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Abstract

A rapid and simple way of producing bulk graded Al2O3/YAG/YSZ ternary eutectics was investigated. The combustion reaction between

Al/Fe2O3/Y2O3/ZrO2 led to the formation of molten mixtures consisting of Al2O3/YAG/YSZ, and the subsequent separation of the ceramic melt

from the iron melt was realized under ultra-high-gravity field, followed by the solidification of the ceramic melt. The as-solidified ceramic ingot

sank into the iron melt, where an instantaneous isostatic pressure about 2 MPa was exerted on the around of the ceramic ingot resulting in an

enhanced degree of densification. Microstructure analysis demonstrated that densified ceramic was composed of Al2O3/YAG/YSZ ternary

eutectics. The phase composition, morphologies, hardness and fracture toughness of the eutectic product changed gradually along the direction of

high gravity field. The maximum density of the eutectic ceramic was 97.32%, correspondingly, the maximum value of the Vickers hardness and

fracture toughness reached 17.82 GPa and 5.51 MPa m1/2, respectively.
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1. Introduction

The eutectic oxide ceramics fabricated by solidification

from melts exhibit excellent high temperature mechanical

properties, thermal stability and oxidation resistance. Therefore

these eutectic oxide ceramics are potential candidates for

elevated temperature structural application on turbine compo-

nents [1–4]. Compared with the conventional sintered ceramics,

the eutectic oxide ceramics prepared by solidification from

melts offer important advantages for elevated temperature

applications due to the unique characteristic microstructure

feature with fine crystals entangled with each other and lots of

clean interfaces [5]. However, the large-scale bulk ingot rather

than fiber or rod could not be achieved easily due to the low

thermal conductivity of the oxide ceramics. So, it seems to be

inefficient and uneconomical to the traditional methods of

fabricating eutectic oxide from melts [6–8].
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From the functional graded material (FGM) of view, gradual

changes in composition, microstructure and porosity result in

gradients in properties such as mechanical strength and thermal

conductivity and so on, therefore the materials with graded

microstructure may offer great promise in wide applications [9].

In the present work we have developed a rapid and simple

method of fabricating the eutectic oxide Al2O3/YAG/YSZ with

graded structure. That is to integrate thermite reaction with ultra-

high-gravity field. The high temperature molten mixture is

obtained by the reaction of Al and Fe2O3 with additives of Y2O3

and ZrO2 powders, meanwhile, the separation of the ceramic

product melt from iron product melt completes in a short time in

exerted ultra-high-gravity field. After that, the rapid solidifica-

tion of Al2O3/YAG/YSZ melt is to be realized, accompanying the

development of graded structure in ultra-high-gravity field.

2. Experiment

Commercial powders of Al (AR, Angang Group Aluminium

Powder Co., Ltd., China), Fe2O3 (AR, Beijing Chemical

Corporation, China), Y2O3 (99.999%, General Research

Institute for Nonferrous Metals, China), and ZrO2 (AR, Beijing
na Group S.r.l. All rights reserved.
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Fig. 1. Schematic diagram of the apparatus designed for carrying out the combustion synthesis under ultra-high-gravity.

Fig. 2. Schematic diagram of the ceramics product assemblage by combustion

synthesis under ultra-high-gravity and the manner of sampling the eutectic

ceramic ingots.
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Chemical Corporation, China) were used as starting materials.

The raw materials were mixed according to the molar ratio of

17.7:52.3:11.8:18.2 and then homogenized by ball-milling in

ethanol media for 2 h. The thermite reaction of the Al and

Fe2O3 was shown as Eq. (1) [10]

2Al þ Fe2O3 ! Al2O3þ 2Fe þ 836 kJ (1)

The homogenized reactant powders were fully dried for 24 h

and passed through a sieve of 100-mesh, and then the obtained

powders were cold-pressed into a cylindrical graphite crucible

with inner diameter of 30 mm (the weight was 200 g). The

compact density of powder was controlled about 55% of the

theoretical value. The crucible was mounted on a Ni-based

super alloy rotor in an apparatus which was specially designed

to carry out the combustion synthesis melt-casting under ultra-

high-gravity (CSMC-UHG). The CSMC-UHG apparatus is

schematically represented in Fig. 1. The experimental

procedures were as follows: (a) started rotor to achieve an

acceleration of about 1000 g at the end-edge of the sample, (b)

ignited of mixture, (c) evacuated of the chamber down to

10�5 MPa to remove reaction gases, and (d) cooled of products.

