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Abstract—The effect of grain boundary sliding on steady state creep of polycrystalline metals is analyzed
by modeling the grain structure by an infinite two-dimensional array of regular hexagons in plane strain. A
pure power-faw relation is assigned to the grains and a Newtonian viscosity to the grain boundaries, The
finite element method is used to approximately soive the resulting nonlinear boundary value problem. In
this way, the overall stress-strain rate relation of the polycrystal is determined, and the contribution to total
strain rate due to grain boundary shiding is calculated for various values of the hardening exponent. The
results are compared with those of all other existing models.

1. INTRODUCTION

Numerous experiments on polycrystalline metals have convincingly demonstrated that at
sufficiently high temperatures or at sufficiently low rates of deformation, resistance to slipping
across the grain boundaries is low compared to resistance to plastic deformation in the interior
of the grains[1-4]. Of great importance to engineering materials is the contribution of grain
boundary sliding to total strain rate during steady creep of polycrystalline metals at high
temperatures. We consider the range in which creep strains are of the order of 1072; that is,
they are large compared to elastic strains (typically of the order of 10™%), but yet they and their
time derivatives are sufficiently small so that the small strain theory can be used. In this regime
a pure power-law relation between strain-rate, ¢, and stress is often found to characterize the
behavior of metals quite well. On a log € vs log & plot the power-law relation should give a
straight line. However, a frequently observed characteristic feature of these plots is that they
have an S-shaped portion[2-4], as shown schematically in Fig. 1. This phenomenon can be
explained in terms of grain boundary sliding as follows. Assume that the material inside the
grains satisfies the power-law relationship
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where n is the hardening exponent of the material and o, and ¢, are constants. At very low
strain rates the resistance to deformation of the grain boundaries is low compared to that of
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Fig. 1. Schematic illustration of the transition region,
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grains. The grain boundaries therefore appear essentially as flaws in the material. The poly-
crystal obeys the relation
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where f is called the stress enhancement factor. As the strain rate is increased, the resistance to
deformation of grain boundaries increases faster than that of the grain material, until finally the
grain boundaries become too strong to permit any appreciable sliding and transition is made
from (2) to (1). The S-shaped portion of the curve in Fig. 1 is the transition region. Direct
observations of the metallographically prepared surfaces of metals show increasing grain
boundary offsets with decreasing strain rates in the transition region[2, 3].

In this paper the grain structure will be modeled by a two-dimensional array of regular
hexagons in plane strain as shown in Fig. 2. We assume that the material inside the grains flows
in accordance with the power-law relation (1) appropriately generalized to multi-axial states of
stress. A Newtonian viscous relation will be assigned to the grain boundaries. The normal
component of the velocity vector must be continuous across the boundaries, whereas its
tangential component may suffer a jump proportional to the shearing traction on the boundary.
The elastic strains will be neglected altogether. The overall applied stress will be taken to be a
uniform tensile stress in the x-direction of Fig. 2. As a result of sliding the local stresses will be
nonuniform. This model will be used to calculate the stress enhancement factor and the
percentage of elongation rate due to grain boundary sliding and also to determine the shape and
the position of the transition region.

2. FORMULATION OF THE PROBLEM

Consider the trapezoidal region OIPQ in Fig. 2, henceforth referred to as the region A. If
the state of stress in region A is known, by symmetry it is also known everywhere in the entire
array. Therefore, provided one is able to derive the boundary conditions for region A and solve
the resulting boundary value problem, then the local stresses and strain rates are everywhere
known.

