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ABSTRACT

This thesls consists of two parts., The first describes work on

swelling — the second, on creep damage accumulation.

The first part develops a model for pressure-driven diffusional
dedensification (or swelling) in a polycrystal containing
isolated pores. The model is sufficiently general to be directly
applicable also to pressure sintering. It 1is tested against
experimental data for hot-pressed alumina (HPA) which swells

during high~temperature, pressureless anneals in alr.

The model includes two independent, coupled, pore growth rate
components: (1) diffusional (de)densification, driven by gas
pressures in closed pores, and (2) coalescence of pores attached
to graln boundaries, driven by grain growth against pore drag.
Internal pore pressures may be due to inert trapped gas or to gas

generated by chemical reactions.

In a polycrystal with inert trapped gas, the trapped gas drives
early swelling, but is self-dissipating. Pore coalescence, by
progressively releasing capillarity constraint, becomes the

dominant cause of swelling at longer times.

The mode! predicts what magnitudes of chemically-generated pore
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pressures will increase swelling rates beyond those arising from
inert trapped gas alone. And, for research on creep damage
accumulation, it predicts what precreep anneals are required to
dissipate an initial trapped-gas pore pressure, and the range of

distinct, predamaged porous microstructures avallable.

The second part of the thesis presents experimental data from
flexural and uniaxial tensile creep tests. The data demonstrate
that HPA's cavitation damage tolerance and fallure stralins are
high enough that creep fracture tests should be done In unlaxial
tension, rather than in bending. A high temperature tensile test
system, with optical extensometry, was designed, built and
tested. The uniaxial tensile data suggest design improvements for

testing ductile ceramics.

The combined mechanical and microstructural data indicate that,
at 1250 C, fallures at high stress are controlled by slow crack
growth from microstructural heterogenelties. An abrupt transition
at about 200 MPa separates rapid failures from fallures at
strains on the order of 0.1. At about 50 MPa, a more gradual
transition occurs, to fracture at higher strains, controlled by
strain-driven damage. The internal microstructural data show
internal creep damage at levels at which cavity coalescence

generates macrocracks in HPA.
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Part A

Swelling in hot-pressed alumina



1 Introduction

This introduction first sketches the origins and results of the
swelling work. It then briefly reviews the 1llterature for
sintering and swelling, and ends by listing the research

objectives.

1.1 Overview: origins and results

In this report, we develop a general model for pressure-driven
densification or dedensification In final-stage polycrystals.1
and test the model against experimental data for swelling in
hot-pressed alumina (HPA). The problem arose while we were
studying creep cavitation and creep fracture, using HPA as a
model structural ceramic (Robertson and Wilkinson, 1986). During
creep tests in alr, unstressed controls swelled unlformly.2 The

swelllng had several implications for creep fracture research —

' That is. polycrystals with discontinuous (closed) intergranular

pores.

2 Internal porosities in the center of a given sample were

comparable to those near its external surfaces.



some positive, some negative. No existing swelling model could
explain why, when swelling kinetics were examined in more detall
in subsequent experimental work, swelling was linear in grain
size. Accordingly, we sought to develop a model capable of gliving

general answers to three related issues:

1) How to distinguish, experimentally, two types of
swelling: that driven by high-pressure inert gas, which
had been trapped in intergranular pores during
hot-pressing, from that due to ongoing, gas-generating
chemical reactions. This was important to the two

subsequent issues:

Using pre-creep heat treatments:

2) How to reduce internal pore pressures, which might
otherwise bias stress-driven cavitatlon in creep fracture

tests, and

3) How to generate a range of distinct predamaged micro-

structures.

Given the predamage/creep fracture context for the work, the

swelling model currently applies only to a final-stage



microstructure.” However, it ls sufficiently general that it also
can describe final-stage pressure sintering, and so it makes it
possible to add grain growth-driven pore coalescence to pressure
sintering (HIP) maps (Helle et al., 1985). For severe swelling,
the model could be extended to include pore channel development
and gas release. It could also be extended to intermediate stage
bressure sintering, which would permit adding an intermediate

stage, with grain growth-driven coalescence, to HIP maps.

Because our swelling data showed that pore growth and grain
growth are closely linked, we include grain growth-driven pore
coalescence quantitatively in the model. This coalescence affects
Lhe diffusjonal pore growth rate via the capillarity component of
pore pressure. We used the pressureless, final-stage sintering
model of Yan, Cannon and Chowdry (1980) as a framework for our
pressure  swelling model, Dbecause their approach is both
physically satisfying and readily tested experimentally, and has
been used in a number of recent sintering studies (Yan et al.,
1983; Occhionero, 1984; Handwerker et al., 1984: Berry and
Harmer, 1986; Zhao and Harmer, 1988a). We replaced their
pressureless diffusional pore growth model with a pressure-driven
model (Wilkinson, 1978), which we extended to permit pore gas

mixtures to consist of inert gases, as well as gases generated by

® That is, to early swelling in polycrystals which have been
pressure sintered nearly to theoretical density.



ongoing chemical reactlons.

Our experimental data demonstrated that the pore coalescence rate
modeled by Yan, Cannon and Chowdry (1980) is a limiting case for
one of three possible limiting microstructural paths — two of
which bracketed our swelling data.' Our model extends their
approach by dealing explicitly with all three limiting paths. We
couple grain growth to coalescence vla phenomencloglical pore
drag, and express the drag directly In terms of the three
microstructural trajectories, and a general grain boundary
mobility which can be determined directly from grain growth dala.
We extend phenomenological equations for pore separation,
expressing them in terms of the two bounding microstructural

trajectories. Finally, we suggest how non-phenomenological5 pore

* These paths are defined in terms of coalescence rates for
intergranular pores, with respect to grain size. That is, they
describe how rapidly the number of pores which are attached to
grain boundaries decreases with grain growth., The three
limiting coalescence rates are: constant number of pores
(1) per unit volume, (2) per unit area graln boundary and
(3) per grain. The current swelling data fell between the last
two limiting paths.

‘Phenomenological’ pore drag/separation models are reviewed by
Hsueh et al. (1982) and Handwerker et al., (1984). By ‘non-
phenomenclogical’ we refer to Hsueh et al.’'s (1982) model, and
to similar models by Spears and Evans (1982) and Hsueh and
Evans (1983), which include mutual pore/grain boundary



separation predictions can be used within a phenomenological

framework.

Given the creep fracture context within which we developed the
swelling model, we generated experimental data at rather low
temperatures and long times, relative to previous swelling work
on hot-pressed aluminas (Table 1-1). The annealing schedules were
chosen from preliminary swelling data to permit generating
controlled, wuniform creep predamage. The temperature range
spanned 200 C above a lower 1limit at which minimal

microstructural change occurred (1250 C).

1.2 Literature review

Al the time the problem arose of HPA's swelling during creep,
sintering models were better developed than swelling models.
Accordingly, this review surveys three areas: sintering models
(including pore drag and separation), swelling models and data,

and cavlitation creep fracture.

Variables are listed in section 1.4.

distortion (see Apps. 11,12).



1.2.1 Sintering and swelling: general

Sintering and swelling have many physical similarities. An
evolving, porous polycrystal may progress smoothly from one to
the other (Francois and Kingery, 1967; Gupta and Coble, 1968;
Sclomon and Hsu, 1980a). Closed pores may contain gases under
pressure, either trapped by pore closure (ice: Wilkinson, 1978,
Fig. 3-26) or generated iuternally after closure (Table 1-1). The
pore pressures can inhibit final stage densification In
sintering, and can cause swelling (Coble, 1962; Solomon and Hsu,
1980a). The pressure and stress drlving forces for pore growth
can be written in the form:®

OF = P, - P {r(¥ha} - alP ) (1)

in which the internal pressure, P, arises from the gas trapped

int
in a pore, Pcap is the capillarity component due to pore surface
curvature, and the applied external stress or pressure, Papp.
often ls modified by some function of the porosity {Coble, 1970;

Vieira and Brook, 1984).

A closed pore may be out of equilibrium, and so may experience a

6 Equations for driving force which include applied stress are
given in section 1.2.5.1. In the third term on the RHS of
Eq. (1), ‘g{x}' denotes a function of x.



net driving force for growth or shrinkage, as a result of (Gupta,
1971; Solomon and Hsu, 1980b; Haroun and El-Masry, 1981; Howlett

and Brook, 1984}:

1. Temperature changes, which alter pore pressure, gas
solubility or surface adsorption equilibria (Rice, 1969).

2. Temperature or atmosphere changes which affect internal
gas-generating reactions, such as 02 attack on dissolved
C or § impurities (Raj, 1982; Shewmon et al., 1983;
Bennison and Harmer, 1985a).

3. Changes 1in external stress or pressure (e.g. a
pressureless anneal after HP or HIP; Seolomon and Hsu,
1980b).

4. Gas release to the exterior, after extensive swelling
(Solomon and Hsu, 1980b; Rest, 1986; Gruber, 1986).

5, Ostwald ripening7 of pores by lattice, pipe or boundary
diffusion (Greenwood and Boltax, 1962; Masuda and
Watanabe, 1980; Kuczynski, 1982; Randle et al., 1986,

Kingery and Francois, 1967).

" While Ostwald ripening occasionally has ©been called
‘coalescence’ (Table 1-1), in this work we refer to it only as

‘ripening’ or ‘coarsening’.



6. Pore coalescence:®
6.1. For pores in a crystal lattice, distant from
dislocations and graln boundaries, coalescence due
to:
a) pore growth without motion (Greenwood and Boltax,
1962).
b) pore motion (by surface, lattice and vapor
diffusion; Nichols, 1972a).
i) Unblased, random ‘Brownlian’ pore migration
(Gruber, 1967).
ii) pore migration blased by, for example,
thermal gradients (Gruber, 1967).
6.2. For pores attached to dislocations or graln
boundaries, coalescence due to:
a) pore growth without motion {Gruber, 1986).
b) dislocation motion (Barnes, 1964).
¢} grain boundary motion (e.g. Brook, 1976).
7. Nuclear radiation, gcnerating excess vacancles and
interstitials {e.g. fission, decay, implantation; Solomon

and Hsu, 1980b; Hsu and Solomon, 1983).

Save perhaps for monodisperse powder compacts — which lack the

® Outside of the current list, we reserve the term ‘coalescence’
for the collision and fuslion of intergranular pores, driven by

grain growth.
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grain size dispersion which drives grain growth (Wong and Pask,
1979) — grain growth tends to occur during both intermediate-
and final-stage sintering, and during swelling. When pores
attached to sweeping grain boundaries coalesce, the coalescence
affects (de)densification through (a) changes in chf and so in
the net driving force for pore growth, at each coalescence event
(Nichols, 1969), and (b) pore drag, which is sensitive to pore
size, and which couples pore coalescence rates to grain growth
rates (section 1.2.4, below). In addition, pores which separate
from gratn boundaries grow more slowly than those which remain
attached to boundaries (section 1.2.4). Consequently, graln
growth with pore coalescence, and pore drag and separation are

key components in sintering and swelling models.

1.2.2 Pore coalescence in sintering

Graln growth-driven pore coalescence has been modeled more
thoroughly for intermediate- and final-stage sintering than for
swelling. Sintering coalescence has been reviewed by Beere
(1976), Exner and Petzow (1980: ‘EP’), Yan, Cannon and Chowdry
(1980: 'YCC') and Occhlionero (1984). Here, we briefly summarize

and extend their concluslions.

Early models either do not include grain growth, or do not couple

grain to pore growth. Coble (1961), Eadie and Weatherly (1975)
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and Beere (1975b) use cubic grain growth relations which are
independent of diffusional pressureless densificatlion, but do not
explicitly include pore coalescence. Coble (1970) includes no
grain growth in his pressure sintering model. Johnson's (1970)
stereologically-based model includes no porosity In its

time-dependent microstructural evolution equations, so cannot be

integrated (EP).

