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1. INTRODUCTION

Grain boundary sliding first comes to mind in relating a
viscous boundary phase with deformation. Because individual grair pairs
are constrained by surrounding grains, grain boundary sliding is
re-tricted unless either the grains themselves can accommodate the
deformation produced by the siiding or the boundaries can develop cavities
(viz., voids or cracks). Present concepts relating boundary sliding
to the deformation behavior of polycrystalline materials allow somc
accommodation to take place by either elastic or plastic deformation
within the grains.(l’z) As pointed out by Raj and Ashby,(s) elastic
deformation does not result in sufficient accommodation to allow
boundary sliding. Thus, if the formation of cavities are to be prevented,
the grains must exhibit plastic deformation by dislocation and/or
diffusional processes.

Grain boundary cavities are frequently found in materials
that have been forced to exhibit large deformations prior to fracture.
Mechanisms and theoriecs have been proposed to account for the formation
and the growth of these cavities,(l’z) but no account has been taken for
either the presence or the properties of a grain boundary phase. This

is understandable since the models and the theories have been proposed

to explain boundary cavitation in metals which were presumed not to

contain a grain boundary phase.




In the present theory, the cxpected deformation behavior of a
polycrystalline material containing a viscous grain boundary phase will
be examined with respect to the volume fraction and the properties of

the boundary phase. 1t is assumed that *the grains do not exhibit any

plastic deformation. Most ot the analytical treatment will be

concerned with the behavior c¢f grains separated with a Newtonian liquid,
but the general case of quasi-clastic boundary phascs will also be
discussed. The unalysis of this material model is based on the theories
of liquid adhesives, the fracture of liquids and the concepts of fracture
mechanics. 1t will be shown that boundary separation rather than
boundary sliding is the step that controls the deformation rate. Bascd’
on this principal result, it will be shown that the deformation behavior
of a polycrystalline mua-crial with a viscous boundary phase is controlled
by the flow characteristic and the volume content of the boundary phase,
microstructural features of the polycrystal (viz., voids, solid inclusions
and cracks), and the mode in which the stress is applied (e.g., tension

Vs compression).




2. BOUNDARY SLIDING vs BOUNDARY SEPARATION

The model used to analyze the deformation behavior of a
polycrystalline material with a viscous boundary phase is shown in Fig. 1.
It consists of cube-shaped grains, which are assumed to exhibit neither
plastic deformation nor rotation, separated by a Newtounian liquid of
thickness sy. Other features as, for example, the presence of vapor
bubbles within the boundary phase, will be brought into the model at
the appropriate point.

As discussed in the introduction, deformation by grain boundary
sliding cannot be accommodated with elastic grains unless wvoundary
separation occurs. For a polycrystal with a liquid boundary phase,
boundary separation requires either the flow of liquid to occupy the
increased volume between the separating grains or the growth of a vapor
bubble. In either case, boundary separation requires a resolved tensile
stress across the grains. Boundary sliding requires resolved shear
stresses.

The resistance of grain pairs to sliding and separatiun can
be examined separately as shown in Fig. 2 using two grains with cube
edges D separated by a Newtonian liquid with a viscosity n acted upon
by a force F. Figure 2a represents the case for boundary sliding, i.e.,
the sliding of each grain with respect to the surrounding grains. For

this case, the liquid between the grains is missing so that the volume




increase between the separating grains is not restricted by either the

flow of liquid or the growth of a vapor bubble. Figure 2b represents
the case for boundary separation, where the only liquid present is
between the boundaries to be scparatcd.* In both cases, the striain in ’
the direction of force (F) is € = (s - so)/(l) + so) where sy is the
initial separation distance and s is the separation between the grain
pair after a period, t.

The classical equation that defines the rate of sliding
(ds/dt) of one surface of area A separated by a distance so from arother

(4)

by a Newtonian liquid is

dt n A’ (1)

F/A, the strain

Substituting ds = (D + so)de and the shear stress t
rate (¢) for boundary sliding (Fig. 2a) is given by

S

. 0 T
C D vsgn i

3 . 0 3 03 k3 **
By integrating this expression and substituting So

xD, the time !
required to produce a ccrtain strain in the direction of applied force

is given by

g w B ELA,

(
XT (3)

* The condition of the limited amount of liquid between grain pairs is

more representative of a polycrystalline material as discussed in the t
next section. The grain pair in Fig. 2a can also be surrounded by a
large reservoir of liquid. Expressions(9) developed for this condition
only differ from that given in Eq. (4) by a factor of 2.

