vapor reacted with trace oxygen in the

system and formed MgO vapor. When MgO vapor is in the

state of supersaturation (about 720 �C), it condensed onto

the surface of solid substrates (MgB2 and MgO grains,

Region A in Fig. 4(a)) and grew into highly anisotropic

MgO whiskers (Region B in Fig. 4(a)). As seen from the

high-magnification image of Region B in Fig. 4(a), MgO

whiskers had diameters of about 60–80 nm and the tips

were all foursquare (as seen in Fig. 4(b)), which present the

facets of MgO crystalline plane. Furthermore, the EDS

analysis result indicated that the tip of whisker was com-

posed of the elements Mg and O and the atomic ratio of

Mg:O is about 1:1 (as seen in Fig. 4(c)), which proved that

the whiskers are pure MgO.

Generally speaking, the mechanism for a growing

crystal is mainly determined by the internal structure of

given crystal, and affected by outer conditions such as

temperature and supersaturation state. Namely, the final

morphology is dependent on the intrinsic crystalline

structure and outer growth conditions. For whisker growth,

the control of supersaturation state is a prime consideration

because there is good evidence that the degree of super-

saturation determines the prevailing growth morphology

[10]. A low supersaturation is required for the whisker

growth whereas a medium supersaturation supports the

growth of bulk crystals. At high supersaturation, powders

are formed by homogeneous nucleation in the gas state.

Under less supersaturation, however, 1D structure (such as

whisker) is easy to grow (cf. Fig. 4(b)). This result is

similar to that of a previous work that focused on the

growth of Ga2O3, in which a low level of oxygen super-

saturation facilitated the growth of thin 1D nanomaterials

[11]. When the supersaturation is high enough, large sat-

uration may activate secondary growth sites and

heterogeneous nucleation on the side of the 1D structure,

tending to produce thicker structure. Figure 5 illustrates the

microstructure of the surface of pellet, which was sintered

at 720 �C. It is found that a spot of bulk MgO crystal
Fig. 3 SEM image of the polycrystalline bulk MgB2 with a

hexagonal morphology (synthesized at 720 �C)
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formed in the middle of the MgO whiskers indicated that

the supersaturation of MgO was not homogeneous on the

surface of the prepared pellet. From a thermodynamic point

of view, the minimization of Gibbs energy suggested that

the morphology assumed by a growing crystal is deter-

mined by the facets with minimum surface free energy and

therefore cubic MgO tends to grow into a cubic structure

(see Fig. 5).

Growth mechanism of MgO whisker

There are two widely accepted conventional mechanisms

for the growth of whisker, viz. the vapor–liquid–solid

(VLS) and the vapor–solid (VS) mechanisms. The con-

ventional VLS mechanism is a catalyst-assisted process, in

which the metallic particles act as metal catalysts pre-

senting on the end of the whiskers. Generally, the noble

metals and transition metals, such as Au, Fe, Co, and Ni,

have proved to be effective catalysts to direct the VLS

growth of 1D nanostructures including Si, GaAs, GaN, and

so on [12–15]. Metals In, Sn, and Ga are also used as

catalysts to grow GaN, ZnO, Si, and SiO2 1D nanostruc-

tures in VLS growth mechanism [16–20]. The selected

catalysts mentioned above are all foreign metal elements

for the 1D nanostructure materials and form the liquid

eutectic alloy with 1D nanostructure materials under the

growth temperature, which are basically required for con-

ventional VLS mechanism. Though the growth of MgO

nanowhiskers with the small particles capping the end was

regarded as a typical sign of VLS process [21], no evidence

has been given to support it.

Fig. 4 (a) SEM image of MgO whiskers formed on the surface of

bulk polycrystalline MgB2 samples, where the MgO vapor reached a

low supersaturation, at a temperature of 720 �C. (b) High-magnifi-

cation image of Region B in (a), clearly visible small square particles

at the tips of whiskers. (c) EDS spectrum of the end of whisker

Fig. 5 SEM image of bulk MgO formed on the surface of bulk

polycrystalline MgB2 samples, where MgO vapor reached a medium

supersaturation, at a temperature of 720 �C
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Identifying from the Mg–MgO phase diagram (see

Fig. 6) [22], no liquid eutectic alloy can be formed in the

Mg–MgO system at the temperature above the melting

point of Mg (about 650 �C). Only liquid Mg, which is one

of the components of MgO whisker materials, can function

as catalyst to prompt the growth of the MgO whiskers. As

no external catalyst was introduced into the growth of MgO

whiskers, the growth of the MgO whiskers in this work

should not be attributed to a conventional VLS mechanism

but a self-catalytic VLS process. The so-called self-cata-

lytic growth was first reported in Ref. [23] and then some

strong evidences for the mechanism were given in Refs.

[24, 25] via observation of the growth of GaN and ZnO 1D

nanostructures in Ga and Zn liquid droplets.

In this work, however, there is a different view on the

self-catalytic growth process of MgO whiskers from Ref.

[23], in which the effects of formed MgO vapor on the

growth of MgO whiskers were neglected. The growth of

MgO whiskers was not only carried out by the absorption

of oxygen in the inset flow, but also the deposition of the

MgO vapor. A low supersaturation of MgO vapor is the

crucial factor in the formation of MgO whiskers as

described above. Referred to conventional VLS mechanism

[26], a schematic illustration of the growth of MgO whisker

by self-catalytic VLS mechanism was proposed in Fig. 7. It

can be divided into three main stages: (1) nucleation, (2)

deposition, and (3) axial growth. At the nucleation stage,

the residual Mg particles on the surface of MgB2 substrates

melted and acted as metal catalysts as the temperature

increased till 650 �C. The molten Mg reacted with trace

oxygen to form MgO nuclei at the liquid–solid interface.

These sites are important because they would serve as the

preferred sites for the further absorption of O2 and depo-

sition of MgO whiskers. As MgO vapor reached its critical

supersaturation with increasing temperature, the MgO

vapor diffused through the fused Mg catalysts and pre-

cipitated onto the site of MgO nucleus at the liquid–solid

interface. Then the anisotropic growth of MgO whiskers

that occurred at only where the liquid metallic catalyst was

present as the sticking coefficient is higher on liquid than

solid surfaces. The fused Mg catalysts ultimately reacted

with oxygen to form square MgO crown at the tip of MgO

whiskers, which would cease the growth of the whiskers.

Conclusion

Magnesium oxide whiskers could be obtained on the sur-

face of bulk polycrystalline MgB2 at a low temperature

during in situ sintering process. The growth process of

MgO whiskers is dominated by self-catalytic VLS mech-

anism. The formation and growth process could be divided

into four steps: (1) Mg and B powders begin to react with

each other to form polycrystalline MgB2 phase at a tem-

perature below the melting point of pure Mg (650 �C) and

the process will remain until about 750 �C along with the

oxidation of Mg powders during the whole sintering pro-

cess; (2) the preformed MgB2 and MgO crystals will act as

substrates and the molten Mg powders on their surface will

be taken as catalysts for the absorption of O2 and the

deposition of MgO whiskers; (3) As the temperature

exceeds the melting point of pure Mg, the residual Mg

powders begin to evaporate and react with trace oxygen to

form MgO vapor; and (4) when MgO vapor reached to a

low supersaturation state, it condensed onto the surface of a

solid substrate placed next to the MgB2 powders and grew

into highly anisotropic MgO whiskers.
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Fig. 6 Partial phase diagram of Mg–MgO system [22]

Fig. 7 Schematic illustration of the VLS growth mechanism of the

MgO whisker
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