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Abstract

Some material characteristics of alumina ceramics, e.g., porosity, Young's modulus and Poisson's ratio, have

been evaluated using ultrasonic sound. Experimental results showed that the velocity of an ultrasonic sound wave

in alumina ceramics decreased proportionally with increasing porosity. Young's modulus and Poisson's ratio

calculated from the longitudinal and transverse ultrasonic velocities were found to be dependent on porosity. The

results from the present program have been compared with data from the literature, and similarities and differences

discussed. The deviation of these data from a theoretical prediction may be due to the texture of the porosity

introduced by different alumina-forming processes. D 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Recently, refined ceramics have been widely re-

searched as potentially important engineering materi-

als because of their elevated melting points, high

strength/density ratios and excellent corrosion resis-

tance. However, comprehensive evaluation of their

properties and microstructures is complicated, espe-

cially when destructive types of testing are involved.

The physical nature of ceramics often leads to a lack of

reproducibility in the data produced in conventional

mechanical tests. This must be countered first by

developing reliable methods of preparing consistent

sets of samples. Then, because of the lack of data

reproducibility (i.e., a low Weibull coefficient), large

numbers of samples must be prepared and tested in

order to reduce the uncertainty of the results. In

contrast, nondestructive testing promises a useful solu-

tion to these problems [1], such that a specimen can be

examined repeatedly until the test is fully satisfied.

Nondestructive test methods include penetrant

testing, Eddy current testing, magnetic evaluation,

X-ray evaluation and ultrasonic testing. Ultrasonic

testing can be used not only in detecting cracks, holes

and inclusions, but also in evaluating material char-

acteristics such as density, texture and mechanical

properties. In addition, there are fewer limitations on

the size and shape of samples required in this easily

performed method.

Our previous work, which was dedicated to the

theoretical and experimental analysis of the artificial

defects in alumina, demonstrated the application of

ultrasonic testing in the evaluation of ceramics [2]. The

present work was planned to investigate the velocity of

various ultrasonic sound waves with respect to the

material characteristics of alumina. Those character-

istics involve the porosity, the Young's modulus and

the Poisson's ratio of several alumina materials.
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2. Theory

In a sound medium, the velocity of wave transport

from some point to a neighboring location depends

on the interaction, point mass and medium structure.

Elastic theory indicates that sound wave velocities in

an infinitely large solid medium can be expressed as a

function of Young's modulus (E), shear modulus (G),

density (r) and Poisson's ratio (n) [3]. The relation-

ships are shown below:

1. Longitudinal wave velocity

vl �
��������������������������������������

E�1 ÿ v �
r�1 � v��1 ÿ 2v�

s
�1:1�

2. Transverse wave velocity

vt �
����
G

r

s
�

���������������������
E
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s
�1:2�

In order to solve Eqs. (1.1) and (1.2), we define

r = vl/vt, which leads to (Eq. (2.2)):

n � r 2 ÿ 2

2�r 2 ÿ 1� �2:1�

E � rv2
t �3r 2 ÿ 4�
r2 ÿ 1

�2:2�

Relationships have been reported between sound

velocity and porosity [4,5]. Sayers [4] noted that if

closed holes in a material are spherical, the change

of longitudinal sound velocity (v) due to the pre-

sence of the holes is approximately proportional to

the porosity p of the material. This can be written

as follows:

v

v1

� 1 � Ap �3�

where A is a dimensionless constant. For alumina, A

is ÿ 0.56.

Phani [5] developed a series of equations for

the interpretation of the relationship of sound

velocity to cylindrical pores [6]. The longitudinal

and transverse velocity of the equations can be

written as

vl �
�������������������������
K�23 � G�23

r0�1 ÿ p�

s
�4:1�

vt �
���������������������

G�23

r0�1 ÿ p�

s
�4:2�

in which K*
23 and G*

23 are dependent on porosity,

Poisson's ratio and bulk and shear modulus of

nonporous material. From Phani's viewpoint, the

G*
23 property depends on the critical porosity, at

which a transition in phase contiguity occurs. This

critical porosity value, in turn, depends on the

manufacturing process. However, G*
23 was defined

with the upper- and lowerbounds in the original work

concerning the theory of cylindrical pores [7].

From the simple linear density dependence of

sound velocity (Eq. (3)), the Young's modulus of a

porous material can be written as a function of

porosity [7,8]:

E �
X5

i � 0

mip
i

X2

i � 0

nip
i

,
�5�

where the coefficients mi and ni are the function of

bulk density and the coefficient A in Eq. (3) for the

longitudinal and transverse waves.

The following equations, recently proposed by

Sudduth [9], in general, represent the relationship

between Young's modulus and porosity. If s 6� 1

(Eq. (6.1)),

ln
E

E0

� �
� �E�pi

s ÿ 1

pi ÿ p

pi

� �1 ÿ s

ÿ 1

" #
�6:1�

or s = 1 (Eq. (6.2))

ln
E

E0

� �
� ÿ �E�piln
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�6:2�

where E is the Young's modulus of a porous

polycrystalline solid, E0 is the Young's modulus of

a non-porous polycrystalline solid, [E] is an

intrinsic modulus, s is the porosity interaction

coefficient and pi is an intrinsic porosity. The

intrinsic porosity is a critical value at which

Young's modulus of the porous solid approaches

zero. For this generalized equation, some empirical

results [10±12] can be formulated within the scope

of the interaction coefficient.

