
Evolution of elastic mechanical properties during pressureless
sintering of powder-processed metals and ceramics

Hugh Alan Bruck Æ Yasser M. Shabana Æ
Buli Xu Æ JonPaul Laskis

Received: 2 August 2005 / Accepted: 8 March 2007 / Published online: 3 June 2007

� Springer Science+Business Media, LLC 2007

Abstract Metal and ceramic structures are being fabri-

cated by pressureless sintering of compacted powders. As

the powdered compacts are sintered, the pore volume

fraction, generally referred to as porosity, decreases while

the elastic mechanical properties increase. In this investi-

gation, a new relationship is drawn between porosity and

the evolution of elastic mechanical properties in pure

ceramic and metal specimens. To develop this relationship,

disk specimens are prepared from Nickel and Alumina

powders, then sintered to different temperatures. The

evolution of porosity is then evaluated from density mea-

surements, while the corresponding elastic mechanical

properties are measured using the ultrasonic wave propa-

gation technique. These experimental measurements are

compared with several different descriptions: (1) a con-

ventional power law formula, (2) a quadratic formula, (3) a

numerical micromechanical porosity simulation, and (4) a

new empirical formula that combines the effects of

evolving particle cohesion on the elastic properties of the

matrix material and the reduction of these properties due to

porosity. For the Young’s modulus, the new empirical

formula provides a better description than the alternative

formulas. In the case of Poisson’s ratio, similar conclusions

could be made. However, the Poisson’s ratio exhibited

a different sensitivity to particle cohesion that was more

directly related to the evolution of particle cohesion.

Introduction

Metal and ceramic structures, such as Functionally Gra-

ded Materials (FGMs), are being fabricated by com-

pacting and sintering metal and ceramic powders [1].

When sintering the powdered compacts, the pore volume

fraction, generally referred to as porosity, will decrease

with increasing temperature and time, leading to shrink-

age. For FGMs, stress will be induced due to differences

in the evolution of shrinkage throughout the composition

gradient, which can lead to cracking and/or debonding if

the local strength within the composition gradient does

not evolve more quickly than the shrinkage stress. This

damage may be avoided by optimizing the geometry and/

or gradient architecture of the sintered component. This

optimization can be achieved through Finite Element

Analysis (FEA) models of the sintering behavior. To

develop these models, it is necessary to accurately

describe the evolution of mechanical properties during

the sintering process. In particular, the evolution of the

elastic mechanical properties, Young’s modulus and

Poisson’s ratio, needs to be characterized. During sin-

tering, the porosity will be consumed as the sintering

temperature and sintering time increases, leading to

volumetric shrinkage and a corresponding increase in

density. It has been determined that mechanical proper-

ties of porous materials can depend directly on the rel-

ative density, and corresponding empirical formulas have
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been developed to describe the evolution of these prop-

erties in order to study the evolution of stress during

sintering without direct experimental verification of the

property evolution [2–5]. Some studies [3–8] have also

considered the contribution of viscosity effects on the

sintering behavior, however the assumed evolution of

mechanical properties has still not been verified. There-

fore, it is important to directly characterize the evolution

of mechanical properties during sintering as a function of

porosity or relative density.

Many experimental techniques have been used to

measure the material properties of a sintered component.

Ultrasonic sound wave propagation, which is a nonde-

structive technique, is a common technique for measur-

ing some of the mechanical properties such as Young’s

modulus and Poisson’s ratio. Ultrasonic measurements of

the elastic constants for Hot Isostatically Pressed (HIP)

metal-ceramic composites used in the fabrication of

FGMs have been previously investigated for determining

the level of damage induced during processing, as well

as the effects of damage on mechanical properties [9].

Comparison of measured mechanical properties with

formula predictions has revealed that the presence of

particle damage causes substantial deviation from the

expected behavior. A comprehensive set of values for

the major properties of the sintered a-Alumina as a

function of the sintering temperature has also been

measured [10].

The characterization of properties in previous research

efforts has been carried out after the materials had been

sintered to temperatures sufficient to minimize porosity.

However, it is important to characterize the evolution of

porosity and mechanical properties during sintering. In this

research investigation, circular disks are fabricated from

Nickel and Alumina powders commonly used as model

materials for studying the powder processing of FGMs.

