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Abstract 

The effect of green density on both the d~nsification rate and the creep rate 
was measured simultaneously during sintering by loading dilatometry. The 
experiments were performed on zinc oxide powder compacts with five different 
green densities covering a range of 0.39 to 0.73 of theoretical. The samples were 
heated at a constant rate of 4°C/min up to 1100°C in air. The densification rate at 
any temperature increases significantly with decreasing green density. The data for 
the densification rate and creep rate as a function of density show two quite distinct 

regimes of behavior; the rates were strongly dependent on density below 0.80 while 
above this value they were weakly dependent on density. The ratio of the 
densification rate to the creep rate was almost independent of temperature but 
increased almost linearly with increasing green density. The representation of the 
data in terms of models for sintering and creep is discussed. 

~'•' Supported by the Division of Materials Sciences, Office of Basic Energy Sciences, 
U.S. Department of Energy, under Contract No. DE-AC03-76SF00098. 

,. Member, the American Ceramic Society. 

-1-



L Introduction 

The sintering of heterogeneous or constrained powder compacts involves a 

combination of volumetric densification and creep (or shear) deformation. 

Differential densification between different regions of the body leads to the 

generation of transient stresses which, if not relieved by creep processes, can 

severely limit the overall densification rate. It is therefore important to understand 

not only the densification and creep processes separately, but also their interaction. 

The technique for studying densification, creep, and their interaction was 
developed by De.Jonghe and Rahamanl-3 and is usually referred to as loading 

dilatometry. In this technique, a controlled, uniaxial stress is applied during 

sintering; determination of the time dependent axial and radial strains allows the 

separation of the volumetric strain and the creep strain. A feature of the work of 

Rahaman and De Jonghe is that the hydrostatic component of the applied uniaxial 

stress is low compared to the sintering stress produced by interface tensions. 

Because of this, the densification mechanism for the loaded sample is the same a.s 
that for freely sintered sample. In work performed later, Venkatachari4 and Raj 

used considerably higher uniaxial stresses to study the interaction between 

deformation and densification; the work of Venkatachari and Raj would therefore 

be more appropriate to sinter-forging. 

In the series of studies, De Jonghe and co-workersS-7 have established a basic 

understanding of the interaction between creep and densification and their 

dependence on material and processing variables. In the context of the present 

paper, the parameter that is most appropriate for quantifying this interaction is the 
ratio of the densification rate to the creep rate, denoted as E p/ E C· This ratio has 

been shown to be almost independent of temperature and heating rate6 and of 

sintered densityS over a wide range covering the early and intermediate stage of 

sintering. The ratio is, however, system specific7; for example, it is much higher for 

polycrystalline bodies compared to glasses of the same particle size. The present 

paper deals with the effect of the green density on the densification and creep during 

sintering. Green density is a primary parameter that is normally used to 

~~) characterize a sample prior to sintering. 

A number of studies has examined the effect of green density on 
densification. Bruch8 found that the densification rate of Al203, measured in the 

intermediate and final stages of isothermal sintering, was strongly dependent on the 

green density but that the grain growth rate was independent of green density. At 
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any temperature, the porosity, P, of the sample after sintering for time, t, could be 

described by the relation P = Ct-n, where C and n are constants. Bruch described the 

densification rate as retarded or "subnormal" if n was less than 0.4 and as "normal" 

if n was equal to 0.4. Thus, at any temperature there was a green density below 

which or above which the sintering was "subnormal" or "normal" respectively. 

Even in the "normal" sintering range, the densification rate was still strongly 

dependent on the green density, decreasing with increasing green density. 