** The relation between sy, and D depends on the volume fraction of the
liquid phase, Vg. As shown in Appendix A, x = Vg/(3(1-Vg)) for the
case of cube-shaped grains.




Solutions for the separation of boundaries with a sandwiched
(5,6,7)

liquid (Fig. 2b) are found in the literature on adhesion.

Neglecting the capillary forces by assuming the surface tension of the

liquid is zero,* Healey's(s) solution is
5
%% - 21rs2 E. 4)
InV

By substituting the tensile stress across the boundary o = F/DZ, the
expression for the liquid's volume, V = Dzso, ds = (D + sgy)de, and
So = xD, an expression for the strain rate in the direction of force is

obtained for an arbitrary separation distance (s):

3.5
2 E 2T X S o (5)

3(x + 1)n 505

By integrating the above cxpression, the time required to produce a

certain strain in the direction of the applied force is given by

3 1
t= —=—[1-— 7) 6)
81 x° o ((; +1) e+ 1)
which can be approximated by
n o (x + 1) e
t = 3 [ 1 ] (7)
8m x O (; + 1) e + .25

when € < 0.1.

By comparing Eqs. (3) and (7), it can be shown that when x << 1
(the case where the volume fraction of the liquid phase is small) and
when € < .1, a much longer period is required to produce the same strain
by boundary separation than by boundary sliding. Similar strains are only

produced by both phenoienon in the same period when either the volume

* Surface tension can be brought into this relation,(S) but its effect is
not necessary for the argument.

-5-




fraction of the liquid phase is large or after a long period of time when

the grains become secparated by large distances. Thus, when the two
phenomenons are allowed to operate concurrently as shown in Fig. 2(c),
it can be concluded that the deformation rate of the grain pair will be
limited to the rate in which the boundaries can scparate due to the
applied tensile stress across the boundary. That is, boundary sliding
is an incidental phenomenon whereas boundary separation is the rate
*

limiting step.

The deformation rate of the grain pair shown in Fig. 2c¢ is
therefore defined by Eq. (5). Similar equations arc reported in
Appendix B for the case where the boundary phase is cither a non-Newtonian

liquid or a Bingham solid.

This conclusion is quickly reached by the casual experiment of
separating two glass plates which are sandwiched together with ecither
water or grease. It is easier to slide the plates than to pull them
apart.




3. NEED FOR VAPOR-LIQUID SURFACLS

The free flow of liquid between the boundaries is necessary
for separation. The model used to examine boundary separation (Fig. 2b)
assumed that the volume of liquid between the boundaries remained constant.
As the boundaries separated, the vapor-liquid interface moved inward to
account for the increased volume between the boundaries. A free flow of
liquid would also occur if the grain pair werc immersed in a large
reservoir of liquid. In this case, the liquid in the reservoir moves
to occupy the increased volume between the separating boundaries. The
strain rate equation for this case differs from Eq. (5) by u factor
of 2.(9)

Boundaries that are located on either external or internal
surfaces of a polycrystalline body would resemble the case shown in
Fig. 2b, i.e., the flow of liquid between the boundaries is unrestricted
due to the movement of the vapor-liquid interface. Separating boundaries
that are remote from a free surface would have to either contain a small
vapor bubble (which would grow during separation) or borrow liquid from
the surrounding boundaries.

The borrowing of liquid or the free flow of liquid from one
boundary to another requires that some boundaries approach one another
while others separate. Boundary approach requires compressive stresses.

Although compressive stresses can arise across some boundaries in a




polycrystalline material placed in tension, Eq. (5) illustrates thot

the rate of boundary approach (s/sg < 1) due to a compressive stress

(- o) is much smaller than the rate of boundary separation (s/sq > 1) due
to a tensile stress (o). Thus, for the ideal case where all boundaries
are initially separated by a distance So (Fig. 1), liquid is unlikely

to flow from boundary to boundary. This restrictive flow of liquid
requires that boundaries remotely located from free surfaces have

a vapor bubble which can grow and allow the free flow of liquid between

the separating boundaries. As discussed in the next scction, the criterion

for the growth of vapor bubbles depends on the applicd tensile stress,

the size of the bubble and the surface energy of the liquid.