These disks are then sintered to different temperatures in

order to measure the evolution of porosity and mechanical

properties as the porosity is consumed. The density is ini-

tially evaluated by measuring the mass and volume of each

sample. Using the measured density, elastic mechanical

properties such as Young’s modulus and Poisson’s ratio

can be experimentally determined through ultrasonic sound

wave propagation. These experimental measurements are

compared with a conventional power law description and a

new empirical formula that combines the effects of the

evolving particle cohesion on the elastic mechanical

properties of the matrix material and the reduction of these

properties due to porosity. Direct experimental verification

of these formulas enables them to be accurately employed

in FEA models of sintering stresses in components made of

metal and ceramic powders, as well as FGMs made from

these constituents.

Characterization of elastic mechanical properties

using ultrasonic sound wave propagation

There are many techniques for measuring the elastic

mechanical properties of materials. A very accurate method

utilizes the propagation characteristics of ultrasonic waves.

Ultrasonic waves are waves that are produced above

20 KHz, which cannot be heard by the human ear. There are

several types of ultrasonic wave measurements that are

practiced. The most common types of waves are longitudi-

nal and shear or transverse waves. Longitudinal waves are

compressive waves in which the particle of motion travels in

the same direction of wave being propagated. The other

most common wave type is called shear waves in which the

particles oscillate perpendicular to the direction of the wave

propagation. Both types of waves are shown in Fig. 1a.

These waves can be used to non-destructively charac-

terize the elastic mechanical properties in materials. In

order to create these ultrasonic waves, transducers are used

to convert electrical energy into mechanical energy in the

form of sound. A transducer is made up of three core

components: active element, wear plate and backing. The

Fig. 1 (a) Illustration of longitudinal and shear waves, and (b)

experimental setup for wave velocity measurement
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active element is most vital component of the transducer

because it is responsible for converting electrical energy

into ultrasonic vibrations. This vibration is controlled by

the backing which is a high density material that absorbs

the vibration energy created from the back face of the

active element. In order to protect the active element from

being damaged a wear plate is located in the front of it.

Once the active element is energized, waves project

from the transducer into the elastic medium. These sub-

sound waves are reflected off the back surface of the

material and are converted back into a signal that is read by

the piezoelectric receiver. With the knowledge of this time

interval or time of flight (TOF) and the material thickness,

the wave traveling velocity in this material can be deter-

mined. Using these velocity calculations, a variety of

material properties such as Poisson’s ratio and Young’s

modulus can be calculated as follows

m ¼ 1� 2ðVT=VLÞ2

2� 2ðVT=VLÞ2
ð1Þ

E ¼ qV2
Lð1þ mÞð1� 2mÞ
ð1� mÞ ð2Þ

where, VL and VT are the velocities of the longitudinal and

shear waves, respectively. The material properties q, E, and

m are the density, Young’s modulus, and Poisson’s ratio,

respectively.

Wave velocities for the disks were measured using a

200 MHz Computer Controlled Pulser/Receiver (CCPR)

model 5900 PR, a Tektronix TDS 210, 2-channel Oscil-

loscope, a Panametric 2 MHz longitudinal wave transducer

and a Panametric 5 MHz shear wave transducer (Fig. 1b).

The system was calibrated using a steel step gauge, which

resulted in the system parameters seen in Table 1.

One drop of ultrasonic Couplant D gel (longitudinal

wave couplant) was applied to the flat surface of each

specimen for longitudinal wave velocity measurements,

and a more viscous Shear Wave Couplant (SWC) was used

for the shear wave velocity measurements. This type of gel

is used to maximize sound coupling on rough surfaces

where the transducer cannot make an even contact with the

sample surface. Once this gel is applied, the transducer was

placed in the couplant on top of the sample. It is held in

place until the waves observed on the oscilloscope become

stabilized. Figure 2a and c show the basic waveforms from

the longitudinal wave transducer and shear wave trans-

ducer respectively without samples. Then once the cou-

plant is applied to the elastic medium, the transducer is

placed on top and small peaks are observed (Fig. 2b, d). At

this point, the distance between the highest peak of the first

wave to the highest peak of the second wave is measured.