The boundary conditions, which are derived by using symmetry arguments, must be
consistent with an overall applied stress in the x-direction. Let U(x, y) = U(x, y)i+ V(x, y)j
denote the velocity vector. Referring to Fig. 2, assume at the origin, point 0, U = V =0 and at
the point ¢, U = u and V = v. The complete boundary conditions on OI, 0Q, and IP are

U=0 1,=0 onOl
V=0 17,=0 on0OQ 3)
V=¢ 1,=0 onlP

fe—d —v}
Fig. 2. Two-dimensional array of regular hexagons.
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On PQ in the normal direction one has {for details see {11, 12])

(4a)

Ux,y)+ Ula=-x,b~y)=u,
{ on PQ (4b)

g(x,y)=a,la-x,b-y)

where U, and u,(= V3 u/2 + vf2) are the normal components of U and u(= ui + vj); a and b are
the length and the width of rectangle OIQ'J. Equation (4a) expresses the requirement of
continuity of normal velocity across the boundary. It is a relation between the normal
component of the velocity vector at points T:(x,y) and T":(a-x,b—y) on the boundary.
These two points are equidistant from M, where M: (af2, b/2) is the midpoint of the segment
PQ in Fig. 2. Equation (4b) states that at points equidistant from M, the normal traction must be
the same.
The tangential boundary condition on PQ is

=1
(] W (U] (5

where w is the thickness of the grain boundary, % the viscosity of the grain boundary material,
and [U,] is the jump in the tangential component of velocity given by

(Ul=u-Ufa-x,b-y)-Ulx,y) 6)

with 1, = —u/2+V/3 1/2, the tangential component of u. The boundary conditions for region A
are now complete; they are shown in Fig. 3.

We now formulate the boundary value problem in a convenient non-dimensional form. The
governing equations are

Taps=0 (a,8=12) (7a)
_2 € (1- nln) 7
Sa =3 (eo) P (75)
aU,  dUg
€ap =3 (axp ax, ) (7c)

The first is the equilibrium equation. The second is the stress-strain rate relation obtained by
generalizing eqn (1) to multiaxial states of stress, where § is the stress deviation tensor and e, is
the effective strain rate which in plane strain is given by

N TN 370 ) ®

Introduce the notation

Deo)l/l-n
To = O z,_
0 o( W 9
1Viv, 0 P_ _______________ 0(u=u|0v;)
Upix,y)+Up (0-x, beyl= fg- uo%
[~
;{ oq (xy)roqlo-x, b- y)
b '
: ardlol |
E)
(1) Lo+ v Ui tan-Uyto-x,bp
_______ J
O ve0; 1,20 Q J

Fig. 3. Boundary conditions.
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where we define the grain diameter D to be

4 [3V3
b= 3 a 2 (10)
i.e. the diameter of a circle whose area is the same as that of a hexagon. Then it can be shown

that with

~ U,
Y =Dy,
€
g =2 11
eaﬁ ‘}’0 ( )
~ Ty,
Top & To
the governing nondimensional equations become
Gups=0[00 =50 2. =% | (12
1 S=5@re, (12b)
1 . .
€Eap = 5 (U,'B + UM) (lZC)

and with the exception of the eqn (5), every boundary condition in Fig. 3 remains the same
provided a hat is placed over every quantity. Equation (5) becomes

g, ={U]. (13)
In other words, the solutions of the boundary value problem for various values of the

parameters (7, D, w, oy and ¢g) are “similar.” Therefore, if the quantities are normalized as in
(11), the results will be valid universaily for every material.

3. MACROSCOPIC RELATIONS

Although the microscopic boundary value problem is posed for region A, the macroscopic
stresses and strain rates must be calculated by considering the complete rectangle OIO'J; see
Fig. 2. In the boundary conditions (3)-(6), u = ui+ vj is the velocity of the point O’ relative to
0. We assign an arbitrary value to v; then 1 is known from the condition of incompressibility
of the material, This condition can be written as

fr Un dS=0 (14)

where I" is any closed contour in the xy-plane and n its unit outward normal. For the
rectangular region OIO'J this equation gives

u= ‘% v, {15
The overall strain rates are given by

H v
& = z; &= b (16)
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The overall stresses are calculated using
do==1 o, dy
()]

. ]
tr_..“—‘-‘;fwcr,dxﬁ-;fooq,dx.