4. CRITICAL STRESS FOR THE GROWTH OF VAPOR BUBBLES

A confined liquid subjected to a negative pressure (i.e., a
tensile stress) is metastable; it will change to a two phase, liquid
plus vapor, system. The vapor state takes the form of bubbles that
grow until the liquid fractures. The growth of vapor bubbles was
analyzed by Fisher(l ) in a manner similar to that introduced by
Griffith(ll) for analyzing the fracture of sclids. Fisher showed tl.at
for a given tensile stress, only vapor bubbles greater than a critical
size will grow. The relation between the critical bubble diameter (d¢)

and the applied tensile stress (o) is given hv

_ 4
dC—-o—’ (8)

where vy is the vapor-liquid surface energy. Bubbles with diameters
less than d¢ require free energy for further growth, whereas those with
larger diameters grow spontaneously with a decreasing free energy. By

rearranging this expression, it can be seen that a bubble of diameter d

requires a stress > than a critical stress (o.):

o, >, (9)

The growth of smaller bubbles requires larger stresses. When

the criterion for bubble growth is applied to the separation of grain

boundaries remote to a free surface, two conditions must be satisfied.




First, a vapor bubble must either pre-exist or nucleate at the boundary. .
As pointed out by Fisher,(lo) unless the liquid has a zero contact angle

with the solid, the pre-existence of a vapor bubble is inevitable. 1

Even for perfect wetting, a small region of positive contact impurity
is sufficient for the existence of a vapor bubble. Lacking this, the
vapor bubble must nucleate due to a thermally activated process.

The second condition is that the tensile stress across the
boundary is > O.- The magnitude of the critical stress can be estimated
using Eq. (9) and a few assumptions. Assuming that y = 0.35 J/m2 (a value
for many silicate glasses(lz) at 1200°C), d = sg = 0.02 um (for a grain
size of 1 um, and V = 5% -- see Eq. (3a) in Appendix I), the smallest
critical stress is o, = 60 MN/m? (8700 psi). For this case, grain pairs
remote to a free surface will not begin to separate unless the applied
tensile stress is > 60 MN/mz. It should be ncted .hat since d < s,
and s, depends on grain size for a given liquid content, a lower critical

stress is required to separate larger grain size materials.




5. EFFECT OF STRESS CONCENTRATORS

As discussed in a previous section, grain pairs that are located

on a surface are free to separate at any tensile stress. When the
surface is flat, the tensile stress across the properly oriented
boundary is equal to the applied tensile stress (o,). When the surface
has a curvature as shown in Fig. 3a, the tensile stress across the
boundary will be larger than the applied tensile stress by a factor
which depends on the position of the boundary along the surface and
the geometry of the surface.(13’14) This stress concentration factor (k)
is largest at the position where 6 = 0 as shown in Fig. 3a. At this

position the tensile stress is
c=%ko (10)

The factor k depends on the geometry of the surface, its position
(i.e., external or internal surface) and the mode of loading.(14) This
stress decreases with increasing distance from the surface into the
body. When the dimension of the boundaries are much smaller than the
dimensions that define the surface curvature, the tensile stress across
the boundary can be approximated by Eq. (10). Thus, the strain rate

exhibited by the grain pair at the location shown in Fig. 3a is

3 5
¢ = ea IS =k oa . (11)
3(x+ 1)ns

(o)




A crack is also a free surface and a stress concentrator.

The tensile stress distribution in the near vicinity of the crack front,

along the symmetry plane for the mode of loading shown in Fig. 3b iscls)
Yo, cl/2
0= —=77 > (12)
(Zr)l 2

where c is the crack length and r is the distance from the crack front
into the material; Y is a dimensionless factor. Since this expression
Tk ; Lok . . L

exhibits a singularity at r = 0, it presents a problem in defining the
average stress acting across the grain boundary shown in Fig. 3b. For
the purposes of this argument, it will be assumed that the average

. 1/2,.1/2 . . ; : .
stress is 0 = g5 C /D . Substituting this expression into Eq. (5),

the strain rate for a favorably oriented grain pair at the crack front is

2m x3 s5 Y 1/2

é = © o (13)
3(x + 1)nsg° D E

In summary, it can be seen that the deformation rate of a
grain pair depends on its location. The position of greatest tensile
stress is at a crack front; thus grain pairs located at a crack front
(or, as discussed in the next section, in the vicinity of crack fronts)

will exhibit the greatest deformation rate. Grain pairs located along

Equation (12) was derived assumin% tyat the two surfaces meeting at
the crack front to define a cusp. 15)  As discussed in the next
section, the radius of curvature at the crack front is finite due to
the vapor-liquid surface at the grain boundaries. Thus, the stress
distribution at the crack front is somewhat differcnt than given by

Eq. (12).