Later models have been criticized for different reasons.
Rosolowskl and Greskovitch (1975) base their model on a partial,
rather than a total derivative of pore size (YCC). lkegami et al.
{1978) assume too simple a {pore surface area/density} relation,
which fixed the {grain size/ density} relation (YCC). Kuczynskl's
(1982) statistical sintering theory includes pore growth In
intermediate and final stages, and could be Iintegrated with a
phenomenological grain growth relation (Occhionero and Halloran,
1984); however, Occhionero (1984) questions one of 1its Kkey

assumptions.

Wilkinson's (1978) pressure sintering model Iincludes no

coalescence.9 Recent HIP maps are based in part on his work, and

? wilkinson (1978) notes Nichols’' (see Nichols, 1972a,b) and
Brook’'s (1969) phenomenological models for pore drag, but,
because of uncertain matrix boundary mobility and global

boundary driving pressure, includes no graln growth In
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include neither grain growth-driven coalescence nor an

intermediate stage (Arzt et al., 1983; Helle et al., 1985).

The most successful of recent pressureless sintering models
describes a final stage microstructure with a simple geometric
model, and, by simple physical arguments, generates equations
describing slimultaneous pore and grain growth. Yan, Cannon and
Chowdry 's (1980) original final stage model has been applied by
Berry and Harmer (1986) to sintering in MgO-Alaoa. It has been
modified for both boundary mobillty controlled by solute drag,
and graln size distributions by Yan et al. (1983) and Handwerker
et al. (1984). It has been extended to handle pore size
distributions by Zhao and Harmer (1988a). Occhionero (1984)

modified the original model to intermediate-stage sintering.

1.2.3 Swelling models and data

As suggested by section 1.2.1, many different factors can cause
matertals to swell. In Table 1-1, we summarize the work most

relevant to swelling in HPA.

Solomon and Hsu (1980b), Haroun and El-Masry (1981), Howlett and

pressure sintering models and maps. He develops only a
final-stage model for diffusional pore growth.
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Brook (1984) and Bennison and Harmer (1985a} surveyed swelling
data and models, with Solomon and Hsu (1980b) showing clearly the
similarities between models for pore growth in sintering,

swelling, and cavity growth in creep fracture.

Swelling in a hot-pressed polycrystal likely lis driven by
pressurized pore gas, and often occurs at sufficiently high
temperatures that grain growth occurs at the same time. However,
no swelling models include grain growth-driven t:oale:-".cem:e.‘o That
is, neither those models reported prior to Yan (1981) referring
to Yan et al.'s (1980) unpublished sintering analysis, nor more
recent ones (e.g. Hsu and Solomon, 1983; Howlett and Brook, 1984;
Bennison and Harmer, 1985a) describe simultaneous growth of
grains and intergranular pores. (And, as noted above, recent

pressure sintering models do not include coalescence. )

In developing the current swelllng model, we began by replacing
the diffusional pore growth component of Yan et al.'s (1980)
pressureless sintering model with Wilkinson's (1978) final stage,

pressure-driven pore growth model. This foundation then was

10 pest’'s (1986) model for swelling in nuclear fuels contains
intra- and intergranular pore coalescence. It was not used in
the current work, because Yan et al. (1980} offered a simpler
framework for developing a swelling model, and one which was
more directly related to the pressure sintering by which the
HPAs had been fabricated.
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extended in directions suggested by the experimental swelling

data.

Table 1-1: Survey of swelling in ceramics.

-
Material T [C] Atmosphere Mechanism Ref.
A1203 1900 Hz.O2 » Trapped gas (Nz?) 1
* Ostwald coarsening?
ALO, 1090~ air(HP) + trapped HZO. co, st 2
1315
Alzo3 1600 air, . 02 attack on dissolved 3
vacuum C, S impurities
Alzoa 1250~ air * trapped HP gas This
1450 * coalescence work.
Cal 970~ air(HP) » trapped Hao, COx 2
1205
CoD- 1250 alir * trapped HP gas 4
(In203) * C residue oxidation?
Fezoa 1000~ air * trapped HP gas S
1200 * Ostwald coarsening?
MgO 1450- alr » trapped N2 6
1650 » Cl, OH residues

* coalescence?

MgO 970-1315 air(HP) + trapped Hzo. COx 7
Ni 1100 He * trapped inert HP gas 8
ThO2 1800 air, « C, S oxidation 9

(CaO)-'I‘hO2 vac. * coalescence?
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UO2 1700 Hafﬂzo » C oxidation 10
an 16-1800 H2 * binder decomposition 11
2n0 1350, alr, « trapped, inert gas 12
1400 02 + organics decomposition
» Ostwald coarsening?
Zn0 920~ Ar * trapped inert HIP gas 13
1120
Notes:

+ In some cases, Ostwald ripening was called ‘coalescence’.

+ Modified from Table 1 in Bennison and Harmer (1985a).

+ Excludes nuclear fuel swelling due to radiation effects
(see section 1.2.1).

+ Exclusively ceramic materials, except Ni (Ref. 8).

» Includes density loss in final-stage sintering.

+ Question marks denote a postulated mechanism, or one in

which the supporting analysis is incomplete.

* References in Table i-1

1 Warman and Budworth {1967)

2 Rice (1969)

3 Bennison and Harmer (1983b, 1985a)
4 Howlett and Brook (1984)

5 Crouch and Pascoe (1972)
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6 Gupta (1971)

7 Haroun and El-Masry (1981)
8 Hsu and Solomon (1983)

9 Morgan et al. (1976)

10 Francols and Kingery (1967)
11 Amato and Columbo (1964)

12 Gupta and Coble (1968)

13 Solomon and Hsu (1980a)

1.2.4 Grain growth with pore drag and separation

The simplest useful relation expresses normal graln growth rates
in a pore-free polycrystal as a functlion only of mean grain size,
and the mean energy and mobility of the boundary (Yan et al.,
1977)."' Such a relation requires a global proportionality
constant (Wllklnson, 1978) related to the dispersion in graln
size. Approximate values for this constant are available, but no
satisfying derlivation has been reported (Yan et al., 1977; Zhao

and Harmer, 19883.b).12 Also, it requires a value for the

"' Recent reviews of grain growth are given by Abbruzzese and
Lucke (1986) and Randle et al. (1986).

12 Expliclitly excluding the grailn size distribution and texture
from such a grain growth relation implies that these parameters
have ‘typical’ values for normal grain growth (Wong and Pask,
1979; Abbruzzese and Lucke, 1986; Yan et al., 1983).
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intrinsic boundary mobility, for which, typlcally, few data are

available (Yan et al., 1977).'3

Pores are energetically favored to remain attached to sweeping
boundaries during grain growth (Hsueh et al., 1982). While they
remain attached, pores and their local graln boundary reglons
distort interactively (Hsueh et al., 1982). The boundary
distortion reduces the mean boundary curvature and driving

pressure, and the reduced grain growth rate is described as ‘pore

drag’.

Pores separate from two~grain-facet boundarlies when the boundary
maintains a sweep velocity greater than the maximum sustalnable
by the pore, for a long enough time (Hsueh et al., 1982). Once
separated, such pores grow or shrink slowly, as rapid boundary
diffusion is replaced by slower lattice diffuslion, and diffusion

14
distances increase.

13 Desplte this, detailed physical forms for MB have been used in
sintering models (Yan et al., 1983; Handwerker et al., 1984).
When graln growth occurs with pore drag, the lack of Mn data
may be made less important by assuming pore drag control, Yan
et al., 1980; Zhao and Harmer, 198Ba.

Y In principle, Ostwald ripening and various forms of

intragranular coalescence also are possible for such pores (see
Section 1.2.1).
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‘Nonphenomenological' drag/separation models which include mutual
pore/boundary distortion have been developed by Hsueh et al.
(1982), Spears and Evans (1982), and Hsueh and Evans (1983).
However, these apply to a small number of specific 1local

pore/grain geometries (Handwerker et al., 1984).

Only phenomenclogical drag/separation models currently are
applicable to arbitrary microstructures. These are derived from
Zener drag calculations for solid sccond phase particles (e.g.
Brook, 1976, Carpay, 1977). As noted by Hsueh et al. (1982}, the
approach assumes a flxed number of rigid, average spherical pores
on an isolated' two-graln facet. Because it is rigid, the pore
has a unique, temperature-dependent mobility (Hsueh et al.,
]982).16 which reflects several potential controlling mechanisms
— surface diffusion, lattice diffusion or vapor
diffusion/evaporation-condensation. The force exerted on the
average pore by the sweeping boundary equals the drag force
exerted by that pore on the boundary. The total drag from all the
pores subtracts from the pore-free driving pressure on the unit

area boundary to glve a reduced, effective pressure (e.g. Carpay,

5 The representative boundary area is considered iIn isolation
from the network which defines the polycrystal's grain
structure.

'® Defined as mean pore velocity divided by mean boundary driving

pressure (or force) per pore.
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1977). 17

In phenomenological models, grain boundary distortion is included
only as a force-dependent boundary contact circle on the pore
surface. The models do not distinguish between the three pore
site types (two-grain facet, three-grain edge and four-grain
Jjunction). Pore coalescence is included as simple limiting case'sls

which have not been derived from experimental data.

Because of uncertainties and simplifications in models for matrix
grain growth and phenomenoclogical drag, the limited stereological
data avallable for porous polycrystals, and the complicated
geometry of polycrystals — porous or pore-free — it will be
difficult to improve on the phenomenological models for elther

drag or separatlion.

7 This 1is expressed as the product of an unmodified global
driving pressure and a reduced, effective boundary moblility
{Ch. 3).

18 Constant number of pores per unit volume polycrystal or per
grain (Brook, 1976; Carpay, 1977).
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1.2.5 Internal pore pressures in cavitation creep fracture

Cavity growth in creep fracture can be enhanced by internal pore
pressures. In this section, we survey models for such a blas,

referring extensively to the single best review, Rledel (1987).%°

Variables are listed in section 1.4.

1.2.5.1 General

Models for cavitation creep fracture in polycrystals describe
either (1) cavities growing to coalescence on an orlented,
representative two-grailn facet (growth/coalescence models), or
(2) damaged facets increasing in number density, and perhaps
interacting mechanically, to form larger cracks capable of
propagaling by local tip cavitation (damage accumulation models).
Cavity growth models are better supported by data than damage

accumulation models. (We review damage accumulation in Ch.9.)

Cavity growth models can be separated according to three lssues:
(1) cavity shape (equilibrium or crack-like), (2) cavity

configuration (arrays or single cavities) and (3) constraint.

19 Ashby and Brown (1983}, Evans (1984) and Riedel (1987) are key
references in creep fracture. Ashby and Dyson (1984) survey a

wider range of high temperature damage mechanisms.
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Array cavitation is typical of diffusional creep in structural
metals (Riedel, 1987, Chs. 11,12; Cocks and Ashby, 1982). On the
other hand, single-cavity models are more appropriate to the only
structural ceramic for which detaliled cavitation data have been

generated: hot-pressed alumina (HPA; e.g. Porter et al., 1981).

Unconstrained cavity growth models include both bicrystal models
and the high strain rate 1limit for constrained growth,
Constrained polycrystal/cage models describe the low straln rate

limit for spatially inhomogeneous cavitating facets.

1.2.5.2 Unconstrained creep cavity growth

For unconstrained cavity growth on two-graln facets, there are
two 1limiting-case growth modes: quasi-equilibrium (QE) and
crack-like (CL). Typically, growth models assume that cavities
occur in a regular array across a representative facet; however,
the same models have been used for the single/lateral growth mode

discussed below (see sectlon 1.2.5.4).20

Davanas and Solomon (1986) summarize how an internal pore

pressure, P:nU would bias unconstrained cavity growth rates.

