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Abstract The effect of divalent cation dopants on the

phase transformation and microstructural evolution in M2+-

substituted c-alumina (GA-M; M = Mg, Ca, Sr, Mn, Co,

Ni, Cu, Zn; 0.1–0.5 mol%) powders were systematically

investigated. Divalent cations were substituted into the

defect spinel lattice of c-alumina through a sol–gel route

using high-purity polyhydroxoaluminum and MCl2 solu-

tions. All divalent dopants retarded c-to-a transformation

up to 0.3 mol%. A correlation was found between the

transformation temperature and the ionic radius of dopant

at 0.5 mol% with the exception of the Cu series, where

eutectic liquid formation may occur. The microstructural

evolution in GA-M powders at high temperature was

strongly affected by dopants that segregated from GA-M

primary particles to the grain boundary during/after trans-

formation. All dopant effects on grain growth in GA-M

powders at 0.1 mol% were retarding. Average grain size at

high temperatures seemed to correlate with dopant ionic

radius, excepting Cu and Mn.

Introduction

The microstructure must be carefully controlled to obtain

dense and fine-grained alumina ceramics with improved

properties. In order to obtain fine-grained or nanocrystal-

line alumina ceramics, some studies focused on the use of

nanosized transition alumina powders [1, 2]. In these

studies, alumina ceramics with a grain size of 200 nm or

less were obtained by pressure sintering. We focused on the

use of polyhydroxoaluminum (PHA) gel-derived transition

alumina powders [3–6]. Fully densified alumina ceramics

were obtained by pulse electric current sintering [5], and a

fine-grained microstructure with an average size of

0.47 lm would be obtained [6].

Dopant or co-dopant additives such as MgO, CaO, and

NiO are known to influence the sintering and grain growth

of a-alumina [7–12]. Dopants tend to segregate to grain

boundaries or form second-phase precipitates [13], acting

as solute drag to reduce the grain boundary mobility [8, 9].

There are, however, a few reports concerning the effects of

additives on sintering behavior of transition alumina

powders: for h-alumina [14], in which MgO is incorporated

by the solution impregnation method, and for Mg2+-doped

c-alumina [6] obtained from PHA solution by a sol–gel

process. However, the effect of various cation additives on

the phase transformation of c-alumina powder was studied

extensively using impregnated c-alumina powder with a

high loading of such as 10 mol% [15–18]. The phase

transformation of transition aluminas is also important for

the sintering and control of microstructure in alumina

ceramics.

If various divalent cation-substituted c-alumina pow-

ders, in which divalent cations are directly substituted into

the defect spinel lattice of c-alumina [6], can be obtained,

this can potentially extend the use of substituted powders to

the fabrication of fine-grained ceramics by selecting

appropriate dopants. Thus, in the course of developing

nanosized alumina starting powders, the present work deals

with the formation of divalent M2+ cation substituted
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c-alumina (GA-M, M = Mg, Ca, Sr, Mn, Co, Ni, Cu, and

Zn; 0.1–0.5 mol%) powders. The aim of the present study

is to determine substitutional M2+-dopant effects on the

phase transformation and high-temperature microstructural

evolution in GA-M powders for a better understanding of

the thermal behavior of GA-M powders. The GA-M

powders were prepared by a new sol–gel route using high-

purity PHA and MCl2 solutions as starting materials. The

substitutional dopant effect in GA-M powders, along with

their nanosized nature, would demonstrate the higher effect

of dispersed dopants on microstructural evolution, com-

pared with that in a-alumina or transition alumina powders

doped by the impregnation method.

Experimental

A high-purity PHA solution having an Al2O3 concentration

of 23.7 mass% and a OH/Al ratio of 2.50 was prepared by

dissolving Al metal in HCl solution [19]. Special attention

was paid to impurities. The sources of divalent cations

were MCl2�nH2O (M = Mg, Ca, Sr, Mn, Co, Ni, Cu, and

Zn, n = 2, 4 or 6, Wako Pure Chemical Industries, Japan).