3. Experimental procedure

3.1. Preparation of alumina samples

Alumina specimens were prepared using a colloi-

dal process to obtain the specimens containing var-

ious characteristics. The raw material was alumina

powder produced by the Aluminum Company of
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America (Alcoa A16-SG, USA). The impurity con-

tents are listed in Table 1. In the colloidal process, the

alumina powder was added into a water solution

containing a dispersant, 0.5 wt.% Darvan C (R.T.

Vanderblit, CT, USA), to prepare a slurry with a 50

wt.% solid content. The slurry was ball-milled for 48

h to produce a well-dispersed slurry. This homoge-

neously mixed alumina slurry was pressure-cast to

form green cakes of 25-mm diameter and 10-mm

thickness. The casting pressure was maintained at 10

kg/cm2. The green cake was dried at 60°C in an air

furnace for 24 h.

The alumina was sintered in an air furnace for 2 h

at the temperatures between 1250°C and 1550°C to

produce alumina specimens with different densities.

Sintering at 1550°C for 2 h produced an almost fully

dense alumina sample. The bulk density (r) of each

sintered samples was measured by means of the

Archimedes' method [13]. The porosity of the sam-

ples was calculated from the bulk density with the

value 4.0 g/cm3 for fully dense alumina ( p=1 ÿ r/4).

The surfaces of the sintered specimens were ground

using a 500-mesh# diamond grinding wheel with a

grinding rate of 0.02±0.04 mm/cycle to ensure a flat

surface in order to ensure good contact between the

specimens and the transducer.

3.2. Ultrasonic testing of alumina

The testing instrument included an ultrasonic

USIP 12 unit, a thickness meter DTM 12, and a

high-frequency generator USH 100 (Krautkramer-

Branson, FRG). The transducers included longitudi-

nal and transverse types of which the frequencies 5,

10 and 50 MHz were used. Glycerin and SWC were

chosen as the couplants between the specimen and

transducer, depending on the different viscosity and

resonance requirements for the longitudinal transdu-

cer or the transverse transducer. Ultrasonic testing

was performed using the one-transducer-pulse me-

thod in the A-scan mode (point mode). The sound

velocity was calculated by observing the time diffe-

rence (t) between two back-reflected pulses and

measuring the thickness (d) using the DTM 12. The

velocity (v) equals 2d/t. Measurement accuracy was

within 1%.

4. Results and discussion

4.1. Porosity effect

Fig. 1 shows the relationship between the long-

itudinal sound velocity and the porosity of alumina

specimens at 5, 10 and 50 MHz, while Fig. 2

represents the relationship between the transverse

velocity and the porosity at 5 and 10 MHz. It can

easily be seen that the sound velocity is inversely

proportional to the specimen porosity, i.e., the higher

the porosity, the slower the sound wave propagates.

The linear relationship between the sound velocity

and the porosity derived from previous equations was

indicated in Figs. 1 and 2. Similar results have also

been obtained [14,15]. There are no apparent differ-

ences between the results from various frequencies,

indicating a lack of frequency dependence. This is in

agreement with the observations of Bridge et al. [16]

that the sound velocity does not change at the

frequencies higher than 1 MHz.

Table 1

Compositions of the alumina ceramic powder (Alcoa

A16-SG)

Compositions A16-SG

Al2O3 99.7

SiO2 0.025

ZrO2 . . .
TiO2 . . .

MgO 0.05

Fe2O3 0.01

Na2O 0.08

Crystalline phase a-Al2O3

Specific surface area 9

Fig. 1. Relationship between the longitudinal sound wave

velocity and the porosity of alumina tested at 5, 10 and

50 MHz.
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From the linear fitting of the experimental data in

Fig. 1 and Fig. 2, we obtain

vl � C1�1 ÿ 1:3p� �7:1�

vt � C2�1 ÿ 1:1p� �7:2�

where C1 is 11520, 11430 and 11590 m/s for 5, 10

and 50 MHz, respectively, and C2 is 6640 and 6650

m/s for 5 and 10M Hz, respectively. The value

( ÿ 1.3) of the factor A in Eq. (7.1) is approximately

twice the theoretical value of ÿ 0.56 calculated from

the model system containing spherical pores. One of

the possible explanations of this difference is the

interconnection between the pores that would result

with cylindrical-like pores [17].

In order to resolve the argument, we compare our

results with those of the model system containing

cylindrical pores, as the lines drawn in Fig. 3. The

data points with and without crosses are our experi-

mental data and those from Nagarajan [18], respec-

tively. The solid line was plotted according to Eqs.