The average time of flight of the sound wave is obtained

from this measurement, which is then used to calculate the

Table 1 System parameters used for ultrasonic sound wave velocity

measurements

Parameter Value for Longitudinal Wave

Measurements

Value for Shear Wave

Measurements

PRF 500 Hz 500 Hz

Energy 16 lJ 32 lJ

Damping 50 W 16 W
Attenuation 22 dB 0.5 dB

Gain 40.0 dB 26 dB

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

Time (µs)

0               5              10             15             20             250               5              10             15             20             25

TOF

Time (µs)

-4

-3

-2

-1

0

1

2

3

4

4                6                8               10              12              14 4                6                8               10              12              14

V
o

lt
s 

(V
)

V
o

lt
s 

(V
)

V
o

lt
s 

(V
)

V
o

lt
s 

(V
)

Time (µs)
-4

-3

-2

-1

0

1

2

3

4 TOF

Time (µs)

(a) (b)

(c) (d)

Fig. 2 Waveforms from

ultrasonic transducers: (a)

waveform from longitudinal

wave transducer without

sample; (b) waveform from

longitudinal wave transducer

with sample N3; (c) waveform

from shear wave transducer

without sample; (d) waveform

from shear wave transducer

with sample N3. Sample N3 is

the nickel sample sintered to

950 �C
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wave velocity by dividing it into the distance of flight,

which is twice the disk thickness.

Specimen preparation

Metal and ceramic disks for wave velocity measurements

were prepared from Nickel and Alumina powders with mean

diameters of 3 and 0.4 lm, respectively. A binder, Q-PAC

40, was added to the Alumina disks by the amount of 0.035

weight fraction. All specimens were cold pressed to 70 MPa

in a steel die to form the powder compact. The densities of

the disks were experimentally calculated by measuring the

volume and weight of each sample. The dimensions of each

sample (diameter and thickness) were measured at 4 dif-

ferent locations using a Mitutoyo Dogmatic Caliper with an

accuracy of 0.001 mm. Once the dimensions of the samples

are recorded, each sample was weighed using an electronic

scale with an accuracy of 0.001 g.

Specimens were sintered to peak temperatures of 550,

750, 950, 1100, and 1350 �C using thermal profile shown

in Fig. 3. The specimens were rapidly air cooled after

reaching the peak temperature to minimize additional sin-

tering effects. Examples of the metal and ceramic sintered

specimens can be seen in Fig. 4. The measured linear

shrinkage variations with the sintering temperature for

nickel and alumina samples are shown in Fig. 5. The

relative density, �q, was calculated using the following

equation:

�q ¼ q
qtheoretical

ð3Þ

Where qtheoretical is the theoretical density for a fully

dense material, and(q is the current density. Results from

these calculations can be seen in Fig. 6.
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Fig. 6 Variation of the relative density with the sintering temperature

J Mater Sci (2007) 42:7708–7715 7711

123



Experimental results and formulae for the evolution

of elastic mechanical properties

Using the measured densities with the shear and longitu-

dinal wave velocity measurements, the elastic mechanical

properties were calculated from Eqs. 1 and 2. The values

obtained from these calculations can be seen in Table 2.

The values are also shown for the unsintered specimens,

whose mechanical properties are essentially nonexistent in

comparison to the sintered specimens and result in effec-

tively no wave velocity.

Young’s modulus

Previous research has been conducted on relating the

Young’s modulus for fully cohesive sintered materials to

the amount of porosity present in the materials. Pabst and

Gregorova [11], developed an empirical description where

the Young’s modulus is a quadratic function of the relative

density as follows,

E ¼ E0 �q2 ð4Þ

where E0 is the Young’s modulus for the fully dense

material. An alternative formula has also been proposed to

allow for a vanishing modulus at a porosity less than 1 [12],

E ¼ E0

�q � �q1

1� �q1

� �m

ð5Þ

where m and �q1 are constants. Using this formula,

numerical micromechanical simulations of porosity have

been used to determine values of these constants based on

different pore structures [13]. The microstructure for the

sintered materials in this investigation can be seen in

Fig. 7, obtained at high resolution with an AFM for the fine

Alumina specimens, and at lower magnifications using an

optical microscope for the coarser Nickel specimens.

From this figure, it appears that by 1350 �C, the

Alumina particles have begun to sinter together to form

larger spherical pores. Similarly, the Nickel has almost

completely sintered with only spherical pores remaining.

Thus, the pore structure for both materials is best described

by overlapping spherical pores. For this microstructure, the

parameters in Eq. 5 were determined from the numerical

simulations to be �q1 = 0.182 and m = 1.65. Equation 4 has

also been generalized to describe the Young’s modulus for

porous materials as they are sintered by using an arbitrary

exponent as follows [2],

E ¼ E0 �qz
s ð6Þ

where z is the power law exponent reflecting a sensitivity to

the pore structure, and �qsis the sintered relative density.