Each chloride was dissolved in distilled water and added to

the PHA solution to form 0, 0.10, 0.30, 0.50, and

2.00 mol% M2+ against the mole of Al2O3 obtained from

the PHA solution. The mixed solutions were stirred thor-

oughly at room temperature and then held at 60 �C for

2 days or more for gelation. The resultant gels were ground

into –150 lm powders using a high-purity alumina mortar

and pestle and then calcined at 900 �C for 3 h to obtain

GA-M (hereafter abbreviated, for example, as GA-M0.5

and GA-M2 for 0.50 and 2.00 mol% dopant, respectively)

powders. The GA-M powders were pulverized again and

sieved through a 140-mesh (–106 lm) screen. The amounts

of impurities (by mass), as measured by ICP after disso-

lution, in GA-Ni0.5, for example, were 21 ppm Si, 14 ppm

Na, 3 ppm Ca, and 30 ppm Fe, showing that the purity was

higher than 99.99%. In order to determine the phase

transformation temperature, DTA (TG 8120, Rigaku,

Japan) measurements were conducted at a heating rate of

10 �C/min under flowing air using 25 mg samples. The

GA-M powders were heated at 1,050–1,400�C for 3 h.

Their phases were characterized by powder XRD, using

monochromatic CuKa radiation (RINT 2000, Rigaku). The

microstructure of the GA-M powders was observed by a

scanning electron microscope (S-3100H, Hitachi, Japan)

and a transmission electron microscope (JEM-2010, JEOL,

Japan). TEM samples were prepared by suspending the

lightly ground GA-M powders in ethanol and evaporating a

droplet of the suspension onto a microgrid. The average

grain size of the sintered powders was estimated by the

line–intercept method with paying very careful attention to

defining the grain boundary positions, using the magnified

SEM and TEM photographs and part of the results obtained

from SEM were compared with those obtained from TEM

to ascertain the accuracy of grain size measurements. The

average grain size was determined by using at least

100 grain size measurements.

Results and discussion

Phase transformation in M2+-substituted c-alumina

powders

Figure 1 shows the XRD patterns of typical GA-M0.5

powders obtained from the corresponding starting gels.

While the undoped GA-M0 powder consisted of c-alumina

with a trace of v-alumina, the characteristic diffraction of

v-alumina at around 42.5� [20, 21] was absent in all

GA-M0.5 samples. This implies that a small amount of

divalent dopant is sufficient to suppress the co-formation of

v-alumina. Moreover, the diffraction peak around 67� shif-

ted to lower diffraction angles with increasing dopant

content. Indeed, the GA-Ni sample containing 20 mol%

Ni2+, for example, yielded a single-phase c-alumina with a

larger lattice constant (a0 = 0.797 nm) than that of GA-M0

(a0 = 0.788 nm). This indicates that the solid solutions

containing Ni2+ cations in the defect spinel lattice of

c-alumina were formed between 0 and 20 mol%, as in the

case of Mg2+ reported previously [6]. These chemical lattice
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Fig. 1 XRD patterns of various GA-M powders. ¤: c-Al2O3, m:

v-Al2O3
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expansions were also observed for other GA-M samples

having higher M2+ substitutions, except the Ca and Sr series.

For the Ca and Sr series, increase in the lattice constant

was saturated around 0.5 mol%. This indicates that the

solubility of Ca2+ and Sr2+ in the c-alumina lattice is very

low owing to their larger cation sizes, but that the dopant

cations were substituted even for the Ca and Sr series at

least up to around 0.5 mol%.

Figure 2 shows the DTA curves of GA-Ca and GA-Cu

series powders with increasing dopant content, along with

that of GA-M0 as a reference. The exothermic peak, which

was attributed to the c-to-a transformation [3] by XRD,

was located at 1,151 �C for GA-M0. The exothermic peak

for the GA-Ca series shifted to higher temperatures and

weakened with increasing substitution. In contrast, the

exothermic peak for the GA-Cu series shifted to higher

temperatures up to 0.3 mol% and then to lower tempera-

tures above 0.3 mol% with a marked sharpening at

2 mol%. This suggests that the transformation mechanism

changed around 0.3 mol%.

Figure 3 plots the exothermic peak temperature (Tp)

against the Ca-, Ni-, and Cu-dopant content. Clearly, the

transformation temperature strongly depended on the dop-

ant content. The Tp of the GA-Ca series increased markedly

up to 1.25 mol% and gradually above 1.25 mol%, while

that of the GA-Cu series increased up to 0.3 mol% but

decreased above 0.3 mol%. The Tp of the GA-Ni series

increased monotonically up to 2 mol%. These results show

that only a small amount of dopant is enough for systematic

changes in the transformation behavior of GA-M powders.

This is an important feature of the present GA-M series

powders, as distinct from the impregnated c-alumina pow-

ders. For example, the increase in the transformation

temperature of the Ni-impregnated sample (10 mol%) was

4 K [15], while that for the GA-Ni0.5 powder was 10 K.

The effect of substitutional dopants (0.5 mol%) was clear.