The maximum overall shearing stress, which acts on the plane that bisects the angle between
the x and the y axes, is

17

f=—£—§—£. (18)

The maximum overall shearing strain is
¥=§ -§, (19)

It is obvious that the plane strain configuration of hexagonal grains shown in Fig. 2, has a
sixth order axis of symmetry. When grains are linear, n = 1, since a linearly elastic material
with a sixth order axis of symmetry is transversely isotropic[13), the direction of the overall
applied stress is immaterial. For nonlinear grains the material is not necessarily transversely
isotropic and therefore the direction in which the overall stress is applied does matter. In
anisotropic materials, the principal directions of the stress and strain rate tensors, in general, do
not coincide. Nevertheless, from the boundary conditions (3)-(6) it follows that the principal
directions of the overall stress and strain rate tensors defined above are the same; the x, y, and
z-axes are themselves the principal directions for the class of deformations considered here.

The complete 7~ ¥ relation can be written as

,‘;_1 l n+iidn ? tin
6@ )

With 7, and 7y, defined by (9), eqn (20) is valid universally for every material. In the above
equation g, a function of ¥, is the stress enhancement factor. At very high strain rates, y - =,
very little sliding occurs, g ~ 1 and (20) approaches the stress~strain rate relation for the grains,
i.e. (12b). At very low strain rates, ¥—0, g asymptotically approaches f, i.e. the stress
enhancement factor for free sliding. Although the overall response of the material is in general
anisotropic, the 7 — ¥ relation is defined without ambiguity.

4. FINITE ELEMENT DISCRETIZATION

Nonlinearity and incompressibility of the material make the application of the finite element
method difficult. In recent years several authors have discussed the problem of
incompressibility[6-8). In the method used here, which is developed by Needleman and
Shih[6], the incompressibility constraint is imposed on the admissible displacement field by
direct elimination of nodal displacements, and the nonlinear stiffness equation is solved by
using the Newton-Raphson scheme. A brief description is given in Appendix A. Since boundary
conditions are very uncommon, Needleman and Shih’s method must be modified substantially;
the complete details of these modifications are also given in Appendix A. The finite element
grids are shown in Fig. 4.

S. NUMERICAL RESULTS
Figure 5(a) shows the plot of log (77 vs log (#/yo) for n =2 and the coarse grid. In this
figure, since the transition region is relatively broad, the S-shape portion of the curve cannot be
seen clearly. Alternatively, it is better to plot the parameter 8, defined in Fig. 1, vs log (¥/yo)-
Knowledge of f, 8 and n is completely sufficient for the determination of the log (#/7)—
log (¥/vo) relation. Figure 5(b) shows the plot of B vs log (¥/yo) for n =2 and the coarse grid.
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Fig. 4. Finite element grids, (a) coarse grid, (b) fine grid, (c) very fine grid.

This method of presenting the results is convenient also because the transition region for
various values of n can be plotted on the same figure. Figure 6 shows the plot of 8 for n =2
and n =4 calculated using the fine grid. It can be seen that the width of the transition region
decreases with respect to an increase in n.

Consider the rectangular region OIO'J in Fig. 2. We define the fraction of elongation rate
due to grain boundary sliding as

Qge-:_’_f
u -2bu o1 [Ul] dy (2])

where —[U,})/2 is the jump in the tangential component of velocity along PQ resolved in the
x-direction. This definition is consistent with the experimental methods of grain boundary
sliding in polycrystals[15, 16]). This formula also gives the fraction of strain rate due to grain
boundary sliding. In the finite element solution [U,] is known only at the nodes on the
boundary. The integral in (21) is calculated assuming [U,] to vary linearly between two

successive nodes. Figure 7 shows the percentage elongation rate due to sliding vs log (#/ye) for
n=4,

Comparison with Hart’s model
For simple shear, in our notation Hart's equations are[4]

=k
1 g= '1'1-(}{3)? (23)

et (;7;)"'"”": -1 4)

\
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Fig. 5. Transition region for n = 2 coarse grid.

where f and yr are phenomenological constants. For given values of yr and f, at an overall
strain rate ¥ one can calculate z by using (24), then from (23) g is known. Therefore, in addition
to ¥ and 7, specification of f and yr completely define the behavior of the material. The
parameter 2z ranges from 0 to 1; for z=0, g = f and (22) is the equation for free sliding; for
z=1, g =1 and (22) reduces to the equation for no sliding. Hart’s model, which is similar to the
spring-dashpot models for viscoelastic materials, predicts neither the magnitude of f nor the
position of the transition; it merely reduces the problem to the determination of the parameters
f and yr. We can compare Hart’s results with ours only by assigning to f and yr values
predicted by our finite element program and seeing whether the shape of the transition region is
the same for the two models.
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Fig. 6. Transition region for #n =2 and n =4, fine grid.

