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Abstract

The sintering stress is a driving force for morphological evolution of pores in sintering, and can be determined from knowledge of the
microstructure. The sintering stress of non-equilibrium, non-uniform and non-isotropic porous glass films cast and sintered on rigid sub-
strates was computed from synchrotron X-ray microtomography data. This method was able to show how the inhomogeneous distribu-
tion of local density at the particle scale led to a difference in local sintering stress. The anisotropic microstructure in the film was
correlated to the deviatoric components of the sintering stress, which were defined by surface energy tensor. The topological evolution
of pore structure was characterized by genus and Euler characteristic.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Advances in X-ray microtomography allow the observa-
tion of complex pore structures in three dimensions. It
reveals real microstructural evolution during sintering,
and provides an opportunity to analyze the local particle
arrangements and non-uniformity at the particle scale
[1–5]. Consider, for example, the pore space evolution in
viscous sintering of spherical glass particles, as shown in
Fig. 1. In the initial stage (Fig. 1a, stage 1), the pore struc-
ture is a continuous network with numerous circular holes
resulting from contacts between particles. As holes expand
with the neck growth, pore channels are pinched off, break-
ing the continuous network into fragments: closed pores are
formed one by one in the intermediate stage (Fig. 1b stage 2
and Fig. 1c stage 3). Complicated shaped pores become
spherical in the final stage of sintering (Fig. 1d stage 4).

The macroscopic shrinkage in sintering is a result of the
microstructural evolution that is driven by capillarity. The
shape and form of pore structures, either open or closed,
generate the sintering stress, which in turn is a driving force
for shrinkage and change in pore morphology. Both phe-
nomena lead to a decrease in the total surface energy.
The sintering stress in a volume element can be, in princi-
ple, calculated from the knowledge of pore structures. It
is determined rigorously from energy [6], curvature [7]
and force balance [8,9] for the equilibrium pore structures
where the curvature is constant at any position (constant
mean curvature (CMC) surface). The sintering stress is
either isotropic [10] or anisotropic [11]. However, real
microstructures in the intermediate stage of sintering
(Fig. 1b and c) are quite different from such CMC surface
models or simple geometric models [12,13]. The shrinkage
and sintering stress of non-equilibrium structures has been
estimated from sintering simulations using the discrete
element method [14] and the Potts kinetic Monte Carlo
method [15]. These simulations and theoretical models
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[16,17] have been compared with the sintering stress deter-
mined experimentally by sinter forging tests [18]. The sin-
tering of crystalline particles is made more complicated
by several diffusion mechanisms that contribute concur-
rently to mass transport [19]. The grain growth further
complicates sintering in the later stage. However, the
microstructural evolution in viscous sintering of glass is
simply described by fluid mechanics [13,20–22]. The sinter-
ing stress depends not only on the relative density, but also
on the shape and structure of pores [23] and the distribu-
tion function of pore size [24,25]. In non-equilibrium por-
ous structure, the sintering stress is expressed by the
surface energy tensor, which is defined only by pore geom-
etry [26].

The purpose of the present paper is to analyze the sinter-
ing stress of non-equilibrium, non-uniform and non-isotro-
pic pore structures characterized by synchrotron X-ray
microtomography, as illustrated in Fig. 1. The continuum
theory of sintering is normally concerned with the behavior
of matter on a macroscopic scale that is large compared
with particles [27–31]. However, real porous sintered bodies
are non-uniform when they are viewed on such a small scale
as to reveal the individual particles. The consideration of local
inhomogeneity in relative density and sintering stress at the
particle scale is important for understanding defect formation
during sintering.

The initial particle packing is slightly anisotropic, usu-
ally owing to powder processing such as uniaxial pressing,
injection molding, extrusion and tape casting [32]. The
microstructures of sintering bodies become anisotropic also
in constrained sintering of a thin film on rigid substrate
[27,33–35], as well as in stress-assisted densification such
as hot pressing, spark plasma sintering or sinter-forging
[14]. Bernard et al. [4] used X-ray computed microtomogra-
phy to study the constrained sintering of glass films, which
were cast on rigid substrates. Anisotropy was analyzed
using the autocorrelation function and pore orientation
distribution function of the three-dimensional (3-D) image.
Here, their tomography data are re-examined from the
point of view of sintering mechanics. It is shown that the
sintering stress tensors, especially the deviatoric compo-
nents, are useful to reveal the anisotropic microstructure
and its effects on sintering. The aim has been to improve

the understanding of complex pore structures, and to
provide a new description of microstructural features and
the forces behind their formation/evolution.

2. Mechanics of viscous sintering

The continuum mechanical modeling of sintering is
expressed by a set of linear relations between the macro-
scopic strain rate _Eij and the macroscopic stress Rij [17,35]

_Eij ¼ SijklðRkl � Rs
klÞ ð1Þ

where Sijkl is the viscous compliance tensor, and Rs
ij is the

sintering stress tensor. The summation convention for re-
peated indices is applied throughout this paper. The volu-
metric shrinkage rate, which is the trace of the strain rate
tensor, is driven by the hydrostatic component of macro-
scopic stress Rm = Rii/3, and the hydrostatic component
of the sintering stress Rs ¼ Rs

ii=3. The deviatoric compo-
nents of the sintering stress induce anisotropic shrinkage.
When the microstructure is isotropic, the constitutive equa-
tion is simply expressed as [27,29]

_Eij ¼
R0ij
2G
þ dij

Rm � Rs

3K
ð2Þ

where R0ij is the deviatoric stress, G and K are the shear vis-
cosity and the bulk viscosity, respectively.

In viscous sintering, the constitutive Eqs. (1) and (2) are
derived directly from the principles of fluid mechanics [26].
The pore deformation is driven by capillary traction csjni

on the pore surface, where cs is the surface energy, j is cur-
vature, and ni is the unit (outward) normal to the pore sur-
face. Using the virial method [36,37], the total traction on
pore surface is related to the surface energy tensorZ

A
xicsjnj dA ¼

Z
A

csðdij � ninjÞdA ð3Þ

where xi is the ith coordinate. The sintering stress of a sin-
gle pore of arbitrary shape is defined as

rs
ij ¼

1

V n

Z
A

csðdij � ninjÞdA ð4Þ

where Vn is the pore volume. The macroscopic sintering
stress in a volume element V is defined as the volume aver-
age of local sintering stress of pores [26]

(a) (b) (c) (d)
Fig. 1. Evolution of pore space in sintering: (a) stage 1 (relative density, q = 63.5%); (b) stage 2 (q = 87.8%); (c) stage 3 (q = 94.1%); (d) stage 4
(q = 98.4%).
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