Greskovich9 studied the initial stage sintering kinetics of an agglomerated 

aluminum oxide powder during isothermal sintering at 1270 and 1370°C and found 

almost no difference in the shrinkage rate for green densities between 0.42 and 0.50; 

however, the shrinkage rate decreased as the green density decreased from 0.40 to 
0.31. Woolfrey10 examined the initial stage sintering kinetics of U02 in both 

isothermal heating and constant heating rate experiments. Under isothermal 

conditions, Woolfrey's observations were somewhat similar to those of Greskovich; 

it was found that the shrinkage rate at a fixed shrinkage (2%) was nearly the same 

for green densities of 0.40 and 0.50 but decreased with decreasing.green density. below 

0.40. In addition, for the constant heating rate experiments, the shrinkage rate at a 

fixed temperature (1000°C) showed a similar trend with gr~en density. 
Occhionero and Halloran 11 found that the shrinkage rate of A1203, measured 

in the range of 1 to 10% shrinkage during isothermal sintering, was independent of 
green density for green densities between 0.49 and 0.55. However, the pore size 
distribution during sintering and the density at which grain growth commenced 

were affected by the green density. From a comparison of their data with a model 
put forward by Yan, Cannon, and Chowdhry12 for microstructure evolution in 

which grain growth and densification occur simultaneously, Occhionero and 

Halloran concluded that increasing green density delayed the onset of grain growth. 

The work reported in the present paper constituted a study into the effect of 

green density in the rage of 0.39 to 0.73 on the densification and creep kinetics of 

ZnO. To acquire the data from the earliest stages of sintering under carefully 

controlled conditions, the experiments were performed at a constant heating rate (of 

4°C/min up to 1100°C) rather than isothermally. 
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II. Experimental Procedure 

Zinc oxide powder· compacts (= 6 mm in diameter by 6 mm) with five 

different green densities in the range 0.39 to 0.73 of theoretical were prepared. 

Samples with green densities of 0.39 and 0.51 were formed by uniaxial compression 

of the powder in a die, while sample green densities of 0.59, 0.66, and 0.73 were 

'../ prepared by further compacting the die pressed samples (green density 0.51) in a cold 
isostatic press. Each green density value was obtained to within ± 0.01 by this 

procedure. 
Constant heating rate sintering was performed in a loading dilatometer1 with 

an applied load or without load ("free" sintering). The samples were sintered in air 

under identical temperature profiles from room temperature to 1100°C at 4°C/min. 

For each green density, a sample was free-sintered, after which another sample was 

sintered under an initial applied stress of 0.22 MPa. The repeatability of the axial 

shrinkage data was checked by performing additional runs with or without applied 

load for the sample with green density of 0.51. The mass, length and diameter of the 
sintered samples were measured at the end of each experiment. FUrther, to check 

the anisotropy of the shrinkage under load against e~lier work, samples with green 
density of 0.51 were sintered under an applied stress of 0.22 MPa up to fixed 

temperatures between 500°C and 1000°C, quickly removed from the dilatometer, and 

finally their length and diameter were measured. The microstructure of selected 

samples was observed by scanning electron microscopy of fracture surface. 

m. Results 

The axial strain, ez, versus temperature, T, for samples with green densities of 

0.39, 0.59, and 0.73 that were sintered either freely or with an applied uniaxial stress 
is shown in Fig. 1. The data for the other green densities (0.51 and 0.66) have been 
omitted to maintain the clarity of this figure. The ez values were reproducible to 

within ± 0.01 at any temperature. 

The shrinkage of the free-sintered samples is nearly isotropic; however, the 
loaded samples shrink anisotropically because of the creep deformation caused by 
the imposed uniaxial stress. The data for ez versus the radial strain, er, measured at 

the end of each experiment, is shown in Fig. 2 for the samples sintered under the 

•Reagent grade, Mallinckrodt Inc., Paris, Kentucky. 
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applied stress. The data for a green density of 0.44 of theoretical obtained in earlier 

work6 performed under the same conditions are also shown in Fig. 2. The earlier 
work had shown that Ez was approximately proportional to Er, and this relationship 

was also observed in the present work for the sample with green density of 0.51. In 
the present data analysis, the proportionality between Ez and Er was therefore 

assumed for each green density. 
The density, p, calculated from the Ez data for the free-sintered samples is 

shown as a function of time in Fig. 3. All of the curves have the well-observed 

sigmoidal shape and the final sintered densities are larger than 0.96 of theoretical 