Given a net applied stress normal to a two-grain facet, o:ft. the

2 Most models assume regular cavity arrays; recent work permits
non-regular arrays (clustered or random; Wilkinson, 1988;
Fairborz et al., 1985).
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driving force for cavity growth is:

net
o or e (oIt u, - )] (2a,b)

ot 1/2 3
DF o { [ 1+ g{Pc”,f}[ o, * le. - g{P“p}]] -1 }

The form of the full equations (e.g. the function for capillarity
constraint, g{Pcap}) varies depending on whether a cylindrical or

an axlsymmetric cavity ls beling modelled.21

Riedel (1987, p.169-70, 182-5) summarizes experimental results
for creep fracture in structural metals, in which test specimens
were predamaged (with Hzo bubbles or by prestraining) in order to
eliminate continuous cavity nucleation. Experiments with
precavita.ed model metals (Cu, Ag or Ag-(Mg0)) were consistent
with unconstralned diffusional growth models, whereas experiments

with precavitated commercial metals (Nimonic 80A, Inconel X-750,

A Boundary and surface diffusion controlled cavity growth ls

sensitive largely to the component of applied stress which is
normal to the cavitating representative facet. Grain boundary
sliding makes diffusion-controlled cavity growth somewhat
sensitive to transverse stress components (Cocks and Ashby,
1982, pp.31ff). For dislocation creep controlled cavity growth,
however, the effective stress is Important (Cocks and Ashby,
1982, p.13, 40).
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a~brass) were consistent with constrained diffusional models.22

1.2.5.3 Constrained cavity growth

When only some of the available oriented facets in a polycrystal
are cavitated, the deforming, damage-free polycrystalline ‘cage'
surrounding a cavitating facet (or multi-facet damage zone) may
constrain cavity growth rates, on that facet, to be proportional
to the macroscoplic creep rate in the cage (Riedel, 1987, Ch.12).
Such constralnt develops at low macroscoplic strain rates — at
sufficiently high remote strain rates, cavity growth in such a
system is unconstrained. The transition is predicted in models by
requiring the local strain rate within the damage zone” to be
compatible with that in its creep-viscous cage. Under constraint,
the average normal stress on the facet or zone is less than the
far-field stress, while the cage sustalns a stress higher than

the remote stress.

Constrained cavity growth has been modeled for several simple
damage distributions: (1) homogeneously distributed single
facets, of arbitrary number density, each damaging vla an array

of growing cavities (Cocks and Ashby, 1982, pp.47ff);

22 Experiments tested the dependence of fallure times on stress or

cavity separation.

23 The grain pair above and below the cavitating facet, for

single-facet cases.
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(2) lsolated single facets, each damaging via a similar array of
cavities (Riedel, 1987, pp.l172ff); and (3) isolated, mulcti-facet
damage zones, on each facet of which a single cylindrical cavity
grows laterally from a three grain edge, and the zone spreads
laterally by cavitation in the stress-enhanced region at its
periphery (Hsueh and Evans, 1981). Riedel (1987, p.185-97)
reviews other studies in which facet-facet interactions were
estimated. Such interaction increases constrained cavity growth

rates, particularly if grain boundaries slide.

Such models build from standard unconstrained cavity growth
models, which can be expected to be of the form of Eq. (2).
However, no general analysis has been presented for the effect of
a P“m in constrained cavity growth.5

A constrained cavitating facet behaves mechanically like a
low-traction microcrack, from an early stage in cavitation
(Riedel, 1987, p.181-2). So, although data for failure times in
precavitated commercial metals fit this growth model, coalescence
on such an unloaded facet is likely to be of less physical

significance in creep fracture than is facet-facet interaction

® While an internal pressure remains high, the driving force for
cavity growth will be increased, while that for creep will not
be. The transition to constrained cavitation will be shifted to

lower remote stress levels.
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and microcrack 1linking, or continuous cavity nucleation on
undamaged facets (Riedel, 1987, p.181-2). This implies that
damage accumulation, and not cavity coalescence, controls

lifetimes.

In creeping alumina, cavities do not grow in arrays. Instead,
individual four-grain junction pores nucleate on loading,
propagate rapidly down three-grain edges to become cylindrical,
and then grow more slowly across oriented two-grain facets (e.g.
Porter et al., 1981). In Hsueh and Evans' (1981) model for cavity
growth in HPA, in constrained, multi-facet damage =zones,
load-shedding from a damage zone causes enhanced cavity growth in
the highly stressed peripheral region, and so the zone spreads

laterally. Macroscopic fallure is not addressed.

Because Hsueh and Evans (1981) base their model on standard
growth equations for cylindrical cavities in arrays, a P’nt
should bias such a model by adding linearly intc the driving
force for pore growth (Egq. 2). However, as noted above, no

general analysls currently 1s avallable for internal pore

pressures in constralned damage zones.
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1.2.5.4 Continuous nucleation

Continuous nucleatlon of QE or cL® cavities 1is brought into
models for unconstrained array cavity growth as a decreasing mean
cavity spacing. Elther experimental nucleation rates (I ém) or
theoretical vacancy condensation models are used (Riedel, 1987,
Ch.16). For vacancy condensation, assuming that an equilibrium
gas pressure ls established within subcritical vacancy clusters,
an internal pore pressure affects nucleation as a tenslle stress
does, and (o + P““) replaces ¢ in nucleation equations (Riedel,

1987, p.131).

It is more difficult to Iincorporate cavity nucleation into
constrained array growih models. The time to constralned cavity
coalescence should not be a strong function of nucleation
kinetics (Riedel, 1987, p.246). However, it 1is physically
unlikely that nucleatlon would continue on an already-cavitating
facet, as such a facet is subject to low tractions (Riedel, 1987,
p.231). The alternative — that cavitles nucleate on new facets
— 1s noted by Riedel (1987, p.194-7}, but he presents no data.
This 1s a closer to a damage accumulation than a cavity growth

approach.

Predamage experiments aim to eliminate continuous nucleation from

%5 CL from nucleation; i.e. no QE-to-CL transition is modeled.
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subsequent creep cavitation, and so to permit cavity growth
models to be tested directly. In metals, Hzo bubbles and strain
predamage on grain boundaries have been used (e.g. Rledel, 1987,
p.169-70,182-5). It 1is possible that residual porosity from
sintering, or porosity generated by swelling in HPA, could be

used in a similar way for creep fracture studies in ceramics.

1.3 Objectives of the current work

1. To develop a general model for swelling due to gas trapped at
high pressures In pores, in a final-stage, pressure-sintered

polyerystal, in which grain growth ls occuring.

2. To test the model with swelling data for two HPAs which

swelled at very different rates.

3. Based on numerical scolutlons to the swelling model, to
consider how to distinguish, using experimental data,
(1) swelling driven by pore pressures maintained by internal
gas-generating reactions from (2) swelling driven by a

constant number of moles of (inert) trapped gas.

4. To determine the magnitudes of chemically maintained pore
pressures which, in numerical swelling simulations, (1) will

Jjust enhance swelling rates above those for ‘inert’ gas, and
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{2) will cause rapid, ‘runaway’ swelling. To compare these
pressures with equilibrium thermochemical pore pressures for
carbon or sulfur oxidation, when the pore oxygen Iinvolved
{1) is liberated by dissociation of the doped aluminas at high
temperature, or (2) is at the partial pressure of the external

furnace atmosphere.

To determine the range of unique predamaged microstructures
which could be generated by swelling, for purposes of testing
creep damage accumulation models in creep fracture studies (in
which the predamage 1s intended to eliminate continuous creep

cavity nucleation).

. To determine the rate at which trapped gas pore pressures

could be dissipated at high temperature, in order not to
enhance cavity growth in elther creep service or creep

fracture studles.

Variables

driving force for cavity growth; IN/m?)
macroscopic, equivalent strain rate; s)
the area fraction of oriented two-grain facet that 1is

cavitated; [-]
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gix} function of x

v, pore surface energy: [J/mF]

J nucleation rate on two-grain facets; [s-ll

P applied, external hydrostatic pressure; [N/mzl

P sintering stress for a two-grain facet cavity; [N/mzl

P internal pore pressure due to trapped gas; [N/mzl

Y pore dihedral angle; [deg] or {rad]

T pore radius; [m]

net far-field applied stress; [N/mZ]

o applied equivalent stress; [N/mZ]

L average normal stress on a cavitating model two-grain facet;
(§/m)

o applied stress component, normal to cavitating facet; lN/mZ]



2 Experimental: Swelling

This sectlon describes the materials and experimental methods for

the swelling tests.

2.1 Materlals

Two commercial, hot-pressed aluminas were studied (Table 2-1a).
The as-received materlals were analyzed for dopants and

impurities by combustion and X-ray fluorescence (Table 2-1b}.

2.2 Annealing tests

Specimens about 5 x 5 X 10 mm were sawn from billet stock away
from the ‘rind’’ (Table 2-2 and section 2.2.1, below). They were

neither ground nor lapped before being annealed.

Sets of 5-6 specimens were annealed in static alr in a 99.8%

! By ‘'rind' we mean the surface layer of the blllet which was
altered by contact with or proximity to the graphite hot-

pressing dle and punches,

30
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alumina (McDanel °‘AD998') tube furnace, following schedules glven
in Table 2-3. High-quality alumina ceramlcs were used with the
control thermocouple; the thermocouple wire was replaced
frequently (Bently, 1981; Froschauer and Schmidt, 1977].2 The
specimens were stood on end on a 99+4 Alzo3 shim, which was
supported by a high-alumina fiber carrier block (Zircar 'SALI’').
The temperature range over the 30-40 mm length of a specimen set
was on the order of 3-5 c.® Periodically, a speclmen was

withdrawn slowly from the hot zone.

Immersion density changes were determined with a precision

¢ Frequent prophylactic renewal of the hottest 5-10 cm of a
high-T, Pt-based thermocouple can be reasonably economlc. A new
thermocouple, some 30-100+ cm longer than the minimum length
necessary, is installed with the extra wire colled outside the
furnace wall. Renewing the hot junction means removing only the
hot 5-10 cm (for furnaces similar in size to those used here),

and not the entire = 30 cm length of a typical thermocouple.

3 The furnace's type B contrel thermocouple was outside the

alumina tube which held the specimens during an anneal;
however, the temperature to which the controller was set (the
‘setpoint’) was determined by inserting a B thermocouple
temporarily into the hot zone, from one end of the tube. Thils
test thermocouple was inserted through a small hole in the
radiation plug at one end of the hot zone, when the furnace was
at the nominal operating temperature. In this work, setpoint
temperatures were 15-25 C higher than the Internal tube

temperatures. Annealing temperatures glven are the Internal
tube temperatures.
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balance (Sartorius R160P; reproducible to 2(10'5] g and linear to
3(10°%) g in the welighing range 0-30 g) after Ratcliffe {1965).
The absolute density of the immersion liquid — diethyl phthalate
(99%: Aldrich D 9,962-5) — was determined by pycnometer, and the
temperature dependence of its density by hydrometer (Canlab H
g8770-3; ASTM 113H; Sp. Gr. range 1.100-1.150, subdivisions
0.0005). Relative uncertainties in calculated density changes

were typically less than 0.001.°

Specimens were sectioned internally by dliamond sawing {Table
2-2). They then were pollshed through a 20 to 0.25 um dlamond
paste sequence (Table 2-4, and section 2.3, below), and were
cleaned and thermally etched (Table 2-5, and section 2.4). Etched
specimens were mounted for SEM and were coated with gold (section

2.5).

Pore number denslty, NA. and grain size, (as mean linear
intercept, Ezl. were determined on internal polish planes from a
set of about four SEM micrographs per specimen, taken at

widely-spaced locatlons.5 at magnifications of 2500X for small

! The relative uncertainty varied inversely with the magnitude of

the change in absolute density (see error bars in Fig. 4-2).

® Chosen to have typical microstructures.
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T;, and 1250X for large ié.s A typical micrograph contained 40 to
50 pores and 200 to 600 grains on the polish plane. Grain
boundary intercept counts were made on five traces per
micrograph: one on each corner-to-corner diagonal; and three
horizontal, parallel to the long dimension of & micrograph, at

top, center and bottom of the print.

2.3 Metallography

Metallographic techniques were developed for both swelled and
crept specimens. Particularly for the crept specimens, in which
near-surface cavitation was of interest, it was important to
maintain a flat polish plane right up to the edge of the specimen
(i.e. to minimize edge rounding) and to minimize pullouts not
only on the polish plane, but also at the sharp edges between

this plane and the external surface of a specimen.