= 12 =




*
either surface notches or internal cavities will exhibit the next largest

deformation rates. Next in order are grain pairs on planar surfaces

and those remote to any surface (assuming Tg * o).

’ *
Stress concentrators not associated with vapor-liquid surfaces, viz.,
solid, second phase inhomogeneous, will have a similar effect on grain
\ pairs.




6. DEFORMATION ZONES

In the last section, the effect of stress concentrators was
only discussed in relation to grain pairs located on a free surface,

The effect of the stress distribution in the vicinity of these concentrators,
away from the free surface was neglected. In this section, the expected

zone of deformation associated with the stress distribution around

cracks and the expected change in geometry of pre-existing, large

cavities will be discussed.

Assume that all boundaries within the ideal polycrystal contain
vapor bubbles of size dy. Whenever the tensile stress across these
boundaries is > 0 (sec Sectiun 4), boundary separatior can take place
and these grain pairs can contribute to the total « formation of the
material. If the applied stress 0, < 0 only those boundaries
around stress concentrators will separate. For the case of a crack,
only a certain volume of materis' in the vicinity of the crack front
will satisfy th.- condition. This volume can be defined by a limiting

radius vector Tlip 38 shown in Fig. 4. An approximate equation for r

Iim
can be obtained from Eq. (12) but setting o = Ocs thus,
2
.
T E'(-E) c (14,
lim cc ‘

This equation shows that when 04 <0 only thosc boundaries within a

cvlindrical volume defined by Tiim? with an origin at the crack front, will
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separate. Boundaries closest to the crack front will exhibit the greatest ;
separation rate. This, is also true when . > o

[t should be noted here chat in a polycrvstal with a liquid
boundary phase, the crack front is not cusp-shaped as usually assumed, i
but it has a finite radius of curvature defined by the varor liquid
intertace beiween the grain pairs at the crack front {sce Fig. 3b). lhus,
the stress concen*ration will te¢ somewhat smaller than that usually

reported for a sharp crach. As the grains at the crack front sepurate,

the radius of curvature will increase as the vapor-liquid surface propagates
to extend the crack's length. It is important to rccognize that the
curvature cannot be increased by the deformation of adjacent grains as
for the case of dislocation motion in most metals, but that it remains
small due to limited amount of liquid between the seperating grains.
Thus, as boundary separation occurs at the crack front, the crack front
extends without a significant change in the stress concentiation despite
the non-elastic deformation in the surrounaging material.

As the crack front grows due to successive boundary separation
} at the crack front, the radius of the deformation zone will increase

linearly with ¢ as shown in Fig. 4b. For the case where 6, >0 all

c?
boundaries within the material will separate, but those within the zone
associated with the crack front will exhibit the greatest rate of
separation.

The initial deformation zone in the vicinity of other types

of stress concentrators will depend on their stress distribution. The

stress distributions for spherical and ellipsoidal cavities and surface




notches have been analyzed by Neuber.(14) The initial deformation zone

associated with these stress concentrators can be defired in a similar
manner used above for the case of a crack. This will not be done here.
The important observation concerning these zones is that those boundaries
at the position of highest stress (viz., at the surface, where 6 = 0

in Fig. 3a) will exhibit the greatest separation rate. Thus, after

sufficient boundary separation and sliding, a crack will form at the

cavity and the stress concentration will become greater.
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7. DEFORMATION IN TENSION AND COMPRESSION

Boundaries thaF are perperdicular to applied compressive forces
will move closer together. The liquid between these approaching
boundaries must flow to other boundaries which must separate by local
tensile stresses. As pointed out in Saction 7 the rate of boundary
approach (s/sy, < 1) is much smaller than the rate of boundary separation
(s/sO > 1, see Eq. (5)). Thus, one would expect a polycrvstal with a
liquid boundary phase to be more resistant to deformation during
compressive loading than during tensile loading.