Thus, the present study focused on the dopant effect on

transformation in the GA-M0.5 series.

Figure 4 shows the DTA curves of typical GA-M05

powders. The transformation is clearly very sensitive to the
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dopant species. In particular, in the case of alkaline earth

series dopants, the ionic radius of the dopant seems to play

an important role in the shift of the exothermic peak, i.e.,

the phase transformation, as observed for impregnated

powders by Okada et al. [15]. Thus, Figure 5 plots the Tp

of GA-M0.5 powders against the ionic radius for sixfold

coordination [15, 22] of dopants. It is seen that the dopants

fall into one of these three groups: those having (i) a weak

retarding effect (Mg, Mn, Co, Ni, and Zn), (ii) a strong

retarding effect (Ca, Sr), and (iii) a weak accelerating

effect (Cu). Overall, the dopant effects in GA-M powders

are analogous to those in impregnated c-alumina powders

[15], however, some differences are observed: the addition

of CuO and MnO (10 mol%) by impregnation caused a

dramatic decrease in Tp. Moreover, it should be noted that

all divalent dopants studied here retarded the transforma-

tion up to 0.3 mol%, where the Cu dopant was reclassified

into group (i). This indicates that M2+-dopants should

thermodynamically decrease the free energy (G) of

c-alumina relative to that of corundum, causing the phase

transformation temperature to shift up. The difference in

the effect of Cu and Mn dopants between the present

system and that studied by Okada et al. [15] can be

attributed to the difference in the dopant content and

doping conditions, whether or not the dopants are substi-

tuted directly into the lattice in the starting powders. The Tp

lowering in GA-Cu powders above 0.3 mol% can be

explained by the eutectic liquid formation of Al2O3–CuO–

Cu2O, which accelerates the transformation [15]. This is

supported by the fact that the DTA baseline of GA-Cu2

showed a remarkable shift towards the endothermic side,

exhibiting a change in curvature around 1,120–1,160�C

(Fig. 2).

Tp appears to correlate with the dopant ionic radius: the

transformation tends to be retarded with increasing sub-

stitutional dopant radius. The thermal stability of the

substituted c-alumina lattice is enhanced by larger substi-

tutional dopants, especially in the case of alkaline earth

dopants. A substitutional dopant with larger ionic radius is

thought to be more effective in suppressing the diffusion of

Al3+ and O2- in the lattice [15], and hence retards the

transformation by suppressing the rearrangement of oxygen

anions from fcc to hcp packing [23]. This tendency to

enhance thermal stability is analogous to that reported for

impregnated powders [15]. Site preference of dopants to

tetrahedral or octahedral sites in the c-alumina lattice might

also modulate the degree of retardation. However, further

discussion is difficult because dopant sites are unknown in

the present samples.

Clearly, the phase transformation in GA-M powders is

more strongly affected by even a small amount of dopant

owing to the intimate mixing at the atomic level, compared

with that in impregnated powders. The phase transforma-

tion in GA-M powders is affected directly by substitutional

dopants in the lattice, while that in impregnated powders is

indirectly affected by the interaction between c-alumina

particles and the impregnated dopants upon heating. It has

been reported [15] that some dopants in impregnated

powders became incorporated into the c-alumina lattice

during the heating process, however, the GA-M powders

prepared by the sol–gel method in the present study are

attractive from the standpoint of reducing the dopant

content to fabricate fine-grained alumina ceramics by

minimizing the precipitation of the secondary phase. In

fact, the second phase could not be detected by XRD using

high powered X-rays in GA-M0.1 samples after firing at

1,200–1,400 �C. In the case of GA-M0.5 powders, the

excess segregated dopants precipitated in small quantities

as a second phase, such as MAl12O19 [magnetoplumbite-

type] for Ca and Sr, and MAl2O4 [spinel-type] for the other

dopants above 1,200 �C. The critical concentration for

secondary phase formation depended on the dopant content

and the grain size developed [24].

Microstructural evolution in M2+-substituted c-alumina

powders

In order to investigate the dopant effect on microstructural

evolution under little or no secondary phase precipitation,

our study focused mainly on GA-M0.1 powders. Figure 6

shows TEM images of GA-M0 and GA-Ca0.1 samples

heated at 1,050 �C for 3 h. GA-M0 yielded two types of

particles having different morphologies: large grains
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(around 140 nm) of a-alumina and aggregates of smaller

particles (around 15 nm) of c-alumina. GA-Ca0.1 also

yielded two types of particles, however, the a-alumina

grains were smaller (around 100 nm). These results indi-

cate that a-alumina grew rapidly and that the dopant Ca

significantly suppressed the grain growth of a-alumina in

the primary particle matrices during sintering.