The polishing schedule is described in Table 2-4.

Annealed chips were sectioned transversely while hot-waxed to a

ceramic plate, which was secured to a wafering saw (Table 2-2),

Chips were cleaned in acetone, and were labelled on one face with

® That is, in specimens annealed for long times at high

temperatures.,
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a 0.3 mm technical penc11.7

Internal sectlions were polished as follows. Up to four at a time
were hot-waxed onto the flat ends of 19 - 25 mm diameter x 25 mm
long steel cylinders (‘plugs’) which served as both heat sinks
and handles during lapping. Specimens of about the same thickness

were mounted on a plug, in order to simplify grinding.

A shallow 'dam’ was made around and above the waxed end of each
plug, by wrapping around it a length of masking tape. The danm
height matched the thickness of the specimens waxed to the plug’'s
end. The plug was heated to somewhat hotter than could be held by
hand, and freshly-mixed five-minute epoxy was added around the
chips, until the epoxy between the chips bulged somewhat above
the chip faces. (In order to simplify cleaning between polishing
steps, and so to minimize contaminating cloths with coarse debris
from the previous stage, as few bubbles as possible were
introduced into the epoxy during mixing and while filling the
dam.) Once the epoxy had set, the tape was removed from each
plug, and the set of plugs was then baked at 50-60 C for 15 m to
harden the epoxy. (The harder the epoxy, the fewer potential

complications in subsequent polishing. )

7 This face would not be polished, and the pencil label would
last untll thermal etching.
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After plugs were cool, a water-cooled belt sander (with SiC
paper) was used, carefully, to bring the level of the epoxy back
to the plane of the faces of the embedded Alaoa chlips. Also, the
circular outer edge of the epoxy pad was beveled rather deeply,
to minimize subsequent damage to polishing cloths. (The epoxy bed
protected the cloths from the sharp edges of the chips which
develop during pollishing; the bevel prevented the epoxy from
developing a sharp outer edge.) Plugs then were scrubbed gently
with a toothbrush and liquid detergent (Liquinox), under flowing

water, to remove SiC particles.

Subsequent polishing, through to 0.25 um dlamond, began on a
Struers Planopol/Pedemax polisher, and finished on a Buehler
polisher.8 The stage at which the specimens were transferred
between polishers varied with the success of the polishing run.
For the Struers polisher, a company-recommended schedule was

followed (Table 2-4).

While the entire polishing sequence could be done by hand, the
flattest epoxy/ceramic faces were generated by mounting at least

three plugs (with embedded specimens) equidistantly in the

® The Struers unit had a 150/300 rpm polishing head drive, used
with adhesive-backed cloths on lift-off wheelheads. The speed
and load on its motorized specimen head were variable; the head

took a multi-specimen holder.
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specimen holder of the Struers Planopol/Pedemax {several dummy
plugs, each with an embedded, scrap HPA chip, were kept on hand
for cases when only 1 or 2 specimens had to be polished). The set
was then polished, as a unit, to 3 pm diamond paste, without

removing any specimens from the holder (Table 2-4).

Struers lapping was never carried on to diamond finer than 3 um,
In order to monitor closely the developing polish on the tensilc
surface, final lapping was done on benchmount wheels (Buehler
‘Whirlamet’') which were located c¢lose to optical microscopes.
Throughout these final stages, specimens were held manually by
their plugs. The Buehler system had lift-off wheelheads, onto
which adhesive-backed cloths were mounted, Fresh cloths were
charged with about 0.75 g of diamond paste. A cloth that cut
slowly had more paste added to it. Periodically, polishing oil
was removed from the polished surface by gentle scrubbing with
liquid soap and water, and the surface was examined with a
reflected light mic:ros:cor,m.-.!i Final polishing proceeded from 3,
through 1, to 0.25 pm pastes. A longitudinal finish could have

been generated, but Blanchard lapping gave a better surface

® Whenever specimen/plugs were cleaned (ultrasonically between
stages, or by brushing only for progress checks), only soap and
water were used; solvents such as acetone and methancl removed
polishing oil, but softened the surface of the epoxy, after

which it smeared over specimens in subsequent polishing.
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finish. (A Blanchard pattern was generated by moving each
specimen, by its plug, slowly around the polishing wheel, by

hand, against the direction of motion.)

Wwhen all chips on a plug were polished, the plug was heated on a
hotplate. In a temperature range Just below that where the wax
softened, the epoxy became rubbery, and easlly could be cut and
peeled away from the chips with a fine palr of tweezers. Soon
after, as heating continued, the chips could be lifted clear.10
They then were washed ultrasonically in several changes of
glass-distilled acetone, followed by several of HPLC-grade

methanol.

Achieving sharp — non-rounded — polished edges on a specimen
was far from routine. It depended on several factors. It was

important to have a hard epoXxy ped!! (with minimal hot-wax

° once the chips had been lifted clear of the hot plugs, they
were handled with plastic tweezers only. Metal tweezers can
leave marks on the polished face of a specimen, and easily can
chip the sharp polished edge belween the tenslle face and Lhe
internal polish plane, during the many subsequent washlng
stages. This chipping occurs when a specimen ls plcked up so
that such an edge contacts the arm(s) of a pair of metal
tweezers at an angle, and the tweezers are squeezed — even

gently. It is surprisingly easy to generate such damage.

1 Embedding is not yet optimized. Five-minute epoxy seems to
harden if left overnight. We have not tried adding alumina
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interface, when wax was used as a release agent on a fracture
surface). Also, a rapid polish cycle seemed necessary, which
could be pgenerated by minimizing the area of ceramiec to be
polished per plug; using fresh, ‘hard’, adhesive-backed cloths;
and charging cloths generously with diamond paste.A cloth which
became contaminated and began to introduce scratches, or which
‘wore out’ and failed to support rapid polishing with a fresh

charge of paste, was discarded.

2.4 Thermal etching

The etching schedules are given in Table 2-5. Because the etching
furnace was shared with other users, some time typically passed
between polishing and etching a specimen. Dirt etched onto a
polish plane was difficult to remove; the fail-safe procedure was

adopted of washing all specimens before etching.12

Polished chips were washed ultrasonically in glass-distilled (GD)

acetone, and then in HPLC-grade methanol. Polished faces were

powder to the epoxy to harden it. Such ceramic powders must not

scratch the specimen surface during lapping.

2 Before procedures were adopted to ensure clean specimens, such
‘dirt' typically was detected as a 20-50 um-wide band at one
edge of the polish plane, on a gold-coated specimen, in the

SEM. In such a band, grain boundaries and pores were hidden.
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checked by optical microscope to ensure that absolutely no dirt
was present. If any was found, it was vemoved with a fine swab
consisting of cotton wool wrapped tightly around the tips of a
pair of Ffine tweezers, moistened with HPLC methanol or GD

acetone.

Freshly cleaned and inspected specimens were placed, polish
planes up, in sets on a 10 x 20 x 40 mm carrier of refractory
block insulation (Zircar; e.g. ZAL-15 or -30) from which loose
fiber dust had been removed by a jet of compressed air. A
lightweight, MoSiz-heated. programmable box furnace (C&M Inc.)
was preheated to some 25-40 C higher than the etch temperature,
and was allowed to soak for 15 minutes. The furnace temperature
was verified from the mV reading of a separate type B
thermocouple. The furnace door then was opened for the minimum
time necessary to load the carrier with its chips gently into the
furnace. During loading, the furnace temperature fell abruptly to
near the nominal etch temperature, and, when the door had been
closed, the controller set point was adjusted manually, to hold
the mV output of the monitoring thermocouple at a value
corresponding to the desired etch temperature. Allowance was made
for the cold junction (i.e. the voltmeter attached to the
monitoring thermocouple’s leads) not being at 0 C. The etching

atmosphere was air.

When the etch time had elapsed, the furnace power was shut off,
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and the carrier was immedlately removed from the furnace. This
was done carefully if several chips had been etched at one time
on one carrier — no Iidentification other than chip shape
survived the etch, Chips were cooled, and were stored on a small

card, using double-sided tape, in small zip-lock plastic bags.la

2.5 SEM

2.5.1 Mounting

A small vee was filed In the rim of each (numbered) SEM pin
mount, to permit identifying coated specimens (in a set) in the

SEM, and orienting them. '

Mounts and specimens were cleaned ultrasonically in GD acetone,
and then HPLC methanol,'® Specimens then were cemented to mounts
with minimal, high quality, commercial colloidal silver. Specimen
faces were rechecked for cleanliness with a low-power optical
microscope, and were reswabbed if required. Once the solvent had

evaporated from the cement, pln mounts were coated with Au or

13 Residual tape adhesive was removed by acetone and methanol

washes just before mounting for SEM.

'* This was more important for crept specimens than for annealed
(Chs.9-14).

' These washes minimized organic contamination of the SEM column.
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Au/Pd, and were stored in clean, dust-tight contalners.

2.5.2 SEM microscopy

A Philips Model 515 SEM was used. Typlical operating parameters
were 15-20 kV, with a 50 nm diameter spot. (For magnifications
above 5000, the spot size was reduced to 20 nm. } When surface
relief was important (for example, on a fracture surface) or when
it was necessary to suppress enhanced secondary electron (se)
emission from cavity rims on the polish plane16 the posltive blas

of the se detector was reduced.

In some cases, EDS spectra were taken from spots, using standard

procedures.

2.6 TEM

HPA slices about 1 x S x 5 mm were ground on one side with a 20
um, resin-bonded diamond plate (Struers ‘Planopol’ 'Grasi’). Each
slice was hot-waxed (Aremco ‘Crystalbond’'), ground side down, to
a standard glass microscope slide, which previously had been

abraded with coarse SiC paper to enhance adhesion. The wax was

16 Or, for crept specimens, from crack edges on polish plane or

specimen surface {Chs.9-14).
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allowed to ‘set’ overnight.‘T Then, the mounted slices were
thinned to about 80-120 um using a grinder with a 20 um cup
wheel, and a vacuum chuck with manual micrometer advance (Struers
‘Discotom’ ). During this grinding, the total slide/chip thickness

was monlitored periodically with a micrometer,

Discs 3 mm dlameter were cut ultrasonically (Gatan, Model 601)
from the thinned slices. These were dimpled mechanically (Gatan,
Model 656) with 15 and 6 um diamond paste. No metal grids were

used: the ceramic discs were self-supporting.

The dimpled disks then were perforated by ion thinning from both
sides at a 12° Incidence angle, using Ar gas at 4.0 mV and 0.7 mA
(Gatan, Model 600). Folls were coated with carbon, and were
cxamined by CTEM (Philips CM 12) at 120 kV with a single axis,

+30° Lilting stage.

7 After such setting, there was less chance that the chip would
be swept off the slide in the final stages of thinning to
80-120 um (M. Chadwick, personal communication).
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Table 2-1a: Materilals

ARCO AVCO
Manufacturer ARCO AVCO

Silag Operatlion Systems Division

Greer, SC Wilmington, MA
Date of manufacture: mid '86 mid '83
Billet size 115¢ x 13t+ mm 180¢ x 30t+ mm

(4.5¢ x 0.5t+ in)  (7.0¢ x 1.0t+ in)

Supplied as Full billets Half-billets

Dimensioning abbreviations: ¢, diameter; t, thick



44

Table 2-1b: Chemical analysis of as-received materials.

ARCO AVCO Note
c w/o 0.025 0.014 1
ppm 250 140
Fezo3 ppm 90 130 2
K20 4 6 2
Mg0 200 3000 2
MnO 3 2 2
S 16 17 2
SiO2 200 140 2
'I'iO2 <5 <5 2
Y 800 10 2
Zn 19 17 2

* Analyses were performed at McMaster Universlity, by Mr.

0. Mudroch.
*+ Note dopants and Impuritles reported as oxides vs

those reported as elements.

Notes

(1) by combustion: LECO Carbon Determinater WR 12.