I'f boundary approach was the only phenomenon associated with
deforma*tion during compressive loading, one might expect that once all
of the liquid between the grains was squeezed out, deformation would
stop. This is an unlikely occurrence because boundaries which were
separating to accommodate the 'squeezed-out' liquid would continue to
separate after the compressed boundaries stopped approaching one
another. Also, since the rate of boundary approach is much greater
than boundary separation, the mechar.cs of deformation, due to applied
axial compression, can be assumed to be governed by the local tensile
stresses which cause boundary separation.

(16

As succinctly reviewed by Babel and Sines, tensile

stresses can arise within a body placed in axial (and biaxial)

compression. These tensile stresses are located at inhomogeneties,

Preceding page blank




viz., cavities, cracks and second phases. A properly oriented liquid
bounciary would also qualify as a location for tensile stresses during
compressive loading. The tensile stress is largest at specific

positions along the surface (or phase boundary) of these inhomogeneties.
In general, much larger applied compressive stresses are required to
produce the same local tensile stress than required by an applied

tensile stress. Since tensile stresses aie required for boundary
separation, it is important to know the ratio of the applied compressional
to the applied tensile stresses to preduce the same local stress

distribution at an inhomogeneity and thus, the same rate of boundary

separation.

The ratio of applied compressional to tensile stresses to
produce the same localized tensile stress distribution can be simply
illustrated with a derivation borrowed from Babel and Sines.(lé) The
inhomogeneity used for this derivation is an elliptical hole shown in
Fig. 5, which is either placed in compression (oa)COmp or in tension
(93) tens by remote forces. The major axis of the cllipse is oriented such
that the largest local tensile stress (ct) arises at the same position
(shown in Fig. 5) on its surface for both cases of applied stress. The

local tensile stress at this position is

4 a
( (1 +2 E) (Ja'tens’ when (ca)comp =0 (15a)
g, = 3
t ) a 5 and
G+ D
(oa)comp’ when (oa)tens = (15b)

a
b




The ratio, R = (0 ) /(o)

_ required to produce the same locul
a’ comp a’tens

tensile stress distribution is dctermined by equating Eqs. (15a) and

(15b):

2

a
=4F(1+2b)

R

_— 3)2 (le)
b

For the case of a cylindrical cavity, a = b and R = 3; for the cise of
a surface crack (or a liquid grain boundary), %-* ©» and R = 8. Intermnediate
values of R are obtained for other a/b ratios. The position c¢f the
highest local tensile stress will change as the ellipse is rotated with
respect to the directions of applied stresses.

Thus, it can be concluded that if boundary separation limits
and governs the deformation behavior of a polycrystalline material,
a much larger compressive stress is required (between 3 to 8 times) to
produce the same deformation behavior that would be produced by an

applied tensile stress.




8. DEFORMATION BEHAVIOR OF POLYCRYSTALS

Up to this section, the main concern has been the deformation
behavior of individual and small groups of grain pairs located at
specific positions throughout the polycrystalline material. Based on
the thecory evolved for these localized events, the eollective behavior

of a polycrystalline body will be discussed.

8.1 Simple Polycrystals

The simplist case to examine is the polycrystalline material
consisting of uniform, cube-shaped grains which are initially separated
from onc another by a liquid phasc of thickness So (see Fig. 1). Three
cases will be viewed:

(1) Each boundary contains a vapor bubble of

diameter do.

(2) Occasional boundaries contain bubbles of diamecter

dy. Other boundaries have either smaller diameter
bubbles or do not contain bubbles.

(3) No vapor bubbles arc present.

In eac% casec, the lorg polycrystalline bedy is fixed at both ends and
placed in tension by external forces. [Llastic deformation will be

neglected.
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The first case is illustrated in Fig. 6a. When the applied

tensile stress °a > 9 (oc = 31 , see Section 4), all the boundaries
o

perpendicular to the applied tensile stress will separate at a rate given
by Eq. (5). The strain in the direction of applied stress as a function
of time" is given by:

3
o 2 Xt g ; (17)

(x+ 1) (3n - 8n x° to)

For this case, boundary slidjng does not occur during deformation, i.e.,
the body will separate into rows of grains shown in Fig. 6a. The
situation where g 0, will be examined as part of case 3.

For the second case, when ca > 0. only those boundaries
perpendicular to the applied tensile stress which contain vapor bubbles
of size do will separate. The deformation equation for this case is
the same as given for case 1 (Eq. (17)), but the mechanics of deformation
require that some boundaries slide as shown in Fig. 6(b).