Figure 8 shows the transition region for n = 2 as predicted by the Hart model (the solid line)
and the finite element program (the circles). It can be seen that the agreement between the two
theories is satisfactory. The phenomenological parameter yr was evaluated at the point M.

Free sliding

We now discuss the important limiting case of free sliding.t Dimensional analysis shows
that f, the stress enhancement factor for free sliding, is a function of n only. Figure § shows
plot of f vs 1/n. Curves labeled (1) and (2) were obtained by using the fine and the coarse grids
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Fig. 7. Percentage elongation rate due to grain boundary sliding vs Log (¥ o).

+1t is more convenient to do these calculations by setting n = 0 rather than 5-+0, Then, on the boundary PQ in Fig. 2

o, =0 and the overall equation is
F 1 (I)M-lnn(i)&ln
o f\3 €5

which is obtained from (2).



Effect of grain boundary sliding on steady creep of polycrystals 855

togT

!-B—c—
Y

Log ¥

10

TRANSITION REGION

o8 ns2
(£21.1421)

COARSE MESH

B O8-

0.3+~
0.2

i ] 1 1
o -1 [}

o 1
wos [rr{eo(2e) ™ 1]

Fig. 8. Transition region, comparison with Hart's model.

shown respectively in Figs. 4(a) and 4(b). The point labeled (4) (for n = 1) is calculated using the
very fine mesh shown in Fig. 4(c). It can be seen that the result converges very rapidly as the
mesh is refined. The very fine grid is not used for calculations in the nonlinear range.
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Fig. 9. Stress enhancement factor vs 1/n.
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For the limiting case of rigid-perfectly plastic grains (n =x), Chen and Argon[l4] have
estimated f from slip line theory to be 1.3. This is the point Jabeled (5) in Fig. 9. Curve (1)
appears to approach this point as n increases (1/n - 0).

For values of # of 1.0, 4.4 and 8.8, Crossman and Ashby[5] found that f was 1.1 £0.01. The
straight line labeled (3) is a plot of their resuits. They did their calculations for simple shear
along the x-axis of Fig. 2. However, because of the overall transverse isotropy in the linear
range, their results must coincide with ours for n = 1. This discrepancy may be explained as
follows. Firstly, since Crossman and Ashby have not at all mentioned the numerical difficulties
associated with material incompressibility, their steady state limiting results may be inaccurate.
Secondly, in Fig. 2 instead of applying the jump conditions of the type (5) along PQ, which
represents a grain boundary, Crossman and Ashby gave the grain boundary a finite thickness
(approximately Df130) and modeled it by elements. (They used constant strain triangles in all of
their calculations.) This assumed thickness, which is much larger than the actual width of the
grain boundaries, was introduced only for ease of computation. But since elements in this
narrow boundary region must be connected to the elements in the interior at the nodes on the
interface, it follows that their aspect ratios must have been disproportionately larger than those
of the elements inside the grains. This procedure not only led to the inaccuracy of the
computations, it also forced them to restrict themselves to a relatively coarse finite element
mesh. Thirdly, for n = » (1/n =0) and simple shear along the x-axis, f has been estimated by
Crossman and Ashby{7] to be 1.5. Apparently the straight line in Fig. 9 does not approach 1.5 as
n increases.

For n =1 the reciprocal of f gives GIG, i.e. the ratio of the relaxed to the unrelaxed shear
modulus, In [11, 12] we calculated G/G as a function of Poisson’s ratio »-for the hexagonal
grains in Fig. 2. It was shown that as »—1/2 (i.c. the material becomes nearly incompressible),
GG approached 1/f as computed here. This is a check on the accuracy of the results, since the
finite element program used to calculate G/G was entirely different from the one used to
compute f here.