(2) by XRF: Philips PW 1450 XRF analyzer.
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Table 2-2: Sawing

Blade: Type: D1AlR, circular (see Note 1)
Size: Coarse (billet slicing):

5"¢ x 0.025" (Note 2)
Fine (cutting spec'n blanks from slices):
4"¢ x 0.015"

Diamond: 220 grit, 100 conc., metal bond

Speeds: Spindle: 3600 rpm

Leadscrew: (Notes 3,4)

Depth of cut: Slicing billets: typ., = 0.5" (Per pass)

Cutting specimens from slices:

slice thickness (4-5 mm)

Cooclant: kerosene or commercial, water-based coolant.

Notes:

1) Clamp saw blade between hub plates of maximum diameter
possible for the cut.
2) Blade dimensions are given In the units wused by their

manufacturer.
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3) Leadscrew feed rates were low, and were set by experience. For

1)

example, a 5 mm-thick slice was cut into specimens at about S0
mm per 10 min. In general, the saw was advanced at the fastest
rate that still gave only minimal sparking from the blade,
Advancing a thin blade too rapidly can cause the blade to
wander off a straight cut, particularly if small-diameter hubs
are used. Not only does this waste both test materlal and
subsequent grinding time and tools, but it fatigues the metal
web of the blade at the rim of the hub clamp plates, and so
can destroy a blade quickly.

The direction of specimen/blade movement was chosen which
maximized coollng at the point at which the blade contacted

the specimen.
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Table 2-3: Annealing schedules:

Anneal times (h)

T (C) ARCO AVCO

1450 5,10,21, 50, 100, 300 4,12, 36,100,300
1400 S, 16, 48, 100, 200, 400 5, 16, 48, 100, 200, 400
1350 8,24,72,200,600 8,24,72,200,600

1250 10, 30, 100, 300, 600 —_—




48

Table 2-4: Pollishing on the Struers Planopol/Pedemax(IJ

Step 1 2 3 4,5(2)
Diamend 20um 6um 6um 3, (1um)
embed. spray, paste paste
paste
Wheel resin plastic clothta) cloth(3)
(GRASI)  (P'disc-M)
Planopol Speed (rpm)
150 150 150 150
Pressure(Q) 3-4 4-5 3-5+ 3-5+
Lubricant blue (alcohol- diamond-polishing oil

based; Struers)

(s)

Time (m) 1-2 (6) (7) (7)

Notes:

1} The form of this table follows data sheets supplied by
Struers. The Information presented combines our polishing

experience with thelr recommendations for Alzoa.
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During stages from 3 to 0.25 um, the developing polish should
be checked frequently, using an optical microscope. See text
and note (5) below.

Use ‘hard’ cloths (e.g. Struers ‘DP-PLAN’ or ‘PAN-W'). For the
flattest polished surfaces and edges, choose adhesive-backed,
rather than oversized cloths which are intended to be clamped
to the wheelhead by a metal band. It is unproductive to try to
economize by using (and reusing) ‘clamp-on' cloths, because
(1) such cloths perform poorly in polishing large areas of
Alzo3 evenly, (2) all cloths become contaminated rapidly
during typical use, and subsequently scratch specimens, and
(3) cloths gradually lose their ability to support a good
polish: even if they are recharged, they wear out., (Of the
$truers cloths used here, DP-PLAN seems somewhat more durable
than PAN-W).

..."marks", @ 50 N per mark, on the Pedemax head load scale.
This stage cut rapidly; care must be taken to check the
specimens every 30s.

This stage was unpredictable! An HPA surface, roughly-ground
with a 20 um resin-bond plate, was prone to generalized,
ongoing pullouts. The HPA surface eroded the surface without
(or only slowly) developing an initial (6 pm) polish. Progress
could be monitored easily, without removing specimens from the
holder (and so losing their mutual alignment), by periodically
checking by eye (window) light reflected off the tensile face.

In cases where polishing progress was slow, recharging cthe
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plastic (Petrodisc-M) wheelface sometimes helped. Otherwise,
it was best to move directly to a 6 um cloth,

Progress through Iintermediate polishing stages, when these
were done on sets of specimens mounted on the Struers, could
be monitored by removing the entire specimen holder from the
head, and placing it carefully, on a paper mask, on the table
of a low-power metallographic microscope which had optics
beneath the table. In contrast, when specimens were polished
from 3 pm on the Buehler unit, they were held individually by
their plugs, and checks were best made with a metallographic
microscope with a table beneath the optics. Before such a
check by microscope, the polishing o©il was removed from the
specimen by scrubbing gently with toothbrush and liquid soap
under running water, followed by drying with a moderate air
Jet or paper towel. Methanol or acetone remove the oil, but

sof ten the embedding epoxy. They should not be used.

When a set of specimens was moved to the next finer diamond,
the holder, carriers and specimens were carefully scrubbed
with detergent and water to remove residual grit that
otherwise would be carried over, contaminating the cloth at
the next stage. When available, an ultrasonic bath large
enough to permit the specimen holder disc to be submerged was

used for suc’ ror~stage cleaning.
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Table 2~5: Thermal etching

Material
T (C)
t (min]

Atmosphere

ARCO
1300
10.

static air

AVCO
1600
2.75

static air

+ Graln boundary grooving rates were noticeably

slower in specimens annealed at high T for long

times {Table 2-3).



3 Final-stage polycrystal swelling model: internally pressurized

intergranular pores, with concurrent grain growth

3.1 Overview

Pressure-driven diffusional pore growth may cause a barely
porous, hot-pressed (HP)} polycrystal to swell durlng stress-free
anneals. Such pore growth may result from (1) gas, trapped in
intergranular pores during final-stage pressure sintering, now
being at high pressure due to densification, (2} internal
chemical reactions maintaining high gas pressures in pores over
an extended period, and (3) capillarity constraint being released
gradually by ({(a) graln growth sweeplng intergranular pores
together, or (b) the pore population coarsening by diffusional

Ostwald ripening.1

In this sectlon we develop a general model for swelling in an HP
polycrystal which is nearly fully dense, whose pores are at

four-gralin junctions. The model includes the first three of the

! Additional possible mechanisms were outlined in the literature

review.

52



33

above factors, in simplified form. We do not include an Ostwald

ripening pore growth component.2

The following argument extends the pressureless sintering model
of Yan et al. (1980) in three ways. First, we genecrallze pore
coalescence to three limiting-case microstructural trajectories
— a change called for by our experimental data. In the two of
these which Iinclude coalescence, we permit pores Lo occupy an
arbitrary and time-variable fraction of the avallable
intergranular sites. (In contrast, Yan et al. (1980) assumed that
one pore was present at each four-grain Jjunction, throughout
densification.) By excluding coalescence in the third case, we
demonstrate clearly how coalescence affects swelling, for
contrast with models which include no coalescence. Second, we
include the effect of pressure on dlffusional densification,
allowing us to apply the model to, for example, HIPping. As part

of thls, we expand the effective pore pressure’s Internal

2 ostwald ripening should not occur by boundary diffusion between
two pores of different size, but with surface curvature of the
same sign, because, for sintering [swelling] "the intervening
grain boundary has a chemical potential [for atoms] greater
[less] than elther" pore surface (Francols and Kingery, 1967,
p.487). Consequently, mass transport always occurs "from [to]
the boundary toward (from] both large and small pores”.
Wilkinson's (1978) chemical potentlal gradients, during final-

stage diffusional densification, are conslstent with this.
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pressure component, to permit it to arise from both an inert
trapped gas, and a gas-generating chemical reaction, Also, we
correct the capillarity pressure component for the pore dihedral
angle. Third, we do not assume pore drag control, in order to
generate analytic solutions; rather, we permit mixed control of
grain growth, and include in the phenomenological drag

formulation a general grain boundary mobility.

As well, we extend the phenomenclogical pore separation analysis
to the limiting microstructural paths which bracketed our
experimental swelling data, developing equations capable of
plotting contours of arbitrary drag intensity and normalized pore
velocity — including velocities beyond the separation limit,

which are suggested by nonphenomenological drag analyses.

While we developed the model with the problem of swelling in
mind, and tested it with experimental swelling data, it is
sufficiently general to apply also to pressure-driven sintering,
to relate swelling to specific previous pressure sintering
conditions (for cxample, to describe densification followed by

dedensification within a single HIP cycle).

Variables are listed at the end of this chapter, in section 3.7.
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3.2 General

In any porous microstructure in which pores are spherical, the
volume fraction porosity can be expressed as:

3
Vv = Vc- Nv = (4n/3) Nv r (ia,b)

from which the mean pore radius can be written as:
r{t} = r { Vv{t}. Nv{t} } (2)

The number of pores per unit volume, Nv{t}. is controlled by
grailn growth-driven pore coalescence.3 At this time, we cannot
derive, from a detailed understanding of the topological
processes occurring during grain growth (Rhines and DeHoff, 1984;
DeHoff, 1984; Rhines, 1985) a general coalescence model capable
of predicting Nv and r as functions of grain size {and, e.g.
temperature). However, by ldealizing the porous microstructure,
we can include coalescence in swelling for three limiting-case,
final stage microstructural trajectories — cases in which the
number of pores is constant (1) per unit volume, (2) per unit

area grain boundary and (3) per grailn.

3 Over the range of Vv studied, and with the pores confined to
four-grain Jjunctions, we expect adjacent pores not to coalesce
without being swept together by grain growth (Greenwood and
Boltax, 1962).
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In common with previous final-stage sintering analyses, we
idealize the grain structure as a space-filling assemblage of
ldentical truncated-octahedra (App. 1; Fig. 3-1a). We set the
grain size so that the ideal polycrystal's specific graln
boundary area Sv{t} is equal to that of the real polycrystal
being modeled. Then, If we assume that all pores are at
four-grailn Junctions in both real and ideal microstructures, we
can relate Nv{t}. the number of pores per unit volume, to fa{t}'
the fraction of the four-grain Jjunctions which are cavitated. We
permit f3 to have any value between zero and one. That is, in the
ldealized, three-dimensional microstructure (App. 1's Table

Al-1):

N, = 2.6f L2 (3)
From Eqs. (1) and (3):

~ = -3 3
v, 107 £, (L))" r (4)

Based on our experimental data (Fig. 4-12), we propose that f3 is
not an independent variable, but is controlled by grain

growth-driven pore coalescence. That is:
f, = ity = fa{ La{t} } (5)

Differentiating Egq. (5) with respect to time:
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f: = dfa/ sz) ( szl dt ) {6a)
¢ 2
= f, l.2 (6b)
’ —
where fa = dfa/ sz (6c)

Then we can rewrite the mean pore radius (Eq. 2) as:
r = r{t} = r | Vv{t} ' fs{t} , Lz{t} ] (7a)
which, from Eq. (5), is equivalent to:
rit} = r [V {t}, Ez{t} ] {7b)

It follows that the pore growth rate can be expressed as a total
differential which is the sum of pressure- and coalescence-driven

components:

ar . [a_’] . [i'l] (8a)
ot 3t |- at ),

B r + r (8b)

This corresponds to Yan et al.'s (1980) Eq. (4). They held the
fraction of four-grain Junctions constant at f3 =1 for
final-stage sintering; however, in our experimental swelling data

(Fig. 4-12), f3 varies, and we include this variation in the

present model.



3.3 The pressure-driven pore growth rate component

The first term on the right hand side of Eq. (8) is:
l"P [ 9.‘.: ] (9)

For swelllng or flnal-stage sintering, this represents
diffuslional (de)densification at constant average grain size,
Depending on conditions, the average pore may be growing (early

swelllng) or shrinking (final stage sintering).

Either lattice or boundary diffusion may contrel this pore growth
rate component. For the test conditions reported here, materlals
property data (App. 15) predict mixed DL/GDB control, with BDB
dominant (App. 16). Given this, we adapt Wilkinson's (1978)
expression for FP. for the present case of pressure-driven,
boundary diffusion-controlled de-densification. We now outline

his argument.