It was noted that the ceramic product was wrapped partly by the

iron product. After separated from the iron, the bulk ceramic

was cut into samples with a diamond saw, and the samples A, B,

C, D, E and F were marked according to Fig. 2.

The crystallographic phase analysis was performed by X-ray

diffraction (XRD, Rigaku, D/Max-IIB). The microstructure of

the samples was observed by Scanning Electron Microscopy

(SEM, HITACHIS-4300). The density of the samples was

determined by the Archimedes method. A Vickers indentation

equipment was used to measure the hardness and the fracture

toughness with a load of 5 kg and applied time of 15 s, and the
values of Vickers hardness and the fracture toughness were

calculated by Eqs. (2) and (3) respectively [11,12]. The each

mean value presented was obtained from five independent

measurements in some area.

HV ¼ k1P=d2 (2)

KIC ¼ k2ðE=HÞ 1=2ðP=c3=2Þ (3)

where HV is the Vickers hardness, KIC is the fracture toughness,

P is the indentation load, and d is the indentation diagonal, E is

the Young’s modulus of the material and obtained from nano-

indentation test, c is the crack length, k1 and k2 are the

dimensionless constants determined experimentally.

3. Results and discussion

Fig. 3 showed the relative density of samples from A to E.

The relative densities of all samples were higher than 95.00%,

and the maximum value reached 97.32%. Thus, the densifica-



Fig. 3. Calculated value of equivalent pseudo-hot isostatic pressure and the

measured relative density at function of sampling position.

Fig. 4. X-ray diffraction patterns of A, C and E sampled perpendicular to the

ultra-high-gravity.
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tion of eutectic ceramic has been achieved by integrating

combustion synthesis with ultra-high-gravity field.

Fig. 4 showed the X-ray diffraction spectra of samples A, C

and E. It was found that each sample consisted of Al2O3, YAG

(Y3Al5O12), and YSZ (Y2O3 stabilized ZrO2). The main peaks

of alumina phase in sample A are apparently higher than that in

samples C and E, which evidently indicates the gradient

distribution of alumina phase in bulk Al2O3/YAG/YSZ eutectic

product.

The gradient distribution of alumina could also be revealed

by the microstructure features shown in Fig. 5(a–c), in which

the dark area represented coarse alumina crystals with faceted

interfaces, while the bright area represented ultra-fine eutectic

microzone determined by EDS analysis. No pores and cracks

existed in samples taken from top to bottom parallel to the

direction of exerted ultra-high-gravity field. The coarse alumina

crystals were well dispersed in an ultra-fine eutectic microzone

with gradient distribution (Fig. 5c). The distribution histogram

of coarse alumina is showed by Fig. 6, the size and quantity of

the coarse alumina crystals increase from the sample (a to b),

while decrease from (b to c).

Further observation of the ultra-fine eutectic micro-area

mentioned above was performed by high magnified SEM

(Fig. 5d–f) and EDS analysis. According to the EDS analysis, in

the ultra-fine micro-area, the black zones were attributed to

alumina, the gray zones to YAG and the fine white zones to

ZrO2. The phases of YAG and Al2O3 entangled with each other,

and smaller ZrO2 phase was widely dispersed in the interface

between Al2O3 and YAG or in the phase of YAG.

As shown in Fig. 7, the hardness of the product increased and

then decreased along the ultra-high-gravity field direction,

while the dependence of fracture toughness on the distance was

just opposite. This result was interestingly consistent with the

graded distribution of alumina phases, as shown in Fig. 6. It

indicated that the size and content of alumina crystals played

an important role in controlling the mechanical properties

of Al2O3/YAG/YSZ eutectic ceramics. The maximum value

of Vickers hardness and the calculated fracture toughness

reached 17.82 GPa and 5.51 MPa m1/2, respectively. It must be

mentioned that calculated fracture toughness according to the
Eq. (3) was relatively accurate, therefore the calculated values

here are only used as qualitative analysis to show the change

law of the properties. The precisely direct analysis will be

carried out and reported later.