even for the sample with the lowest green density of 0.39. The !esults therefore 

indicate that there is no intrinsic barrier to achieving high sintered densities even 

for green densities as low as 0.39. 
The volumetric densification strain rate, e p, defined as (1 I p) dp I dt, was 

calculated from the data of Fig. 3 by fitting smooth curves to the data and 
differentiating. The results are shown in Fig. 4 as a function ofT. e pis strongly 

dependent on the green density over most of the temperature range except for a 
small region between 725°C and 750°C over which it is weakly dependent. Figure 5 

shows the data for e p as a function of the sintered density, p. A striking feature of 

this plot is the strong dependence of e p on green density for p values below = 0.80 

and the weak dependence above this value. 

The creep strain ec was calculated from the data of Figs. 1 and 2 and the creep 

strain rate, e c at a constant, normalized stress of 0.20 MPa was found by a previously 

outlined procedureJ,6. Figure 6 shows the data for e cas a function of p. Trends 

similar to those of the densification rate data of Fig. 5 are observed. The similarity of 

the densification and creep curves reinforces an earlier analysis3 in which both 

processes were considered to be controlled by the same mass transport mechanism. 

An appropriate parameter for characterizing the simultaneous creep and 
densification behavior during sintering is the ratio of the densification rate to the 
creep rate, i.e., e p/ e c, at a fixed, normalized, applied stress. Figure 7 shows this 

ratio, normalized to an applied uniaxial stress of 0.20 MPa, as a function of 
temperature, T. It is seen that e pie c for any green density is relatively constant 

with T, but at a fixed value of T, it increases with increasing green density. 

Figure 8 shows scanning electron micrographs of the fracture surfaces for 

samples with green densities of 0.39 (sample A), 0.51 (sample B), and 0.73 (sample C) 

that were free sintered to 1100°C and then cooled. The sintered densities of the 

samples were nearly identical (= 0.97 of the theoretical). The grain size and fracture 
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mode of-samples Band Care nearly identical. However, there is a subtle difference 

in the porosity distribution; sample C has somewhat more porosity along the grain 
edges compared to sample B. The fracture surface of sample A shows more 
extensive trans-granular fracture compared to samples Band C. 

IV. Discussion 

It is clear from Fig. 4 that green density has a significant effect on the 
densification rate at any temperature. The magnitude of this effect, however, varies 

with temperature. The densification rate is a ~trong function of the green density 
below= 675°C and above= 775°C; between these two temperatures (where the 
densification rate is nearly at its maximum), green density has a smaller effect. The 

' 
effect of green density on the grain size of the sintered samples is relatively 

insignificant for green densities between 0.51 and 0.73, as seen from Fig. 8. 
As summarized earlier, a number of workers found no effect of green density 

on the (initial stage) densification rate during isothermal sintering of other powders 
for the green density range of 0.40- 0.50 (Greskovich9, Woolfrey10) and 0.49- 0.55 : /: 
(Occhionero and Halloran11). Woolfrey10 also found no effect of green density ..;.:;;y 

during constant heating rate sintering for the green density range of 0.40 - 0.50. A 
possible reason why these workers observed no effect of green density is the rather 
limited range of green densities studied. For example, the present data show that 
below 800°C, the densification rate is reduced by a factor of 1.2-1.4 in going from a 
green density of 0.39 to 0.51. Densification rate differences of this order can be 
difficult to detect reliably unless the experimental variables are well controlled. 

The data of Fig. 5 show that green density has a very strong effect on the 
densification rate for sintered densities< 0.80 but a relatively weak effect above this 
sintered density. They indicate that the microstructure development in this powder 
progresses towards normalization at some fixed value of the sintered density(= 0.80 
for the range of green densities used). Therefore, apart from a change of scale, the 
microstructures at this value of the sintered density should be almost the same. As 

shown in Fig. 9, this is indeed observed for samples with green densities of 0.39 and 
0.73 that have been sintered to a density of 0.81 ± 0.01. Once this normalization has 
occurred, the samples should densify to the same final density, as is observed (Fig. 
3). 