(4.1) and (4.2) (from Ref. [5]). The plot also contains

the upper- and lowerbounds (dashed lines) defined by

Hashin and Rosen [6]. The values of the parameters

for calculating these lines are: bulk modulus = 290

GPa, shear modulus = 172 GPa and Poisson's ratio

= 0.25. It was found that our data on the longitudinal

wave lie closest to the lowerbound line but our data

on the transverse wave fall between the solid line and

the lowerbound line. This indicates that the Poisson's

ratio, assumed to be constant in the equations, may

actually be strongly dependent on porosity. That

implies that the distribution of pores in the matrix

may be anisotropic. Such microstructural anisotropy

may result from the forming process (uniaxial filtra-

tion). The relationship between Poisson's ratio and

porosity will be discussed later.

Pore anisotropy provides an adequate explanation

for the porosity dependence of Poisson's ratio. How-

ever, actual microstructural observation of the pore

structure is almost impossible in the present case.

The average particle size of the alumina powder is

about 0.3 mm. That means the pore size is less than

0.1 mm in green cake and even 0.01 mm in a sintered

bulk. These fine pores are easily destroyed during

polishing by the normal methods. Even if the pore

size could be measured, the pore shape and structure,

which are more important than the pore size in this

case, are undeterminable.

4.2. Young's modulus and Poisson's ratio

Introducing the linear relationship between the

ultrasonic velocity and porosity of Eqs. (7.1) and

(7.2) into Eq. (5), we obtain (Eq. (8)):

E � 3:87ÿ 23:7p� 57:3p2 ÿ 68:9p3 � 41:1p4 ÿ 9:7p5

8:81ÿ 24:7p� 17:0p2

(E is in units of 103 GPa). The calculated Young's

modulus is normalized and plotted as a function of

porosity, as shown in Fig. 4, in which the dashed lines

are calculated from Eq. (3).

Fig. 2. Relationship between the transverse sound wave

velocity and the porosity of alumina tested at 5 and 10 MHz.

Fig. 3. Comparison between the experimental data of the

sound velocity obtained in this work and those from the

literature plotted as a function of porosity.

(8)
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Fig. 4 compares the Young's modulus prediction

curve from the present work with values from various

sources in the literature [5,6,10,18±25]. Good agree-

ment is noted between the calculated value in this

work (thick solid line) and the lowerbound calculated

in Ref. [6]. The dotted line from Gatto [19], whose

results were also obtained from measurements of

sound velocity, falls close to our data. Additionally,

the calculated curve in this work can qualitatively

describe most of the experimental data from the

literature. Conversely, the calculated line from Phani

[5], the upperbound line [6] and the points from Refs.

[18,20] deviate noticeably from our calculated line.

This difference may derive from the forming process

of the alumina sample. The experimental data that are

in agreement with our own data are from specimens

formed by a uniaxial forming method, e.g., cold

pressing [21,22], hot pressing [11,22,23], extrusion

[24,25] and pressure casting (this work). However,

the other data, which are in poor agreement with our

own, were obtained from specimens prepared either

by isostatic pressing [18] or slip-casting [20]. We

believe that the uniaxial pressure induces a pore

texture in which the density distribution is anisotro-

pic, i.e., the porosity is higher in the direction parallel

to pressing. Therefore, the Young's modulus in the

pressing direction in specimens with such a pore

texture is smaller than that in the specimens with

no such pore texture.

The Poisson's ratios calculated using Eq. (2.1) are

plotted in Fig. 5 as crossed squares, with the dashed

line representing the linear fit of these points. The

solid curved line shown is calculated by introducing

Eqs. (7.1) and (7.2) into Eq. (2.1). Poisson's ratio,

similar to Young's modulus, decreases with the

increase of the porosity, but with a greater variation

[n=n0(1 ÿ 0.88p)]. The decrease of the Poisson's

ratio indicates that porosity induces a decrease of

the strain ratio between strains in directions perpen-

dicular to and parallel to an applied stress, resulting

from the above mentioned pore texture.

5. Conclusions

1. The longitudinal and transverse ultrasonic

velocities in alumina ceramics decrease ap-

proximately proportionally with the increase of

the porosity.

2. The linear relationship between the sound

velocity and porosity can be qualitatively

described by the lowerbound of the model

considering cylindrical pores, whereas the

model considering spherical pores predicts a

smaller value for the porosity factor.

3. The Young's modulus can be predicted from

the longitudinal and transverse velocities,

which are a function of porosity. The calcu-

lated values are in a good agreement with

Fig. 5. Calculated Poisson's ratio by the ultrasonic testing

plotted against the porosity of alumina.

Fig. 4. Effect of the porosity on the Young's modulus of

alumina at room temperature.
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some of the experimental data that have been

obtained from the alumina samples with a

uniaxial pore texture.

4. The disagreement between the calculated

values and the Young's modulus values

reported in other studies is thought to be the

result of different forming processes. The

uniaxial pressing process produces a prefer-

ential pore alignment and results in a smaller

Young's modulus in the pressing direction.

This is supported by the observation of lower

values of the longitudinal velocity, and by

decreases in the calculated Poisson's ratio with

the porosity.
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