The percentage of elongation rate due to grain boundary sliding was defined by (21). For
free sliding this is plotted in Fig. 10. For rigid-perfectly plastic grains, Brunner and Grant{15]
estimated this percentage to be 33, which is represented as point (3) in Fig. 6.

Although at the triple point P in Fig. 2 the stresses and the strain rates are singular, the finite
element approximation, which gives only the average stress in an element, does not reveal the
character of this singularity; it yields stresses and strain rates that are finite in every element.
The maximum stress occurs in the element located at the corner P. Lau and Argon[i7] have
examined the stress and strain rate singularity at the triple grain junction caused by grain
boundary sliding.

35~
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Fig. 10. Percentage elongation rate due to grain boundary sliding vs {/n.
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Fig. 11. Discontinuity in the tangential velocity.

It is of interest to study the distribution of the jump in the tangential velocity along the
boundary PQ of Fig. 2. For the fine grid this is shown in Fig. 11. The solid lines labeled (1) and
(2) correspond to 7 =9 and n =1, respectively. In the linear case, n = 1, using the very fine
grid, we found that the resuit was indistinguishable from curve 2. For an isolated straight crack
in a linearly elastic isotropic material, simple plane strain solutions indicate that the distribution
of this jump along the crack is an ellipse (see, e.g. [15]). For comparison two ellipses
with the same major and minor axes as the computed curves are drawn in Fig. 11,

In plane strain, for a rigid-perfectly plastic material the slip lines are defined as the two
orthogonal families of curves whose directions at every point coincide with those of maximum
shear strain rate[18]. When there is no sliding the slip lines for region A are shown in Fig. 12(a);
they are simply straight lines at 45 degrees to the coordinate axes. For free sliding, finding the
direction of maximum shear strain rate in every element and drawing two smooth orthogonal
families of curves along them, we obtain the plot shown in Fig. 11(b). Since on the boundaries
the shearing stress vanishes, these lines intersect every boundary, including PQ, at 45 degrees.
Figure 11(b) is for n = 9; as n increases, this orthogonal net approaches the slip-lines, which are
the characteristics of the hyperbolic system of equations that govern the limiting case of
rigid-perfectly plastic material. Figure 11(c) shows these slip-lines obtained by Brunner and
Grant[15].

(o} {b} (¢}

Fig. 12, Lines of maximum shear strain rate; (a) no sliding; (b) free sliding, n =9; (¢) free sliding n = o,
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APPENDIX A

Details of the finite element technique

In this appendix the Needieman-Shih finite element technique will be explained briefly. This explanation is sufficient to
understand the changes that had fo be made in order to apply their method to our problem.

As we shall discuss later in detail, the nonlinear stiffness equation will be solved by using the Newton-Raphson method,
To isolate the difficulties, at first the method of incorporating the incompressibility constraints will be explained for a linear
material; then the necessary steps for passing to the general case of nonlinear material behavior will be indicated.
Therefore we now assume that the material is linear.

Because of the incompressibility, only a few element types and arrangements can be used. With arbitrary elements if
the mesh is refined, the number of constraints imposed by incompressibility may increase faster than the number of
degrees of freedom, Figure 13(a) shows & quadrilateral element composed of four constant steain triangles. Point M is the
intersection of the diagonals AC and BD, This special arrangement has the property that if the incompressibility constraint
is satisfied in three of the triangles, the constraint in the fourth triangle is automatically satisfied. It can be shown that with
this element the number of degrees of freedom increases faster than the number of constraints as the mesh is refined(8].

Therefore, there are only three constraints (of the form e +¢, = 0) per quadrilateral element rather than four. Two of
these can be used to eliminate the two degrees of freedom at the central node M in Fig. 13(a). The remaining constraint is
used to combine quadrilateral elements to form a substructure as in Fig. 13(b). This particular substructure has 10
elements; consequently, 10 degrees of freedom on the central node can be eliminated. They are drawn by using dashed
lines.