In a representative spherical material element of radius b, a
planar dlametral graln boundary disc intersects a central
spherical pore of radius r (Fig. 3-1b). The material element has

the same volume fraction porosity as the bulk polycrystal:
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Vv 1723

r/b = (10)

Differentiating (by time) the equation for the volume of the
average spherical pore, the pressure-driven diffusional pore

growth rate is:

. 2
r VCP/ 4nr (11)

The diffusional atom flux leaving the pore's surface along the

grain boundary of width &, J{r}, represents a volumetric pore

growth rate of:

\l‘:P = Q-J{r}-2nér (12)

For grain boundary diffusion controlled pore growth, the

magnitude of this flux is (Herring, 1950):

&D
JHr) = - —2 wuir} (13)
QkT

in which Vu is the chemical potential gradient for atoms in the
isotropic, planar grain boundary disc, on which vzp is constant.
The pressure-dependent chemical potential gradient, at the pore
surface, is calculated from potentials at the pore and shell

surfaces, and from mechanical equilibrium on the grain boundary:‘

% The Pe” defined here for swelling is the negative of that
defined by Wilkinson (1978, p.21) for sintering.
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Tuir} = - BS{VV}-Q-P.'_r (14)
2«(1-vv2’3)
where B{V } = (15)
Y “*va’ m(vv"”) - “'va’

A pore at a four-graln Junction is intersected by six two-graln
facets. Consequently, more grain boundary area is avallable to
such a pore In a real polycrystal, and in lts equi-Vv/equi-Sv
ldeallization, than in the representative spherical shell. (For
the range of porosities studied here, this boundary area ratio

(B) is about two; Fig. 4-16; App. 6-2).

The pressure-driven, volumetric pore growth rate is:

» E B{T'Vv}.Perr (16a)
6DBQ
= B.—RT—.BS{VV).Perr (16b)

which, from Eq. (11), corresponds to a radial growth rate of:

éD
r = B

‘B_{V_}:P (17)
anr?kT 3V eff

Te complete the analysis of the ;P term, we now extend
Wilkinson's (1978) argument, by expanding the internal pressure

component, and correcting the capillarity component for dihedral
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angle.

The net driving pressure for diffusional pore growth is:°

efl = Plnt.- Pcup— Papp (18)
For polycrystal swelling driven by inert trapped gas — and
perhaps also by an ongoing, gas-generating reactlon — we assume

a simple form for the internal pore pressure component (App. 4):

{(PV)
Pty = LY p“t (19a)
n v {t} in
¥
I G
int * int (19b)

The first term on the right hand slde, PL“. represents any gas
component (s) for which the number of moles trapped is constant in
swelling. This may be an inert gas with low boundary and lattice

diffusion coefficients (e.g. N2 or Ar). It also may be a reactlon

product generated in flinal-stage pressure sintering (e.g. CO)

® Coble (1970) suggests that the Papp term should be
in/ (I-Vv); however, for the small V. for the current data,
the difference is not important (see also Vielra and Brook,
1984)., For swelllng to larger Vv. this and other changes will
be required in both the model and the data analysis — to

handle cylindrical pores, continuous pore channels, and gas
release.
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when diffusion or reaction kinetics permit no significant

reaction response to a change in pore pressure,

The second term, ant, represents the total internal partial
pressure for pore gases generated by internal chemlical reactions
during swelling. As a limiting case, it will have a thermo-
chemically determined constant wvalue throughout swelling.

(Potential reactlions are discussed in App. 5).

Caplllarity constraint is a potentially important component of
the chemical potentlial gradients driving diffusional pore growth
throughout dedensification, particularly when an inert trapped
gas dissipates its linitial internal pressure during swelling.
Whereas pores trapped within gralns may be spherical, pores
attached to grain boundaries typically will not be (Fig. 4-13).
Rather, they will be lens-shaped spherical caps, cylinders or
lenses with a spherical-triangular cross section, or spherical
tetrahedra, depending on whether they are located on two-grain
facets, along three-graln edges or at four-grain Jjunctions,
respectively (Beere, 1975b; Raj and Ashby, 1975). When dihedral
angles are low In pores attached to grain boundaries, the
caplllarity pressure must be corrected for dihedral

6
angle-dependent surface curvature:

® Wilkinson's (1978} original model was developed for spherical

pores on grain boundaries.
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P = — - gl¥) (20)

We discuss the form of gly) and its importance in swelling in
App. 3.
In the current tests, the external pressure is 1 atmosphcrc.’

P = 0.1 MPa (21)
app

Substituting Eqs. (18)-(21) into Eq. (17) generates the final
equation for %P. We mow tu'n to the second pore growth term —

coalescence, driven by grain growth,

3.4 The coalescence pore growth rate component

The second pore growth rate component on the right hand side of

Eq. (8) is due to grain growth-driven coalescence:
. ar
r, - [ It ]v (?22)

We develop this term in two steps. First, in this section, we

7 Were this model applied to final-stage pressure sintering (e.p.
HIPping), P.m, would be much higher (Arzt et al.’'s (1983)
Tables IV, V: for A1 O, P = 100 - 200 MPa}.

212 app
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gencrate expresslons for the pore growth rate as a function of
the grain growth rate, for three different microstructural
trajectorles. Then, in the following section, we develop an

expression for the grain growth rate, which includes pore drag.

We develop a general expression for pore coalescence as a
functlon of the graln growth rate by differentiating Eq. (4) with
respect to time, substituting Eq. (6b) into the result, and then

holding Vv constant.® In this, as noted previously, we extend Yan

ct al, (1980) to general final~-stage microstructural
Ltrajectories:
v .

A
10.7

_ =~ a3 2 s _ 3,— =4 —
= [ 3 fa(Lz) rr ] [ 3 fa r (Lz) Lz]

+ [ (Ez)'3 r? fg] (23a)
= (r/E2)3{ (3f3/r):'" + [ (-3f3/f2) + fs' ] Ez } (23b)

Setting Vv equal to zerc¢ in (23b):

% e treat a pore coalescence event as occurring rapidly, at
constant total volume (Qv = 0). The effect on swelling follows
more slowly, via pressure-driven diffusional pore growth, by

the release of caplllarity constraint (Eq. 18).
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. [ (r/L,) - (r36) ] L (24)

¥
v

e £ 3

{Recall from section 3.2 that i‘3 is the fraction of four-grain

Junctions at which a pore is located. )

Eg. (24) extends to variable f3 Yan et al.'s (1980) Eq. (5). The
first term in the square brackets relates to pore coalescence at
constant fs; the second to pore coalescence arising from a change

in fa during graln growth.
The pore growth rate component due to coalescence, Eq. (24), can

be simplified for the three limiting porous-microstructural

trajectories of constant-Nv. -N and -fa {see Apps. 1,2).

3.4.1 Case 1: Constant N = N;

For this case no coalescence occurs, and }L should equal zero.
While this would hold in microstructures which swell without
grain growth, 1in microstructures with values of f3 weil above
zero, and extensive graln growth, it 1s hypothetical. Even for
such cases, however, the fellowing calculatlen provides a check

on the expressions developed in previous sectlions.
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1f Nv is constant and equal to (say) N;. then (App. 2's Eq. 13):

. =3
f3 = (Nv / c’) L2 (25a)

’ [ - 2 - —
so that fa = (3 Nv / ci) L2 3f3/ L.2 (25b)

Substituting Eq. (25b) into (24):

. — - L2
r, = [(r/Lz) - (r/Lz)][ S ]v (26a)
v
= 0 (26b)

At constant Nv' no coalescence is permitted. This case gives
upper bounds to Nv‘ N and f3 trajectories with respect to time or

graln slze (App. 2), but a lower bound to FL.

3.4.2 Case 2: Constant N = N.

If N, the number of pores per unit grain boundary area, is

constant and equal to N'. then (App. 2's Egq. 15):

f = (2N, cHL? (27a)
3 = s C1] 2 27a
¢ . —
so f3 = (4 N/ ct) l..2 (27b)
_ = =1
= 2 fa L2 {27¢)

Substituting Eq. (27c) into (24):
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r, - [(r/l-.z) - (21-/312)][‘3—] (28a)
v

(2108,

This case glves intermediate N, N, and fa trajectories with

respect to time or grain size (App. 2), and intermediate values

»
for r .
L

3.4.3 Case 3: Constant f3 - f;

On a constant-f3 microstructural trajectory, the fraction of
four-grain junctions with pores remains constant while the mean

grain and pore sizes increase. Since, for this case:

£ =0 (29)
then boo- [—f—][ %E] (30)
L v

This case gives physically reasonable lower bounds to N, N, and
f3 trajectories with respect to time or grain size (App. 2}, but

an upper bound to %L.

The results for the three limiting cases can be summarized as

follows:
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ro= ox |2 82 (31)
L 1 E at v
2 v
Case Parameter
held xl
(i} constant
1 Nv 4]
2 N 1/3
3 f 1

This completes the first step in handling final-stage pore
coalescence: coalescence rate as a function of grain growth rate.
Now, we develop a general expression for the grain growth rate at
a glven pore volume fraction, which includes drag due to the

pores.

3.5 Grain growth rate, with phenomenological pore drag

We will formulate a simple model for normal grain growth with
attached pores, use Ashby's (1980) nomenclature (Fig. 3-ic), and
the phenomenological pore drag analysis of Brook (1976); Yan et

al. (1977); Carpay (1977) and Yan (1981), referring also to
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Hillert (1965).%''° We extend this analysis by including in it a
boundary mobility which permits using experimental grain growth

data directly in a numerical solution to the swelllng model, !

The time rate of lncrease of the mean linear intercept grain size

(Eal is proportional to the mean boundary sweep velocity (GB):12
E. = a-v (32)

In the phencmenclogical model of pore drag, the mean boundary

veloclty is expressed as the product of a global boundary driving

° In contrast to models which refer to a boundary driving force
[N], and bring in separately the boundary area [mzl on which
this force acts (e.g. Heuer, 1979; Bannister, 1980), we will
use a boundary driving pressure [N/n°) (Ashby, 1980).

19 In current models for grain growth and phenomenological drag,
it is difficult to separate local and global parameters
rigorously. This ambigulty is evident in Yan et al.'s (1977)
Eqs. (30-32).

" dften only limited MB data are avallable. However, choosing a
reasonable value permits determining the sensitivity of the
model to 1its wvalue, and so ylelds information on the

experimental accuracy needed in this parameter.

'2 The values which a, a and a, take on depend on whether the
grain size is the mean linear intercept, Lz’ or its spherlcal
equivalent, G = 1.5 Ez (see App. 9). In this model, we use Ez'
However, to keep equations compact in this sectlon, we will

omit the subscript ‘L’ used explicitly in that appendix.
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pressure, Fn' and a reduced, effective grain boundary mobility,

H;r' (see, for example, Brook, 1976):

. = P M;" (33)

el

In its simplest form, the global driving pressure is proportional

to the mean boundary energy divided by the grain size (App. 10):

ol

s = 4,7 / L2 (34)

The effective boundary mobility depends on the 'intrinsic'ls

boundary mobllity for the pore-free matrix, MB. the number of
pores per unit area boundary, N, and the effective pore mobllity,

Meff‘

p
Mel‘l"
VAR — (35)
8 N+ MM
P B
elf

The effective pore mobility, MP , sums three mass transport
mechanisms which operate in parallel: (1) lattice diffusion
around the pore, (2) diffusion on the surface of the pore, and
(3) vapor transport through the pore. Vapor transport may be
controlled by either (a) evaporation/condensation at the

pore/vapor interface or (b) vapor diffusion within the pore.l‘ The

3 Here, ‘intrinslic' refers not to the pure material, but to the

pore-free system, which, in general, will be impure and doped.