Rahaman and De JongheS showed that the densification rate of the same ZnO 

powder under isothermal conditions followed a relationship of the form: 
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. AD"f.<PT 
e =---=----

P X"kT (1) 

where A is .a geometrical constant, D is the volume diffusion coefficient, l: is the 

sintering stress7 (defined as an equivalent external stress leading to the same 
densification rate as from· the interface tension forces), <I> is a function of density 

which relates the internal grain boundary area to the external area of the powder 
compact (<I> is usually referred to as the stress intensification factor),7,13,14 X is the 

mean interpore distance, k is the Boltzmann constant, Tis the absolute temperature, 

and n is an exponent which depends on the mechanism: of densification (i.e., n = 2 
for volume diffusion15,16 and n = 3 for grain boundary diffusion17). It would be 

instructive to determine how well Eqn. (1) can account for the present data for 

constant heating rate sintering. 

A first step is to relate the initial pore spacing, Xo, to the green density, Po. For 
this, a microstructural model must be assumed. While, in general, a wide range of 

structures could accommodate a lowering of the green density at constant particle 

size, two idealized extremes may be recognized readily: a structure consisting of an 
invariant matrix into which an increasing volume fraction of larger heteropores are 

mixed; or, a structure in which the existing porosity is uniformly dilated. A two

dimensional equivalent of the latter ·would be an interconnected ring structure of 
particles in which the pore coordination number increases with decreasing density. 

Such a structure would lead to a mean pore spacing that can be related to the overall 

density when considering the total sample volume V to ~onsist of a fixed number, 
N, of pores and a fixed volume of solids, Vs. Then X3o = V /N = K p-1o, where K is a 
constant. For now, this model is assumed, so that, at a fixed temperature, and in the 

early stages of sintering when X = Xo, Eqn. 1 would give, with n=2 for volume 
diffusion controlS 

(2) 

where B is a constant. For the same ZnO, <1> has been determined from isothermal 

creep-sintering experiments and can be described by 
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if> = exp( a( 1-p)] (3) 

where a = 5. Given the present assumption, and using Eqns. (2) and (3) and the data 
of Figs. 3 and 4, :t as a function of Po at T = 650° can be obtained from the 
densification strain rates only. 

'" The resulting values of :t can be compared for self-consistency with those 
obtained from the ratio of e p/ e c the densification rate over the creep rate. For the 

present low-stress creep experiments, the creep mechanism would be expected to the 
same as the densification mechanism3. Following Eqn. (1), the creep rate, Eccan be 

expressed by the equation: 

11+1 

e = CD O',l{> z 
c X"kT (4) 

where C is a geometrical constant and O'z is the applied uniaxial stress. The ratio of 

the densification rate to the creep rate is then: 

(5) 

where F is a constant. 
The comparison between the values for :t found directly from Eqn. (2) and 

those from Eqn. (5) is shown in Fig. 10; the. constants have been chosen such that 
coincidence of the data is forced at Po = .51. The two different paths to :t(pJ appear to 
agree well, to within an unknown constant. Both these analyses then lead to a 
sintering stress that depends, empirically, on the green density at constant particle 
size in the following manner: · 

~= ~.,(g p., -1) (6) 

It is tempting to relate 1::0 to the initial particle size and to relate Eqn. (6) to the 
concepts modeled by Kellett and Lange regarding the sintering of rings of particles.18 

Generally, one must then expect the sintering stress to be proportional to the 
inverse of the particle size, and to a function that decreases with increasing pore 
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coordination number. This, however, would leave unanswered the reason for the 
observed constancy of Z as densification proceeds, and a further analysis will require 
additional, parametric experimental work. 

The functional form of .xn (where X is the mean interpore distance) versus 

sintered density (or temperature) can also be computed. According to Eqn. (1), and 

putting 

(7) 

where D0 is a constant, and Qd is the activation energy for the densification process: 

(8) 

where His a constant. Using Qd =50 Kcal/mole19,20;.Eqns. (3) and (4) and the data 

of figs. 3 and 4, the results for .xn versus To are shown in Fig. 11 for green densities 

between 0.39 and 0.73. 