The retardation in transformation was favorable for the

evolution of a fine-grained microstructure. However, the

retardation of grain growth in GA-Ca0.1 samples was

mainly attributable to the Ca doping, rather than the

increased transformation temperature, because the differ-

ence (DT) in Tp between the GA-M0 and GA-Ca0.1

samples was very small (18 K). In general, the mechanism

for a-transformation consists of nucleation and growth

[25], and many researchers have reported the rapid growth

of a-alumina [21, 25, 26].

Figure 7 shows the microstructure of typical GA-M0.1

samples (M = Ca, Ni, and Cu) sintered at 1,200 �C along

with the undoped sample GA-M0. The undoped sample

evolved a ‘vermicular’ microstructure [25, 27] that con-

tained continuous grains of a-alumina (around 0.25 lm)

and pore channels. GA-M0.1 powders also exhibited a

vermicular microstructure, however, their grain sizes

strongly depended on the dopant species: even a small

amount of dopant affected the microstructural evolution.

The Ca dopant resulted in a marked decrease in grain size,

while Ni caused a slight decrease. The Cu dopant caused

little change in grain growth at 0.1 mol%. Although grain

growth in GA-M powders resulted in a vermicular micro-

structure, the grains grew along contiguous paths of

connectivity (grain boundaries). Thus, the microstructure

of GA-M0.1 was possibly determined by highly dispersed

dopants expelled from GA-M primary particles and seg-

regating at the grain boundary and grain surfaces during the

grain growth that occurred with/after the transformation.

Figure 8 shows the microstructure of typical GA-M0.1

samples (M = Ca, Ni, and Cu) that evolved at 1,400 �C.

The grain growth behaviors were more pronounced at

higher temperatures. The GA-M0 sample retained a ver-

micular microstructure at an increased average grain size of

about 0.57 lm. Grain growth in the GA-Ca0.1 was mark-

edly suppressed, while that in GA-Cu0.1 powder was

only slightly suppressed. Grain growth in GA-Ni0.1 was

also suppressed. Thus, substitutional M2+-dopants in the

c-alumina lattice resulted in the development of a uniform

microstructure with a narrow grain size distribution upon

heating.

For systematic representation, Fig. 9 plots the average

grain size of GA-M0.1 samples prepared at 1,200 �C

against the ionic radius of dopant, along with that devel-

oped at 1,400 �C. The average grain size was measured by

SEM. The data shown in Fig. 9 are in good agreement with

those of the TEM observation within 5% deviation. The

cation dopant effect for GA-M0.1 samples at 1,200 �C was

all retarding, falling into one of the three categories: (i)

weak retarding effect for Cu, (ii) moderate retarding effect

for Mg, Mn, Co, Ni, and Zn, and (iii) a strong retarding

effect for Ca and Sr. The cation dopant effect for GA-M0.1

samples at 1,400 �C was also all retarding, similarly to that

at 1,200 �C. The Mn series changed its degree of retarding

effect at 1,400 �C and fell into group (i). The retarding

effect of Mg and Ni dopant was similar to those reported

for MgO and NiO added h-alumina powder [14]. The

suppression effect on grain growth, especially in GA-M0.1

samples, seemed to correlate with the ionic radius of

dopant: the grain size of GA-M0.1 samples tended to

decrease as the ionic radius of dopant increased. This trend,

when compared with Fig. 5, can be interpreted as sug-

gesting that the retardation of grain growth correlates with

the retardation in transformation. However, DT in the Tp

among the GA-M0.1 series was very small, minimizing the

Fig. 6 TEM photographs of (a) GA-M0 and (b) GA-Ca0.1 samples

heated at 1,050 �C
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effect of DT on grain growth under prolonged heating

conditions, e.g., 3 h. Thus, it is reasonable to conclude that

the grain size developed was predominantly affected by the

segregated dopants themselves, suggesting that the dopant

affects both the grain growth and transformation retarda-

tion through a similar mechanism.

Recently, the segregated dopant effect (0.1 mol%, Mg,

Mn, Sr, etc.) on the grain boundary diffusivity in alumina

was shown to relate to the ionicity in the vicinity of the

grain boundaries: the improved ionicity presumably sup-

presses the atomic diffusion through the increase in the

O-anion size [28]. Thus, the observed ‘cation size effect’

may roughly reflect the change of ionicity in the grain

boundary, hence the grain growth behavior. From the

viewpoint of the classical ionic radius concept, especially

for alkaline earth dopants, a larger substitutional cation

should improve the ionicity around the O-anion in the order

Mg \ Ca \ Sr, possibly also suppressing the atomic dif-

fusion in the same order, although this assumption is an

oversimplification for transition element dopants.

