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Abstract

Shrinkage and rearrangement during the early stages of sintering is
considered. In such rearrangement the sintering particles can experience
both additional center to center stresses, as well as bending moments,
arising from multiparticle interactions and asymmetrical neck formation.
The response of a particle pair to the simultaneous action of these stresses
is solved analytically in a cylindrical geometry.

Introduction

The densification processes that occur as a result of mass transport
from interparticle grain boundaries to adjacent surfaces has been modeled
extensively for the early stages of sintering for symmetrical (1-4) as well
as for asymmetrical neck formation (5-7). Such asymmetrical neck formation
can arise when three or more particles interact during the densification,
and is believed to be a major cause of rearrangement (8). It is, however,
apparent that differential densification in heterogeneously packed powder
compacts can have a substantial effect on the particle rearrangement and the
microstructural evolution of the sintering body (9). Quantitative modeling
of densification processes in non-homogeneous multiparticle powder compacts
requires consideration of the applied stresses and bending moments caused by

differential densification. The intent of the present paper is to develop



an analysis for the simultaneous shrinkage and particle rotation, by
considering an asymmetrical neck subject to an applied stress and behdihg

moment.

Development of the model

A model is considered that consists, for simplicity, of a two-
dimensional asymmetrical neck, with radfi of curvature Rl and Ros between
two equally sized cylinders. The neck is subjected to a bending moment M
(see Fig. 1a).' The resulting stress distribution on the grainboundary gives
the gradient in the chemical potential which, in turn, gives the driving
force for matter transport. 0Only the case of grainboundary diffusion ié
treated.

Consider a small element sx on the grainboundary, within an incremental
tiﬁe interval &t. The total amount of material removed from this element is
sm. It can be considered as consisting of two components: a uniform layer

of material, gm., responsible for the center-to-center approach, and an

S’
amount d&m., accommodating the rotation. The geometry of the rotating
particles is shown in Fig. la; during particle rotation material must be
transported from area A to area B. Gmr depends on position and is readily

found by considering the geometry sketched in Fig. 1b to be

Xo
am. = &9 (E—_ -X). 8X © Egn.l

The meaning of the variables is as indicated in Fig.lb.
Conservation of matter requires that

§J. . &t = -6m Egn.2

v



Combination of Eqns. 1 and 2 yields:

. Xo . :
da/dx= - [ e(-gi-x) 5 1/q Eqn.3

Using the convention that a compressive stress is negative, so that

p=-08 Eqn.4

one also has that

J= ( D_ 8,/ KkT) do/dx Egn. 5

b b

The stress distribution on the grainboundary will thus be

o(X)= C;.X3/6 + Cp.X2 /2 + Cy3 X+ C4 Eqn. 6

where

C, = KTe/D 6,2 | Eqn. 7

1
and

Xo . . :
C2= - kT (—E;-e- S)/ Db 6b 9 Eqn. 8

The rbtation rate,é , the shrinkage rate, §, and the constants C3 and C4 are

determined by the boundary conditions. The boundary conditions are:

o(X=0) =v¢ / Ry | Eqn. 9

and .
a(X=X) =YS/ Ry Egn. 10

where R; and R, are taken to be positive quantities for the geometry shown

in Fig. la.

In addition the force and moment balance requires that

X=Xo _
S odx + ZY = ag_ X Eqn.ll
X=0 S a
and
X=Xo XO
o (X- —) odx +M Eqn.12
X=0 2



Application of the boundary conditions to Egn.6 yields:
M
Ci= 60y, Lo LAy Eqn.13
R2 h Rl XoYS

-2 3 2
C2= 12YS ( + + - a 3OM )

Rz Ri Xo g XoYs

/Xo Eqn.14

C3= 3vg (—2 - - + - =) /X, Eqn.15

S
C4— v_ /Ry Eqn.16
so that
. 1 1 4 20 2
5= 6 D oSy (— + — +—- - —8)/KkT X, Eqn.17
b b R R X Y
and 1 2 0 S
8= 60 D8 g (—— - = - T x, Eqn.18
R, Ry XoY
while
1 1 12M. 3 3 2 3 2 O3 30M 2 2
o/vg= 10 - - ——) X /Xo * 6 (~——— + + - +—— ) X /X
R2 R1 XoYS R2 R1 Xo YS XoYs
1 3 4 20, 20M
+3 ( - - + - ——) X/Xo + 1/Ry Egn.19
R2 R1 Xo Y XoYS
Discussion

The expressions for the center-to-center abproach rate, Eqn. 17, and for the
‘rotation rate, Eqn. 18, show that § depends linearly on o,, and fis

independent of M, while 8 depends l1inearly on M and is independent of o,.

One also notes that the expression for g(X)is identical to the one derived.

by Exner and Bross (7) for the case of asymmetrical necks, if the applied
stress and the bending moment are put equal to zero. Some examples of the
stress distributions, and of é and é, for various values of Oa and M, have

been calculated in Fig. 2-4.



The magnitudes of the applied stresses and bending moments‘that act on
interparticle necks is difficult to estimate, since théy will strongly
depend on the density gradiéents and packing arrangements in the powder
compact. Such forces and moments can be Tlarge, as can be surmized from the
work of Lange (10) on the effects of agglomerates on the microstructure of
densifying compacts. It is, in fact, thought that the bending moments and
stresses due to differential sintering arising from density gradients may
dominate the rearrangement process, rather than thé asymmetrical neﬁk
formation, contributing significantly to the difference in densification
kinetics between two particle models and multiparticle compacts. This is
currently being verified further by computer modeling of the evolution of
multiparticle powder compact rearrangement and comparing this calculated

evolution with experimentally observed rearrangement.

Symbols

€1, Cop, C3, C4q :parameters defining stress distribution on grain
boundary

Dp _ :graﬁnboundary diffusion coefficient

J :atom flux

k :Boltzmann factor

m :total mass removed from boundary at X

Mpy Mg :component of m accomodating particle

rotation or approach

M :applied bending moment (the sign is negative in the
present case).

R1s Ry :radii of curvature at X=0 and X=X

S :center-to-center approach rate

t :time

T :absolute temperature



X : distance along the grainboundary

Xo :neck width
Y :surface tension
Gb :effective grainboundary thickness
6 | :rotation rate
u :chemical potential of the atoms ’
a(X) :stress on grainboundary at X J
Oa :applied stress
0 | :atomic volume
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Figure Captions

la. Geometry of the rotating particles subjeéttb an applied stress, g,
and a bending moment, M. During rotation material must be transported from

A to B. XBL 843-8357

1b. Geometry of grainboundary‘mater1a1 removal or-addition for an

incremental particle rotation. dmr is equal to the area ABCD, which in turn -

X
is equal to the area ACED. Since dm . =86r ér, and 8X/Sr = r/DK =r/(§i -X),
Egn. 1 follows. XBL 843-8361

2a. Normalized stress distribution on the grainboundary, symmetrical neck
case, with applied bending moment, in the absence of an applied stress.

XBL 843-8360

2b. Normalized rotation rate and normalized shrinkage rate in the absence
of an applied stress, for a symmetrical neck, as a function of bending

moment. XBL 843-8358

3a. Normalized stress distribution on the grainboundary, in the presence of

a fixed bending moment, és a function of applied stress. XBL 843-8356

3b. Normalized rotation rate and normalized shrinkage rate in the presence
of an applied moment for symmetrical neck, as a function of applied stress.

XBL 843-8359
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Normalized Stress, oR/vq
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