In the third case (or if B, t 8, in the previous cases) only
the boundaries at the surface, which have a vapor-liquid interface, would

be free to separate if it were not for the end constraints which cause

the strain throughout a cross-section to be uniform. Because vapor-liquid

interfaces are only present on the surface of the body, the separation

of the body's cross-section can only occur by the movement of the

vapor-liquid interface from its surface to the interior as shown in Fig. 6c.

It is assumed that the tensile stress across the boundaries is o_, i.e.,
the presence of bubbles and their growth can be neglected in detgrmining
the stress at the boundary. This assumption is only valid when dy << D
and € is small.
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This is the case of the two grains shown in Fig. 2b. The volume of
liquid between the separating surfaces is V = [2s,, where L is the
diameter of the body, L = mD, and m = the number of grains of

dimension D. Substituting these relations into Eq. (4), it can be
shown that the deformation also depends on m. Since m depends on the
cross-sectional size of the body, it can be shown that the deformation
behavior for this cace depends on the size of the body. For very

large bodies, m - «, and the body will not exhibit any non-elastic
deformation. The third case could be further extended to the condition
where only a few of the boundaries contain vapor bubbles.

Summarizing thesc¢ three cases for the simplistic polycrystal
shown in Fig. 6, it can be seen that the deformaticn behavior depends
on several microstructural features and the flow characteristics of
the liquid phase. The microstructural features are the volume fraction
of the liquid phase, which governs the initial boundary separation

thickness, s, (see Appendix A), and the size ¢f vapor bubbles which

governs the critical (threshold) stress below which non-elastic deformation

will not occur in a practical sense for large bodies. It should be
pointed out that the largest vapor bubble size is related to grain size,
i.e., dlargest =5 [Vg/(3(1-V@))]D. Thus, for equivalent materials
except grain size, the material with the smallest grain size will have
the largest threshold stress for non-elastic deformation.

The flow characteristics of the boundary phase that also govern

the deformation behavior depends on tiie type of phase present. For the




case of a Newtonian boundary phase, the viscosity is the single parameter

of interest; for non-Newtonian liquid, Eq. (17) would be modified to include

the two parameters, n and n (seec Appendix B). 'The effect of temperaturc
on the deformation behavior can be brought into Eq. (17) through these

flow parameters.

8.2 Real Polycrystals

The microstructures of real polycrystals are much more complex
than that treated above. Within a polycrystalline material, the grains
have different geometries and sizes. The thickness of the liquid
boundary will vary from boundary to boundary. Other microstructural
features may be present, viz., voids, solid inclusions and cracks.

The effect of each of these on the deformatior behavior will be briefly
discussed.

Different grain gecmotries will cffect the mechanics of
deformation. For example, the tensile stress normal to each boundary
and the shear stress parallel to each boundary will be different than
that assumed above due to different boundary orientations. Without
rigorous proof, it might be expected that the effect of grain morphology
and size distribution would alter some of the variables in the deformation
cquation (Eq. (17)), e.g., the relation between s, and D will be different
from that given in Appendix A, without changing its genecral form.

Diffe ont boundary separations within the same polycrystal will
have an effect during the initial perind of deformation. Boundaries

widely separated by a liquid can act as reservoirs for adjacent, narrow

boundaries that are favorably oriented for separation. The flow ot




liquid from thick to thin boundaries precludes the need for an unstable

vapor bubble. Because the thick boundaries have a potential for g
separating at a fast rate if they were not constrained by the thin

boundaries, the applied tensile stress will be unevenly distributed.

That is, the thinner boundaries will carry much of the tensile load,

and initially, they will separate at a much greater rate than that given !
by Eq. (17). Once all the boundaries have reached an equilibrium

separation distance to produce a uniform tensile stress distribution,

the flow of liquid from boundary to boundary will stop as discussed in

Section 3. After this initial period, the deformation behavior should be

similar to that given by Eq. (17).

Microstructural features such as large voids, solid inclusions
and pre-existing cracks might be expected to result in the largest
deviation from the deformation behavior given by Eq. (17). These
heterogeneously distributed positions of high tensile stress will result
in zones of higher deformation than found in volume elements remote
from these positions. As discussed in Section 6, the voids and solid
inclusions will form internal cracks. These cracks, together with
pre-existing cracks, will slowly grow to change the compliance of the
body and thus, contribute to the total non-elastic strain.