The adiabatic temperature of the reaction Al and Fe2O3 was

above 3600 K. When ultra-high-gravity field was introduced,

the combustion velocity and temperature of thermite reaction

would be further enhanced due to the speeding up heat and mass

transmission [13]. Therefore, the products with the additives of

Y2O3 and ZrO2 would be in the state of melt because the

thermite reaction could complete in a short time. In the melt

mixture, YAG and Y stabilized ZrO2 were developed. So, the

iron melt (Tm = 1809 K), ceramic melt in the form of ternary

eutectics (Tm = 1990 K) and pores were to be co-existing

[6,14]. In the ultra-high-gravity field, the separation of these

three phases should obey the Stock’s law. Accordingly, the

velocity of each phase could be calculated by Eq. (4)

v ¼ 2

9

ðr1 � r2Þ
h

agr2 (4)

where v is the moving rate of the dispersed phase, r is the

diameter of dispersed phase, a is the ultra-high-gravity

magnitude, r1 and r2 represent the density of the dispersed

phase and consecutive medium respectively, and h is the

viscosity of the consecutive medium [15]. The moving rate of

the dispersed phase depends on the (r1 � r2), h, and a.

According to Eq. (4), in the present work, the separation

velocity of iron (dispersed phase) from ceramic melt would be

improved significantly to the higher level because of the

viscosity decrease of ceramic melt. The calculated separation

time of metal from ceramic melt was less than 5 s, which was in

good agreement with the experimental result of the ceramic

product without impurity of iron. The elimination time of

residual pores from ceramic melt was less than 20 s, which

would be further shortened by enhancing the level of ultra-high-

gravity field. Hence, the fully densified Al2O3/YAG/YSZ

eutectic ceramic would have been achieved by this technique.



Fig. 5. SEM morphologies of different positions of the F sampled parallel to under ultra-high-gravity: (a–c) are the SEM pictures of top, middle and bottom

respectively; (d–f) are magnified backscatter images corresponding to (a–c).
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The as-precipitated crystal nucleus of alumina was driven

toward the top of the crucible along opposite direction of UHG

field, due to the different densities between alumina and molten

mixture. With the increase of melt viscosity, when the motion-
Fig. 6. Distribution histogram of Al2O3 grains size corresponding to the SEM
resistant force was beyond the buoyancy generated by ultra-

high-gravity field, the alumina nucleus would stop moving and

develop into grains. The grain size depended on the cooling rate

of different areas. Therefore, the grains of the medium area
morphologies of (a–c) in Fig. 5 measured by quantity image analysis.



Fig. 7. Vickers hardness and fracture toughness of samples A–E.
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grew larger than that of other areas because of the lowest

cooling rate in the medium area.

Meanwhile, the eutectic melt was moved toward the bottom

of the crucible along the ultra-high-gravity field direction. The

viscosity of the margin eutectic melt increased more rapidly

than that of the centre melt due to the difference of heat release

rate. Therefore, the centre melt moved faster than the margin

eutectic melt slightly, and a bulge of ceramic immerged into

iron melt with different distance was developed along the ultra-

high-gravity field direction. The eutectic melt was pressed to be

densified by the surrounding iron melt, a transfer medium of

pressure deriving from the high centrifugal force. So the

densification of eutectic ceramic was remarkably enhanced by

the iron melt. This process was properly described as pseudo-

hot isostatic pressing, and the maximum pressure was estimated

to be 2 MPa, as shown in Fig. 3.

4. Conclusions

Bulk densified Al2O3/YAG/YSZ ternary eutectic ceramics

with graded structure was fabricated by combustion synthesis

integrated with ultra-high-gravity. The formation, separation

and densification of molten compounds consisting of Al2O3/

YAG/YSZ and iron were realized under the ultra-high-gravity

field in a short time. The as-solidified eutectic ceramic sank into

the iron melt, where the density of the ceramic ingot was further

enhanced by the instantaneous pseudo-hot isostatic pressing

about 2 MPa. The phase composition, morphology, hardness

and fracture toughness of the eutectic product changed

gradually along the high gravity field direction. The maximum
density of the eutectic ceramic was 97.32%, and correspond-

ingly, the maximum value of the Vickers hardness and fracture

toughness reached 17.82 GPa and 5.51 MPa m1/2, respectively.
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