Let {q,} denote the vector of nodal velocities for the substructure; to be concrete, the reference is made to the typical
substructure shown in Fig. 13(b). The equation of constraints is

(HHg.}=0 (A

where [H] is a 10 (the number of constraints per substructure) by 35 (total number of degrees of freedom in the
substructure) matrix. Let {q,} be partitioned as

{q.}‘{gf} (A2)

where {q.} is the vector of eliminated velocities and {g} is the vector of remaining (free) velocities. Using (A1), we solve
for {g,} in terms of {g/} as

{a.} = GKas} (A}
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Fig. 13. (a) Quadrilateral element, (b) a substructure.

where [G] is a 10 by 26 (the number of free degrees of freedom in the substructure) matrix. However, it is important to
observe that, one is not free to arbitrarily climinate any 10 degrees of freedom in the substructure; if {q,} is to be
eliminated the 10 x 10 coefficient matrix of these displacement rates in the constraints (A1) must be nonsingular. These
substructures are the basic building blocks of the finite element grid. A coarse mesh composed of two substructures is
shown in Fig. 4(a).

By assembling the 8 x 8 stiffness matrices of the quadrilaterals, one obtains the stiffness matrix of a substructure, [K,].
The principle of virtual work for the substructure is

{8a)7(K, Ha.} = {8q}7{Q.} (A9)

where {q,} and {Q,} are velocity and load vectors for the substructure and {8,} is the vector of virtual velocities.
Partitioning this equation as in (A2), one obtains

8 \[Ks Kiel[ar]_ [84)7[Q
{Me}[Kd K«]{4¢} {5%} {Qe}. (AS)
But from (A3)
{89.} =G)8q;}. (A§)
Substitution of (A6) into (AS) gives
{87 (K Ma/} = (847{Q}) (A7)
where
[K'1={Kg)+ (K NG+ G K )+ [GITIK,IG] (A8)
{Q}={Q}+IGT{Q.). (A9)

Equations (A8) and (A9) give the modified stiffness matrix and load vector for the substructure after the elimination
process. By assembling these, one obtains the master load vector {Q} and stiffness matrix [K] which is symmetric and
positive definite. The equilibrium equation for the assemblage is

(KHq}={Q} (A10)

where {q} is the overall vector of free velocities.

The boundary conditions on O and IP of Fig. 3 can be implemented easily by the usual methods. For example, for
nodes on IP to apply 7, = 0 we simply make the tangential component of the load vector on these nodes equal to zero. To
implement V = v for degree of freedom i say, ¢; = v, we first modify the load vector according to

Q=Q-Kypp for i¥j and Qi=v (AlD)

Then the ith row and the ith column of the stiffness matrix are made zero and the diagonal element, K, is made unity,
according to standard procedures.

The implementation of the boundary conditions on OQ and PQ pose special difficulties. For definiteness we explain
these by referring to the grid shown in Fig. 4(2). From the form of boundary conditions (see Fig. 3) it follows that nodes on
PQ must be arranged in pairs of points equidistant from M. With the exception of nodes at P and @, the degrees of
freedom at other nodes on PQ must be referred to the normal and the tangential directions. Introduce the notation
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F(i), F (i) force in the x and y directions on node i

F.(D), R} force in the normal and tangential directions on node

UGi), V(i)  displacements in the x and y directions on node {

U,.(z) Ut displacements in the normal and the tangential direction on node /
=U(l), g2= V(1), g= U, (2), qu= U{2)..

Qs ), Q= Fl), O\=F (2, Qs= F{Z)

On PQ, from Figs. 3 and 4(a), the boundary conditions are

(Al

,

Ui+ UGy =u

U (2)+U )= %

U3+ U8 = % u+

d F}(Z)sﬂ{(%+%)[:i£u+yz—§v~U,(Z}-U,(S)} (AD3)
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and

F(l)=F(6)
EQ)=F£05
F3)=F@& (Al4)
F)=F(5)
F(3)= F{4).