' These two vapor transport mechanisms act in series.
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effective pore mobility, in whlch superscripts ¢, s, ec and vd

denote the above mechanisms, then is (Yan et al., 1980; Ashby,

1980):
Moc Hvd
M o= MM e T (36)
P P P Mac+ Mvd
P P

In cases when one of these mechanisms controls (for example,

ef l

surface diffusion) then HP is simply (see sectlon 3.4.2, below,

and Ashby's (1980) Table 2}:

(37)

For surface diffusion-controlled pore mobllity, for example

{(Ashby, 1980):

K = . and n = 4 (38)

The intrinsic boundary mobllity, for the pore-free polycrystal

matrix, is glven by (Yan et al., 1977; see also App. 9):

K {m, T}
M_{m,T} = S S— (39)
BL = m=2
amy_ L

B 2

in which, from Egs. (32) and (34):

a = a -a (40)

Parameters a, and a, convert local model parameters to global
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stereological parameters, and have a product value, a, on the
order of 0.3 for normal grain growth, when Ez is the gralin silze

basis (Apps. 9 and 10).'°

In Eq. (39), KL{m} is an experimentally-determined rate constant
for grain growth. It 1s the slope of the differential {A:-t}
grain growth data, for the exponent value, m, which generates the
most linear plot from a given set of raw {grain size-time} data.
Typlcally, the exponent is a small integer (Yan et al., 1977;

Brook, 1976; App. 9):

m = -0
AL{t.T} E Lz{t.T} - L2 {41a)

= KL{m.T}-t (41b)
We assume that KL{m.T} has the form:

K An, T} = K:(m}- exp { -Q/RT } (42)

Both the exponent, m, and the activation energy, Q‘, depend on

the mechanism controlling boundary mobility (Yan et al., 1977;

5 The a parameter no doubt is sensitive to, for instance, the
width of the grain size distribution, as well as anisotropy in
graln boundary energles with crystal orlentation and sample
texture (Wong and Pask, 1979; Abbruzzese and Lucke, 1986; see
App. 10).
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App. 9).

Eqs. (32)-(34) and (40) give:

L = (ay /L) merf

o (43)

Consistent with our experimental data, we assume that pores
remain attached to sweeping grain boundaries. For grain growth
occurring against drag due to such pores, there are two limiting

cases: boundary mobility control, and pore drag control.16

3.5.1 Case: Boundary mobllity control.

In Eq. (35), when:

MM > N (44a)
then H;” = M (44b)

and pore drag s unimportant In controlling the grain growth
rate. Instead, the intrinsic boundary mobility controls. In this

limiting case, the grain growth rate is:

16 In cases with mixed control, M;rr are smaller then elther MB or
(MP/N).



L = — MAL } (45)

Boundary mobility, Ma' is independent of grain size only when the

exponent m has the value two (Eq. 39).

When — as will often be the case — too few data are avallable
for grailn growth 1In a pore-free materlial, we will treat MB as an
ad justable parameter. In such cases, possible values for MB will
be bounded by experimental data (e.g. Yan et al.'s (1977)
normalized Fig. 8; see also Apps. 9 and 15). On the other hand,
from Eq. (47), when pore drag control can be assumed, the

scarcity of Ha data is less important (e.g. Yan et al., 1980).

3.5.2 Case: Pore drag control.

In Eq. {35), when:

ot , M ¢ N (46a)

then the effective boundary mobllity is controlled by pore drag:

ef f eff
= M

HB = M /N (46b)

In which the effective pore mobility is given by Eq. (36). In

this case, the grain growth rate is:



ay Mff
L, = 2 L (am
L2 N

For the 1limiting case of one controlling pore migration
mechanism, the effective pore mobility is equal to a mobllity
defined for elther surface (s) or lattice (1) diffuslion, or vapor

diffusion-evaporation/condensation (vd,ec) (see Eq. 36, 37):

H“r = M, { =8, 1, vd, ec : {48)

=

a !
L VP
I_2 N

Ly IR 4
1]

and so {49)

where H: is given by Eq. (37).

3.6 Numerical solutlon

In this work, we have assumed neither boundary nor pore drag
control of grain growth, in order to generate analytic solutlons.
Instead, we permitted mixed control. We have, however, assumed
that boundary diffusion controlled swelling, and that surface
diff _sion controlled the pore mobility. Both of these assumptions
are consistent with calculations wusing typlcai materlials
parameters values for aluminas, as well as values determined for

AVCO in this study (Apps. 15,16; Ashby, 1980; Ch.5). The two
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governing differential equations (Eqs. 8 and 43) then were solved
together numerically, for the three limiting cases of constant

Nv' N or fa microstructural trajecteries.

In the following chapter, we present the experimental data —
both raw values (such as density changes or grain size) and
microstructural parameters calculated from them (such as volume
fraction porosities or the fraction of four-grain Jjunctions with
pores). In the subseguent chapter, we present the numerical

results obtained from the model.
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3.7 Swelling model: Variables

a,alz dimensionless parameters in grain growth model which

convert local to global parameters (App., 9); a = a-a.
{-]

b radius of representative spherical shell in diffuslional pore
growth model; [m]

B overall pore growth rate constant; [(m%/(s(N-m"2)™];

B = B {T.Vv} = B-f{GDB{T}}'Ba{VV)

B dimensionless ratio of the grain boundary area 1in
polycrystal, per pore, to the area of the single grain
boundary plane in the representative sphe ‘‘cal shell of
radius b; {-]

83 dimensionless parameter in pore growth ratz constant; (-]

DB boundary diffusion coefficient; [mz/sj

DL lattice diffusion coefficient; [m’/s)

Ds surface diffusion coeffliclent; [mz/s]

8 width for grain boundary diffusion; [m]

differential grain growth parameter; [metres™)

fa fraction of four-grain Junctlions cavitated In ideal
microstructure; [-]

f, rate of change of f_ with tz: (dfa/dfz); im ™)

g{y} dimensionless dihedral angle correction factor for Pcap. for
a four-grain Jjunction pore; [-]

Ty mean energy of grain boundaries; [J/mal

¥, ~ mean energy of pore surfaces; [J/mzl
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J{r)} diffusional atom flux leaving pore surface; [atoms/m®+s)

log

m

Boltzmann's constant; [1.381E-23 J/atom:K]

rate constant for it pore mobility mechanism; [m/N-s]

rate constant for grain growth; [metres”/s]

pre-exponential in temperature-dependent rate constant for
grain growth; (metres’/s)

rate constant for surface diffusion controlled pore
mobility; [m/N-s)

length of facet edge in ideal, truncated-octahedral graln;
[m]

grain size: mean linear intercept on a random polish plane
in a real microstructure; {m]

initial mean linear intercept: fz(t = 0); [m)

base € (patural) logarithm

base 10 logarithm

grain size exponent in grain growth equation; [-]

MB,MBL mobility of pore-free grain boundary (App. 9); [ma/N-s]

Meff
B

el f

effective grain boundary mobility, with drag from attached
pores; [(m/s)/(N/m°)]
i==s,1, vd, ec

pore mobility controlled by lattice, surface or vapor

_diffusion, or by evaporation/condensation, respectively;

[m/N-s]
effective pore mobility, combining above M; at current
conditions (Eq. 36); [m/N-s]

chemical potential; [J]
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number of attached pores per unit area grain boundary; [m'zl
number of pores per unit area internal polish plane; [m2]
pore size exponent for I pore mobility mechanism; [-]
pore size exponent for surface diffusion controlled pore
mobility; [-]
number of pores per unit volume solid; !
atomic or molecular volume, or volume of controlling
diffusing specles (App. 15); [m*)
hydrostatic pressure applied externally to the polycrystal
and representative spherical material element; [N/mzl
global boundary driving pressure; [N/m°)
capillarity pressure in a pore; IN/m?)
effective pressure driving diffusional cavity growth; [N/mzl

internal gas pressure in a pore; IN/R)

Pnn component maintained by an internal gas-generating

reaction; [N/mzl

the lnert trapped gas component of Plnt; [N/mzl

(PV) (P -V ) product at start of anneal at T ; IN/m°)
1 Vo nt ¥ ann

W
%

1

dihedral angle at pore-grain boundary edge; [rad] or [deg]
activation energy in SDB{T}; [J/mol]

activation energy in grain growth rate constant, KL{T};
{J/mol}

activation energy in wDS{T}; [J/mol]

radius of average spherical pore; (m]

=P, L pore growth rate components due to Pu? and
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coalescence, respectively; [m/s)
gas constant; (8.3144 J/mol-K]
specific grain boundary area; [m2/m°)
time; [s]
temperature; (K] or [C]
global grain boundary velocity; [m/s)
volume of average pore; [mal
component of volumetric pore growth rate driven by effective
pressure; im>/s)
volume fraction of pores; [-]
width for surface diffusion; [m]
factor giving values for FL which are specific to different

limiting-case microstructural paths; (-]

starred variables are constants in a particular limjting

case (Sections 3.3.1, 3.3.2 and 3.3.3).
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4 Experimental results: swelling

Specimens in both AVCO and ARCO HPAs were annealed in air for up
to 600 h at 1250 and 1350 C.1 up to 400 h at 1400 C, and up to
300 h at 1450 C (Table 2-3). Tables 4-1,-2 give raw experimental
data; Tables 4-3,-4 give calculated mean microstructural
parameters. Figs. 4-1.1 and 4-1.2 show typlcal SEM
microstructures; Fig. 4-2, typical TEM microstructures. Results
are plotted in Figs. 4-4 to 4-16; experimental uncertainties in
these plots are discussed in App. 14. Varlables are listed in

section 4.1, following Table 4-~1.

Figs. 4-1.1 and 4-1.2 show typical Internal SEM microstructures
in AVCO and ARCO, respectively, after thermal etching. Both
as-received aluminas were close to theoretical density (Fligs.
4-1.14,4-1.2j). AVCO's pores were Intergranular. By SEM,
as-received ARCO contained a small number of large pores, either
within one grain or as larger flaws on graln boundaries, which
spanned several grains. Porosity and grain size increased with

time and temperature. Intergranular pores dominated swelling in

! Only ARCO was annealed at 1250 C.

82
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both aluminas; such pores had low dihedral angles, and some were
elongated (probably extending along three~grain edges, or

covering two-graln facets; Figs. 4-1.1a-1I, 4~-1.2a-1).

Pore sizes and locations in the as-received mlcrostructures were
determined from TEM micrographs (Flg. 4-2). The two HPAs were
very different. In AVCO (Figs. 4-2a,b), almost all as-recelived
pores were individual, Iintergranular spherical tetrahedra at
four-grain Junctions. However, as-recelved pores in ARCO (Figs.
4-2c-d) were almost exclusively small intragranular spheres,
occurring both as single pores and in clusters. As ARCO swelled,
and grain boundaries migrated, the porosity detected by SEM

gradually became intergranular (Fig. a-1.2a-1).°

For AVCO, as-recelved pore sizes were estimated directly from TEM
micrographs from one foil.? From these micrographs, the projected
area of each pore was estimated, and was converted into the

radius of an equivalent projected sphere. The distribution of

This transition is marked on ARCO's data in Table 4-2 (its Note
2), and corresponded to iz of 1.25 to 1.3, and Vv of 1.34 to
1.6 for that HPA. (Where the current values were normalized by
the corresponding initlal values; e.g. ia = té/E;L

The foil ion-thinned with no reglons of inltermediate thickness;
that is, which were electron transparent, but contalined a large
number of representative pores. The micrographs were taken from
the best avallable typical regions.
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equivalent pore radll is shown in Fig. 4-3a; the mean radius was

about 0.12 m.