The calculated values of .xn can be represented by, 

,. _ X'"(T) 
X- 2 

p; (9) 

where the factor p0 -2/3 originates in the assumptions that led Eqn. (2), and where 
, 

X n(T) is not a function of sintered density up to some point where a significantly 

stronger temperature or a sintered density dependence sets in. The onset of this 
stronger temperature or density dependence can be correlated with a value of the 
sintered density of about 90% of theoretical. It may be conjectured that this onset of 

rapid coarsening coincides with reaching closed porosity when lower activation 
energy processes, such as surface diffusion, can no longer operate. These findings 
and considerations are in agreement with an earlier study on coarsening and 
densification in zinc oxide by Chu et al (20). While direct confirmation from 

extensive microstructural examination are needed to establish fully the validity of 
the behavior of the interpore spacing during coarsening, the current findings 
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indicate an evolution and pore behavior during sintering that is also reflected in the 

recent neutron scattering work of Long et ai21 that indicates a constant pore size 

during densification, only dependent on green density, up to the point where closed 

porosity is reached and rapid pore coarsening is observed. 

V. Conclusions 

For these experiments in which ZnO powder compacts with green densities of 

0.39 to 0.73 were sintered with or without an applied uniaxial load and at a constant 

heating rate of 4°C/min up to 1100°C, it was found that the densification rate and 

the creep rate were affected significantly by the green density. The densification rate 

at any temperature increased with decreasing green density. 

The data for the densification rate and the creep rate as a function of sintered 

density showed two distinct regimes of behavior; the rates were strongly dependent 

on green density for sintered densities below= 0.80, while above this value they 

were weakly dependent on the green density. This could be understood in terms of 

a normalization of the microstructure during the sintering process. 

The sintering stress increases approximately linearly with green density for 
the range of green densities used in this work. This increase in the sintering stress 

accounts for the observed linear increase in the ratio of the densification rate to the 

constant stress creep rate as a function of green density. 
For sintered densities of up to 0.92, the mean interpore distance (which is 

used to represent the microstructural coarsening) is a function of temperature (or 

time) only, and is independent of sintered density. Above this density value, it is a 

strong function of sintered density and/or temperature. 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

,j Fig. 9. 

Figure Captions 

Axial strain versus temperature for ZnO powder compacts with 
different green densities that were sintered freely or with an applied 
uniaxial stress, crz, of 0.22 MPa. Data for sample green densities of 0.51 

and 0.66 have been omitted in order to maintain clarity. The samples 
were heated in air at 4°C/min to 1100°C. 

Axial strain versus radial strain for the samples described in Fig. 1 that 
were sintered under a uniaxial stress. 

Relative density versus temperature for the samples described in Fig. 1 

that were sintered freely. 

Densification rate versus temperature calculated from the density data 

of Fig. 3. 

Densification rate versus sintered density calculated from the data of 

Fig. 3. 

Creep rate versus sintered density calculated from the data of Figs. 1 
and 2 for the samples sintered under a uniaxial stress. 

Ratio of the densification rate to the creep rate versus temperature for 
the samples described in Fig. 1. The creep rate has been normalized at a 

constant uniaxial stress of 0.20 MPa. 

Scanning electron micrographs of the fracture surfaces of samples with 
green densities of (a) 0.39, (b) 0.51, and (c) 0.73, that were sintered at a 

heating rate of 4°C/min to 1100°C. 

Scanning electron micrographs of the fracture surfaces of samples with 
green densities of (a) 0.39 and (b) 0.73 that were sintered at a heating 

rate of 4°C/min to a relative density of 0.81. 
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Fig. 10. 

Fig. 11. 

Ratio of the densification rate to the constant stress creep rate (at a fixed 

temperature of 650°C) versus green density. 

The coarsening function, xn, versus sintered density computed from 

Eqns. (3), (4) and (8) and the data of Figs. 3 and 4 ·for green densities 

between 0.39 and 0.73. 
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