In obtaining the Jast two equations in (A13) we made use of the following result. Assuming that the shearing traction oy
varies linearly between two successive nodes i and j on the boundary, the contribution to the tangentia! nodal forces due to
the traction on the segment ij is{9}

o (-—;— "‘Q) (A15)
o)

where o,(i) and o,(j) are the values of ¢, at nodes i and j and [ is the length of the segment ij.

Another difficulty in applying the boundary conditions arises on OQ in Fig. 3. Since boundary nodal degrees of freedom
have been eliminated from the grid, the Needleman-Shih method is not applicable to arbitrary boundary conditions[6]. In
Fig. 4(a), the vertical degrees of freedom at the nodes 7 and 19 have been eliminated. Although, one can easily assign
V(1) = V(13)= V(25) =0, obviously V(N = V(19)=0 cannot be prescribed. Therefore, it is necessary to extend the
Needieman-Shik method to cover arbitrary velocity and traction boundary conditions.

Formula (A9) shows that the nodal forces at the eliminated degrees of freedom have been distributed on the nodal
forces at the degrees of freedom that have not been eliminated. Therefore, although arbitrary velocity boundary conditions
cannot be applied, it is possible to prescribe arbitrary surface tractions, We make use of this fact to satisfy the velocity
boundary conditions on OQ of Fig. 4(s). The method is in essence as follows: two forces will be applied in the y-direction
at the nodes 7 and 19 and adjusted so as to make the vertical velocities at these nodes vanish.

The boundary conditions for the velocities in Fig. 4(a) are such that the incompressibility eqn (14) is satisfied, in other
words, there is no change in the area of region A after deformation. Therefore, if a vertical force is applied at the node 7 so
as to make V(7) vanish, V(19) must vanish automatically, i.c. without having to apply a vertical force at the node 19 and
vice versa. The two cases are, however, identical to within an overall hydrostatic state of stress. For the fine grid,
consisting of five substructures shown in Fig. 4(b), it is necessary to apply four vertical forces at any four of the five nodes
M, M, M, M, and M; to make the vertical velocities at these nodes zero; the vertical velocity at the fifth node must
vanish automatically. In our calculations forces were applied at nodes My, M, M), and M, for the fine grid and at the node
7 for the coarse grid. At the remaining node the vertical velocity came out zero as a result of computation.
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Using the coarse grid shown in Fig. 4(2), we now explain the numerical application of the boundary conditions on OQ
and PQ. Consistent with (A13) introduce the notation

A= F(l)= F(6)
A= F,Q)=F()
A=F()=F,@4 (Al6)
A=F(2)=F()
As= F(3) = F(4).
Further, let

w=FM. (A7)

In the final overall equilibrium equation, only the free velocities appear. Denote the vector of these velocities by {g}. Then
one has

=3 ah+ 3 bunta® (i=1N) (A19
-] k=]

where N is the total number of free velocities. For the fine mesh, shown in Fig. 4(b), there are four u’s rather than one,
and the matrix [b, ] is N x4.

To calculate ¢° in (A1) we set A, = u; =0 (i = 1,5) and solve the resulting system (A10). The influence coefficients a,
and by can be calculated Jikewise by setting one of the 4; (i = 1,5) and g, equal to unity and the rest equal to zero and
solving the system (A10). This procedure involves repeated solution of eqn (A10) for various load vectors {Q}. This can be
done by first using Choleski's method to decompose the stiffness matrix as [K]={[U]T(U], where [U] is an upper
triangular matrix. Then, each time {Q} is changed, it is only necessary to carry out the back and forward substitutions by
using the same matrix {U]. The computer time required to decompose the stiffness matrix is by far more than that spent on
back and forward substitutions. Therefore, this process increases the computation time only slightly.