The microstructural evolution of the GA-M0.5 series at

1,200 �C closely resembled that of the GA-M0.1 series,

suggesting that the microstructural evolution generally

reflects the effect of the initial dopant segregation process.

In the case of GA-M0.5 powders at 1,400 �C, the dopant

effect on grain growth was clearly divided into two groups:

a retarding group for the Mg, Ca, Sr, Co, Ni, and Zn series

and a strong accelerating group for the Cu and Mn series.

This accelerating effect on grain growth in GA-Cu0.5 and

GA-Mn0.5 samples is in accordance with that reported for

CuO [29] and MnO [30] additives to a-alumina powders.

Thus, the weakened retarding effect of Cu dopant in GA-

Cu0.1 samples suggests that, to some extent, a mechanism

similar to that of the GA-Cu0.5 sample, which showed an

average grain size of 1.22 lm at 1,400 �C, was at play

even at 0.1 mol%. The grain growth in GA-Cu0.5 was

presumably accelerated by the formation of a eutectic

liquid phase owing to the increased mass transport via a

solution-precipitation mechanism [29]. The retarding effect

of Mn in the GA-Mn0.1 sample was markedly weakened at

1,400 �C. This also suggests that the mechanism of the

accelerating effect, which was exhibited in GA-Mn0.5

samples at 1,400 �C (average grain size: 0.97 lm), started

to come out at 0.1 mol%. This accelerating effect of the

Mn dopant at high temperatures can be explained in terms

of the marked high grain boundary diffusivity reported for

Fig. 7 SEM photographs of

typical GA-M01 samples

sintered at 1,200 �C for 3 h. (a)

GA-M0, (b) GA-Ni0.1, (c) GA-

Ca0.1, and (d) GA-Cu0.1
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MnO-doped polycrystalline alumina [28] or the change in

the Mn valence as a result of the heating process, which

may increase the grain boundary diffusivity [30, 31].

The present results indicate that divalent substitutional

dopants below 0.5 mol%, especially a small content of

0.1 mol%, strongly affects the microstructural evolution of

GA-M powders at high temperatures, depending on the

dopant species. The nanocrystalline nature of GA-M

powders also contributes to developing a fine-grained

microstructure due to the high dispersion of segregated

dopants in the sintering matrices. Thus, the knowledge

obtained here extends the potential of the high-purity PHA

sol–gel process to the intimate mixing of substitutional

dopants at an atomic level and to the fabrication of fine-

grained ceramics with the selection of appropriate dopants

and sintering conditions. The suppression of the formation

of the vermicular microstructure is a problem that needs to

be solved for the fabrication of fine-grained alumina

ceramics using GA-M powders. The seeding of GA-M

powders is a promising way to suppress the formation of

the vermicular microstructure [3, 32]. Thus, investigations

on the seeding effect on microstructural evolution and

densification of GA-M powders are now under way.
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Conclusions

M2+-substituted c-alumina (GA-M; M = Mg, Ca, Sr, Mn,

Co, Ni, Cu, and Zn) powders were prepared by a new sol–

gel route using high-purity polyhydroxoaluminum (PHA)

and MCl2 solutions, and the effect of substitutional cation

dopants (B 0.5 mol%) on the phase transformation and

microstructural evolution in GA-M powders was system-

atically investigated. All substitutional divalent dopants

examined here retarded the c-to-a transformation up to

0.3 mol%, depending on the cation dopant content. A

correlation was observed between the endothermic DTA

peak temperature and the ionic radius of dopant, with the

exception of GA-Cu. The microstructural evolution at high

temperatures was also strongly affected by dopants that

segregated from GA-M primary particles to the grain

boundary during/after transformation. Segregation may

affect the grain boundary and surface diffusivity in alu-

mina, and hence modulate the grain growth behavior. The

dopant effect on grain growth in GA-M powders at

0.1 mol% was all retarding, while that at 0.5% was clearly

divided into two groups: a retarding group for the Mg, Ca,

Sr, Co, Ni, and Zn series, and an accelerating group for the

Cu and Mn series. The average grain size developed at high

temperatures seemed to correlate with the dopant ionic

radius, except in the case of the Cu and Mn series. The

proposed sol–gel route is effective in fabricating fine-

grained ceramics through suppressing the formation of a

vermicular microstructure.
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