During the sintering process the cohesion between the

particles evolves due to diffusion along the particle-particle

boundaries. Therefore, it is more realistic to consider the

evolution of particle cohesion when describing the evolu-

tion of elastic mechanical properties during sintering. The

evolution of particle cohesion is directly related to the

diffusion-controlled consumption of particle-particle

interfaces, typically described a Weibull power law

time-dependent exponential equation, consistent with the

Kolmogorov-Johnson-Mehl-Avrami kinetic theory of

nucleation and growth. However, it is assumed that the

consumption of particle-particle interfaces is directly

related to the change in relative density. Therefore, the

change of relative density can be substituted in place of

time in the exponential relation, and the effects of evolving

particle cohesion can be combined with the effective of

Table 2 Evolution of elastic mechanical properties measured with ultrasonics

Material Temp. (�C) (mm) Thickness Longitudinal

Velocity

(VL) (m/s)

Shear

Velocity

(VT) (m/s)

Density

(kg/m3)

Poisson’s

ratio m
Young’s

modulus

E (GPa)

Nickel 1350 8.26 5416 2950 7899 0.29 177

1100 8.15 5110 2753 7680 0.30 152

950 8.35 4588 2530 7232 0.28 116

750 9.04 3107 1808 5240 0.24 43

550 9.34 2203 1279 4680 0.25 19

25 9.4 ~0 ~0 4584 0 0

Alumina 1350 5.11 10298 6173 3530 0.16 346

1100 7.14 6596 4275 2640 0.14 121

950 7.52 3686 2558 2535 0.04 35

750 7.60 2310 1624 2478 0.01 13

25 7.62 ~0 ~0 2454 0 0
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porosity on the Young’s modulus to develop the following

new empirical description,

E ¼ E0 1� e
c

�qi��qsð Þ
�qs�1ð Þ

� � !
�q2

s ð7Þ

where, �qi is the initial relative density and c is a fitting

parameter. The first parenthesis in Eq. 6 represents the

relative amount of particle cohesion while the second one

represents the effect of porosity on the property evolution.

If the cohesion effect is omitted, the resulting relation will

be the same as Eq. 4.

Figure 8 shows the variation of the Young’s modulus for

both Nickel and Alumina specimens sintered to different

relative densities. The experimental values and the values

fit to the power law description and the new empirical

formula corresponding to Eq. 7 are shown, as well as the

values from Eq. 5 using the constants obtained from the

numerical micromechanical simulations and the quadratic

formula in Eq. 4. For both descriptions, a fully dense

modulus of 400 GPa was used for Alumina and 210 GPa

was used for Nickel. In reference [2], values ranging from

0.3 to 4 are reported for the power law exponent z in Eq. 6.

For the data presented in Fig. 8, a power law exponent of 3

was found to provide a best fit to the experimental data for

both Nickel and Alumina. The new empirical formula was

determined to provide a best fit to the experimental data

using a value of 5 for the exponential coefficient c in Eq. 7

for both materials. It can be seen from this figure that the

experimental results are close to the values obtained from

the conventional power law description when the relative

density is higher than 68% for Alumina and above 53% for

Nickel. When considering the effects of both particle

cohesion and porosity, the experimental values agree well

with the empirical formula for both Alumina and Nickel at

all relative densities.

It can be seen that the values obtained from the qua-

dratic formula and the numerical porosity model are nearly

identical, and reasonably correlate with the experimental

measurements at relative densities above 0.8. The power

law description tends to agree better with the experimental

measurements at lower relative densities, but still does not

fit as well for small initial changes in relative density. The

evolution of the relative amount of particle cohesion

obtained from the new empirical formula for Nickel and

Alumina can be seen in Fig. 9. It is easy to see that the

particle cohesion evolves very rapidly, reaching a value of

50% after approximately a 6% change in relative density.

Fig. 7 Micrographs of (a)

Alumina sintered at 1350 �C

obtained with an AFM, and (b)

Nickel sintered at 1350 �C

obtained with an optical

microscope. The sintered

microstructures indicates that

the porosity is best described by

overlapping spherical pores for

the purposes of describing the

evolution of mechanical

properties
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Fig. 8 Evolution of Young’s modulus with sintered relative density

experimentally measured using ultrasonic sound wave propagation

and fit to the conventional power law description in Eq. 5 and the new

empirical description in Eq. 6. The values expected for a fully

cohesive porous material in Eq. 4 are also plotted for comparison

J Mater Sci (2007) 42:7708–7715 7713

123



This corresponds well with the observed correlation of the

power law description to the experimental data, and indi-

cates that power law descriptions are appropriate to de-

scribe the evolution of density when the particles in the

matrix are mostly cohesive. It is also evident in Fig. 8 by

comparing the two descriptions and the experimental data

with the values of a fully cohesive porous material obtained

from Eq. 4.