Having found a;, by, and ¢°; eqns (A18) are substituted into (A13) to obtain five equations for 4; (i = 1,5). To find an
equation for u,, we consider the substructure containing the node 7 in Fig. 4(a). The eliminated velocities in this substructure
are given in terms of the free velocities by an equation similar to (A3). In particular V(7) is given by

V(= 2: &'e

where g (i = 1, N) are certain known coefficients. Since V(7) =0, the above equation gives

i 8'¢:=0. (A19)
=}

Substituting (A18) into (A19), one obtains the equation for u,. The complete system consisting of six equations for the six
unknowns A, (i = |, S)and u,, is very well conditioned. After solving this system, by (A18) the free velocities are known, and by
equations of the type (A3) for each substructure, the eliminated velocities are calculated. For each triangular element, the strain
rates are found by using the usual matrix relating the vector of nodal velocities to the strain rates in the element[10]. This strain
rate tensor is deviatoric. The stress deviation tensor is calculated using the power law relation (7b). The hydrostatic stress,
although not difficult to calculate[6], will not be computed since it will not be used afterwards.

In order to concentrate only on the problem of incompressibility, so far it has been assumed that the material is linear.
Now the necessary steps for passing to the general case of nonlinear material behavior will be discussed. According to
Newton-Raphson's method, the jth increment in the velocities, {Ag;}, for a triangle is given by[6, 10].

AIB)ID)(BYAq;} = {Q} - [B] {o;}A (A20)

where {Q} is the applied ioad vector for the triangle, {o;} is the stress deviation in the element calculated using the current
ve:ocities. and A is the area of the triangle. The matrix [D,] relates de; to dS; according to (7b) and at the current
velocities.

Equation (A20) indicates that each iteration can be regarded as a linear problem. We assume that the initial estimate in
the Newton process satisfies the complete boundary conditions for region A. This is always possible since parameter
tracking[6] is used; i.c. the solution for the linear case, n = 1, is employed as initial estimate for n =2, and n = 2 solution is
employed as initial estimate for n = 3 and so on. Thus we have an initial estimate not only for the velocities but also for A,
(i=1,5) and u,. For each iteration, the increments in the velocities satisfy the incompressibility constraints and the
homogeneous boundary conditions obtained by replacing all constant terms (such as ¥ and v) in the boundary conditions,
shown in Fig. 3, by zeroes. The solution for each iteration yields the increments in the velocities and the increments in the
forces A, and u; which are then added to the current values to update these variables. The process converges rapidly after
a few iterations. Application of the special boundary conditions by the above method does not increase the number of
iterations necessary for convergence; it increases the computer time per iteration only by a relatively insignificant amount.
Once again the reader is reminded that although for definiteness most of the discussions in this appendix were referred to
the coarse mesh in Fig. 4(a), they hold for any mesh; only the number of variabies is larger for a finer grid. In our
computations, we used the mesh shown in Fig. 4(b). The complete nonlinear boundary value problem is now solved.

In (A20) replacing {D,] by another matrix [D,] which relates ¢; to S; according to the power law relationship (7b) and at
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the current velocities, (A20) becomes the equation for a finear iterative process. A useful discussion of this process and its
relation to the Newton-Raphson scheme is given in the Appendix of {19]. Some conditions for the convergence of the
Newton's method are given by the Kantorovich theorem{20]. Since the linear iterative process converges under less
stringent conditions than the Newton process, with the same initial estimate it is possible that the latter process diverge
while the former converge, On the other hand, the rate of convergence is of second order for the Newton's method and
only of first order for linear iterations. The most efficient scheme (adopted here} is to perform the first few iterations
finearly until the result is sufficiently close to the actual solution and then revert to the Newton-Raphson scheme.

It can be shown that the above method of imposing the boundary conditions and Needleman and Shih's method of
incorporating the incompressibility constraints are equivalent to the Lagrange multiplier technique. In the former case, the
Lagrange multipliers are the forces A; and u; defined for the coarse mesh by the equations (A16) and (A17) and the
constraints are the boundary conditions {A13). In the latter case, the Lagrange multipliers are the hydrostatic stresses and
the constraints are the equations expressing the condition ¢, + ¢, =0 in each element. Since the physical interpretation of
the Lagrange multipliers (as nodal forces or as hydrostatic stresses) are known beforehand, we preferred the above direct
exposition to one given in terms of Lagrange multipliers.