Figure 7 illustrates that cracks do grow during deformation and
contribute to the total strain in materials that contain a viscous

boundary phase. The 4-point flexural creep specimen shown in this

figure was made from hot-pressed Si3N4, which is believed to contain a viscous




* .
boundary phase at high temperatures. The experiment was conducted at

1400°C with a constant moment of 1.03 MN/m (corresponding to an initial
stress of 105 MN/mz). After a period of 6 hrs. in the rar e where /]
the specimen exhibited a constant deformation rate, it was cooled. When '
the oxide surface layer was removed, many large cracks could be observed
extending from the tensile to the compression surface. Small cracks
which could not be photographed, were also present. Such large cracks
would significantly effect the complience of cthe specimen. The large
separation distance between the crack surfaces at the tensile surface
is evidence for a large deformaiion zone at the crack front.
In summary, the deformation behavior of a polycrystalline
material with a viscous boundary phase is governed by the rate that
boundaries can separate. Boundary sliding is nportant to the mechanics
of deformation, but it is not a limiting step. T7he important parameters
of the boundary phase are its flow characteristics and its volume
content. Important microstructural features of the polycrystal are
(1) vapor bubbles within the boundary phase, which are necessary for
boundary separation; (2) grain size, which governs the largest bubble
size and thus, the threshold tensile stress below which deformation will
not occur; and (3) inhomogeneities, viz., voids, solid inclusions and
cracks, which result in deformation zones and the slow growth of cracks

that change the compliance of the body and add to the total non-elastic

*As discussed elsewhere, (17) impurities such as Ca0 are believed to
strongly effect the viscosity of the boundary phase. The Si3N4 material
used for this experiment was relatively impurc and thus exhibited
greater deformation than purer forms of SizNg.




strain., Polycrystalline maicrials with a viscous boundary phase will
exhibit a much greater rate of deformation in tension than in

compression. The different deformation behaviors in tension and
compression is the best and most convenient way of differentiating grain
separation due to a viscous boundary phase from other mechanisms

(viz., diffusion and dislocation phenomenon) that can control deformation.
It should also be noted that deformation by boundary sliding is not a

plastic phenomenon since volume is not conserved.




APPENDIX A: RELATION BETWEEN BOUNDARY THICKNESS, GRAIN
SIZE AND VOLUME CONTENT OF LIQUID PHASE

1f it is assumed that the polycrystalline body is composed of
cube-shaped grains with an edge dimension, D, uniformly separated by
a liquid phase of thickness s,, the volume fraction of the liquid (VQ)
is given by
3 3
(D + so) - D

vV, = . (1a)
Yomesy?®

By letting So = X D, this expression can be rewritten as

2 3
3x + 3x7 + x
V2 = - T (2a)

1 + 3x + 3x2 + X

Since the liquid is considered a minor phase, viz., x < 0.1, higher
order terms of x can be neglected resulting in

Ve

X & o
30 - Vz)

(3a)




APPENDIX B: DEFORMATION RATE OF GRAIN PAIRS SEPARATED BY
EITHER A NON-NEWTONIAN LIQUID OR A BINGHAM SOLID

The deformation rate (é) of a quasi-plastic phase is defined
by

. (t - To)n
£ 5 —m —— |
n

where T = an applied shear stress, 1, = a yield shear stress,
n = viscosity and n = a positive numerical constant. When n = 1 and
To = 0, the phase is a Newtonian liquid and when n > 1, Ty = 0, a non-

Newtonian liquid. A Bingham solid is defined by n = 1 and 119 0.

The separation rate of parallel plates initially separated by

a quasi-plastic phase of thickness S, has been analyzed by Scott.[18]
He obtained solutions for the cases of a non-Newtonian liquid and a

Bingham solid. Using the definitions established in Section 2 of the

text, the rate of deformation of a grain pair containing either of these

phases is given by

(a) Non-Newtonian liquid separatin rains:
P g 8
é = _LAsn.Q.l)n TTn+1/2 xn+2

) 5n+5/2 iy
(2nm)" (+2) (x+1)

S

(v}

(b) Bingham solid separating grains:
g 2m x3 S =15/2 S 5
£ = 37] (X"'l) (1 + 1/2 (g_L_) ) (';) g

an/z x2 S 5/2

T 3n(x+1) E;) o

- 33 -

y» L

e



1/5
4 So 102

| where Sp = 0———7T——0

4n x" o

Scott [18] also points out that boundaries separated with a Bingham

solid cannot be made to approach one another by any distance < S_:
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