Poisson’s ratio

The Poisson’s ratio is described for the alumina and nickel

materials as they are sintered using the same power law

relationship given in Eq. 6. Therefore, the power law

description for Poisson’s ratio is given by,

m ¼ m0 �qz�
s ð8Þ

where, v0 is the Poisson’s ratio of the fully dense material

and z* is a different constant than used in Eq. 6. Thus, the

Poisson’s ratio is being treated differently than the Young’s

modulus. The numerical micromechanical simulations of

porosity have also indicated that the following formula can

be applied to fully cohesive porous materials [12],

m ¼ m0 þ
1� �qs

1� �q1

� �
m1 � moð Þ ð9Þ

where for overlapping spherical pores �q1= 0.16 and

m1 = 0.221. Therefore, the new empirical description for

Poisson’s ratio can be expressed as follows,

m ¼ m0 þ
1� �qs

1� �q1

� �
m1 � moð Þ

� �
1� e

c� �qi��qsð Þ
�qs�1ð Þ

� � !
ð10Þ

where c* is a different constant than used in Eq. 7.

Figure 10 shows the variation of Poisson’s ratio for

both Nickel and Alumina specimens sintered to different

relative densities. The experimental values and the values

obtained from the power law description and the new

formula corresponding to Eq. 10 are shown. For both

descriptions, a fully dense Poisson’s ratio of 0.23 was

used for Alumina and 0.3 was used for Nickel, while an

exponent of 0.3 for sintering materials was used in the

power law description and an exponent of 8 in the new

formula. It can be seen from this figure that unlike the

experimental results for the modulus, Poisson’s ratio

values obtained from the new formula are much closer

than the ones obtained from the power law description

with the exception of some of the initial sintering values

for Nickel which are closer to the fully cohesive values

than the Young’s modulus measurements were. The

Poisson’s ratio fit obtained using numerical microme-

chanical simulations of porosity for a fully cohesive

porous material also appears to be less sensitive to

porosity, which indicates the Poisson’s ratio normalized

by the fully dense value is more directly related to the

evolution of particle cohesion than Young’s modulus

(Fig. 11). From these results, it can be concluded that

Poisson’s ratio exhibits a different sensitivity to particle

cohesion than the Young’s modulus during the sintering

process.

Conclusions

The evolution of elastic mechanical properties during

pressureless sintering of metal and ceramic powders was

studied using disk specimens made from Nickel and Alu-

mina powders. These specimens were sintered to different

temperatures in order to characterize the elastic mechanical
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properties at different levels of relative density associated

with the pressureless sintering process.

The ultrasonic sound wave propagation technique, an

effective non-destructive method for characterizing elastic

mechanical properties, was used to measure the Young’s

modulus and Poisson’s ratio from longitudinal and shear

wave velocities. These measurements were used to fit a

conventional power law description relating the relative

density to the elastic mechanical properties, and an alter-

native description using constants obtained from numerical

micromechanical simulations of porosity. A new empirical

description was also proposed for describing the evolution

of Young’s modulus by combining the effects on the load-

bearing capacity of the matrix due to diffusion-controlled

evolution of particle cohesion and the reduction of this

capacity due to the presence of residual porosity through an

exponential and quadratic relationship to relative density

respectively. Comparisons between the measurements, the

power law description, the numerical micromechanical

porosity simulations, and the new empirical description

indicated that the new empirical description provided a

better fit for small initial changes (>6%) in relative density.

The corresponding change in particle cohesion is consistent

with the correlation of the power law description to the

experimental data, and indicates that power law descrip-

tions are appropriate to describe the evolution of density

when the particles in the matrix are mostly cohesive.

The new empirical description was also applied to the

evolution of Poisson’s ratio using just the particle cohesion

effects. Comparisons between the measurements, the

power law description, the numerical micromechanical

porosity simulations, and the new empirical description

indicated that the new empirical description provided the

best fit. Because the numerical micromechanical porosity

simulations indicate Poisson’s ratio is less sensitive to

porosity, it was determined that Poisson’s ratio was more

directly related to the evolution of particle cohesion in

pressurelessly sintered metal and ceramic powders than

Young’s modulus. It was also determined that the Pois-

son’s ratio exhibits a different sensitivity to the evolution

of particle cohesion than the Young’s modulus during the

sintering process.
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particle cohesion than Young’s modulus
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