Figs. 4-3b-d show as-received size distributions for ARCO' s
spherical intragranular pores — both for typical regions, and
for one large cluster.‘ Both overall pore size distributions, and
size distributions withln the large cluster, peaked at pore radil
between 10 and 20 nm, and no pores were seen with radll larger
than about 80 nm. A small number of intragranular pores were
faceted. The few intergranular pores were not spherical, but

chowed low dihedral angles (Fig. 4-2d).

immersion density change data (Fig. 4-4) wvere converted to volume
fraction porosities (Fig. 4-5) with formulae developed ln App. 7.
Both aluminas swelled more rapidly with time and temperature
between 1350 and 1450 C; AVCO swelled more rapidly than ARCO. At
1250 C, no measurable swelling occurred in ARCO, over the 600 h

time span of the tests.5

Fig. 4-6 shows grain growth kinetics. As-recelved grain sizes (as

mean linear intercepts, Eal were 1.6 and 1.0 pm for AVCO and ARCO

% These were calculated from micrographs similar to Figs. 4-2¢.d.
The number of pores in the clusters characterized is glven in
the caption to Fig. 4-3.

s For this reason, neo 1250 C data is shown for ARCO.
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respectively. At any temperature, graln growth was more rapid in
ARCO than in AVCO (as seen by comparing the normalized mean grain
slzes at the end of corresponding anneals, in Tables 4-1,4-2).
The difference was greater at higher annealing temperatures.
Graln growth exponents (m) were between 3 and 4 for both HPAs at
all temperatures (save at 1350 in ARCO, for which a value between

2 and 3 seemed more appropriate.)6

When plotted against mean grain slze, the volume f{raction
porosity was approximately linear, and was independent of
temperature (Fig. 4-7). AVCO's swelling rate (with respect to

graln size, {dVv/d'L'.z}) was about 5.7 times greater than ARCO's.

Pore number densities on thermally-etched, Iinternal polish
planes, N‘. rose steeply at short times, and then decreased more
slowly (Fig. 4-8). For ARCO, the rate of decrease was higher at
higher temperatures; however, in AVCO, thls trend was reversed
between 1350 and 1400. (While NA values at short times were low,

they were also uncertain; see below.)

In order to calculate the mean pore parameters r, Nv’ N and fs'

® The exponent values were estimated by plotting differential
graln size, A:{t.T). agalnst time, for zll half-integral values
of m over the range two to four (Eq. 3, in App. 9). For a given
material and temperature, the m value giving the most linear
plot was retained.
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we ldealized the final-stage polycrystal as consisting of
truncated-octahedral grains, with pores located only at
four-grain junctions (App. 1; Flg. 3-ia). We held specific graln
boundary areas equal in real and ideal microstructures at all
times. We treated pores as spheres except when estimating
capillarity stress {App. 3).7 We then were able to convert
{VV'NA'EZ} data into average, three-dimenslonal parameters of the
ideal porous microstructure which were relevant to the physical
swelling model (App. 6). These were: the mean pore radius, r; the
number of pores per unit volume, Nv; the number of pores per unit
area grain boundary, N; and the fraction of four-grain junctlons
with a pore, f3 (six such Jjunctlons were avallable per grain).
Figs. 4-9 to 4-14 show how these parameters changed during
swelling. In these figures, given the linearity between Vv and Ez
in Fig. 4-7, the x~axis 1s not time, but mean linear intercept
grain size, tz' emphasizing that grain growth was important

throughout swelllng.

In AVCO, calculated pore sizes were roughly linear in graln size,
and were independent of temperature (Fig. 4-9). AVCO's as-

received pores were close to but above the 'SEM detection limit’

7 We assumed that a spherical-tetrahedral pore, with a dihedral
angle typical of HPA, and a spherical pore of the same volume,
have similar stereological properties in practice (ﬁv; DeHoff
and Rhines, 1968, p.131).
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of approximately 0.1 um radius in both SEM and TEM data.® This
was not an SEM resolution limit, but involved the surface of the
ceramic belng plastically smeared” over small pores cut by the
polish plane during polishing, and this layer not being removed
from such pores in later thermal etching. The limiting radius was
implied by AVCO's 8h/1350C value of NA being falsely low, given
the corresponding bracketed (see below) points in Figs. 4-10 to
4-14. The mean TEM pore size (Figs. 4-2a,b; 4-3a), 0.12 um, was

consistent with these SEM radii at short times.

In ARCO, Figs. 4-1.2, 4-2 and 4-3 show that pores initially were
very small, and evolved, with grain growth, from primarily
intragranular to primarily intergranular. In specimens annealed
for short times, individual intragranular pores were hidden
beneath the plastic layer smeared In polishing, while pores in a
cluster which had been cut by the polish plane coalesced, to glve
a single, larger pore trace. Pores and clusters which reattached

to sweeping graln boundaries (Handwerker et al., 1984),10

® Handwerker et al. (1984) report a somewhat smaller detection

limit of r = 0.05 pm, for sintering studies in MgO.

° More pores were seen by optical microscope, durlng routine
polishing progress checks, after the thicker plastically
smeared layer from 3 um polishing had been thinned by 1 and
0.25 pm dlamond pastes.

'° The fine scale of ARCO's as-received pores suggested they

separated from sweeplng grain boundarles at an earlier stage of



coalesced to form larger, single intergranular pores. From SEM
micrographs, reattachment was largely complete by iz of 1.25 to
1.3, and Vv of 1.34 to 1.6 (Table 4-4's Note 2). Assuming
linearity after reattachment, the overall pore growth rate

(dr/diz} was no more than 1.6 times higher in AVCO than in ARCO.

In ARCO, interpreting the early stages of Figs. 4-9 to 4-16 was
complicated both by the SEM artifacts for intragranular pores and
pore clusters, and by initially intragranular pores reattaching
to sweeping grain boundaries. For example, in Fig. 4-9, we could
not simply extrapolate back to short times to estimate pore sizes

below the ‘'SEM detection limit’.

In Figs. 4-10 to 4-16, brackets mark questionable points.
Brackets signify different uncertainties in the two HPAs. In
AVCO, the 8h/1350C data point for HA appeared to have too low a
value (App. 6), and corresponding Nv' N etc. points were
bracketed to mark this experimental uncertainty. For ARCO,
however, pores reattached and coalesced as they did so, and this
was 1inconsistent with the microstructural evolution modeled.
Further, SEM micrographs could not be used to characterize its
intragranular porosity. ARCO's brackets denocte specimens in

which, based on SEM micrographs and trends in Figs. 4-10 to 4-14,

sintering. In this case, attachment during swelling is
reattachment.
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pore reattachment was still underway.

In Figs. 4-10 and 4-11, grain growth-driven coalescence
progressively reduced both the volume and boundary area number

1

densitles of pores, Nv and N respectively, in both aluminas.” At

the same time, the fraction of four-grain sites with pores, fs'
increased in all cases except AVCO at 1350 C, for which about one
pore per grain was present throughout swelling (Fig. 4-12).
As-recelved AVCO had about one pore per grain; By the time pore
reattachment was complete in ARCO, that HPA had about one pore

per grain also.

Log-log plots of N and f3 agalnst Ez permit testing experimental
coalescence data agalnst slopes for 1limiting constant-N and
constant-f3 trajectories (Figs. 4-13 and 4-14; App. 2). Both HPAs
showed progressive changes In swelling trajectories (paths) with
temperature. These distinct, temperature-dependent trajectories
were rather Insensitive to stereological errors arising from our
having treated nonequiaxed pores on the polish plane as if they

were equiaxed (Figs. 4-1.1,-1.2; see App. 13).

The path changes, with temperature, occurred in opposite

" 1n ARCO, the Nv' N and f3 — which are parameters for

intergranular pores — increased at short times, as

intragranular pores reattached to sweeping boundaries.
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directions in the two materlals. AVCO followed a constant-fa path
at 1350, was intermediate at 1400, and approached constant-N at
1450 C. ARCO, on the other hand, after reattachment, followed a
constant-N path at 1350C, was close to this at 1400, and near
constant-f3 ak 1450C, That 1is, at higher temperatures,
coalescence was occurring at a a lower rate, relatlve to graln
growth, in AVCO, but at a faster rate in ARCO. In other words, at
higher temperatures in AVCO, the polycrystal was losing pores by
2

coalescence less rapidly than it was losing potential pore sites'

by grain growth. In ARCO, once pores had reattached, the opposite

trend held.

For AVCO, all three swelling trajectories extrapolated back to
the same N and f3 origins at the as-recelved grain size, assuming
NA errors in the few early data points which were inconsistent.
No such common origins were evident for ARCO, when both N and f3

plots were considered.

For AVCO, this common point reinforced the consistency between
the TEM micrographs (Figs. 4-2a,b), SEM micrographs (Figs.
4-1.1a~j) and the porous microstructure modeled, In which pores
were at four-grain Jjunctions throughout swelling. It alsc

permitted a self-consistent set of microstructural parameters to

12 Four-grain junctions, the number density of which was ltnear in
the number density of grains {App. 1).
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be calculated, which were used as inltial conditions in the
numerically solving the model (V:. r. etc.; Table 5-1). In
contrast, for ARCO, the lack of a common initial peint, and the
initial TEM and initial SEM microstructures diverging from that
modeled (Figs. 4-2c,d; 4-1.2a-j) suggested that the model not be

applied to this HPA at this time.

Dihedral angles for gralin-boundary pores in both aluminas were
estimated from TEM micrographs (similar to Figs. 4-2) of a small
number of carefully selected four-grain junction and three-grain
edge pores. Following guldelines outlined in App. 14, the global

dihedral angles were determined to be: 3

¢ (deg)
ARCO AVCO
Experimental range 90-120 80-100
Value used in calculations —_ 90

Further work on the existing folls, preferably with a two-axis

stage, would refine these estimates. '

13 Full dlihedral angles, not half-angles.

14 However, we anticipate a distribution of dihedral angles
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The ratio (b/2): that is, the ratio of the radius of the solid
spherical shell of the average pore, b, to the length of the
facet edge of the ideal, equl-sv grain, ¢, is given in Fig. 4-15
(Figs. 3-1a,b; Apps. 1,6). The ratio of the grain boundary area
in this time-dependent solid shell, in the ideal microstructure,
to the area of the single, planar boundary disc in the solid
shell, B, 1s shown in Fig. 4-16. The value of B depends on the
value of (bs/2). From the geometry of an ideal four-graln
Junction, for (b/f) less than approximately 1.1, B has a constant
minimum value of approximately 1.8, For (b/f) greater than

approximately 1.1, B is about 1.6-(b/¢8) (App. 6's Eq. 20).

Both parameters decreased as swelling proceeded. Values of (b/¢)
were between 1.5 and 1, and fell to about 1 for long times and
high temperatures.15 Values of B fell from approximately 2.5 to
about 1.5. From geometric arguments (App. 6), B has a minimum
value of approximately 1.83, and we accept only experlmental

values above this floor.

We should be able to calculate B during swelling from an initial

N:. along a given path. However, for the present, we simplify the

{Handwerker et al., 1984).

15 Low NA would give falsely high (b/2) and B.
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numerical calculations by assigning B a constant value of 1.8.

The experimental results can be summarized:

« in both HPAs, swelling (as volume fractlon porosity) and
mean pore radius were linear in grain size and independent
of temperature.

+ pore coalescence was evident from the decreases in NA, Nv'
and N with increasing grain size, and the simultaneous
increase in fa'

+ coalescence rates {with respect to grain size), changed in
opposite directions in the two HPAs, with temperature,
bounded by consta\nt-f:i and constant-N limiting
microstructural paths. Coalescence was less rapid with
increasing temperature in AVCO, but more rapld in ARCO.

- In AVCO, TEM micrographs, and the common origins on N and
fa plots vs grain size, showed the microstructure to have
been consistent with that modeled.

« in ARCO, TEM micrographs showed that as-received pores
were mostly very small and intragranular. ARCO’s
microstructural evolution was more complex than that
modeled.

- global values of B = 1.8 and ¢ = 90° were determined for
AVCO, along with a consistent set of initial micro-

structural parameters (V:. r.. etc.; Table 5-1).



Table 4-1: Raw swelling data for AVCO HPA

94

= ~ 3
t L2 L2 10 (Ap/po) -NA
(h] {um] [-] (] (m2)
1450 C
S 1.90%0.17 1.480, 36 3.2
12 1.99£0.13 3.5320. 41 3.7
36 2.2120.21 4,680, 32 4.1
100 3.25+0. 45 9. 1940, 33 3.5
300 3.85+0.59 2.38+0.47 13.5%0.33 3.0
1400 C
5 1.54#0,05 0. 690, 22 2.8
16 1.68+0.09 1.95%0, 39 3.3
48 1.9640. 18 3.54+0.34 3.9
100 2.13+0.19 5.98+0, 20 3.4
200 2.60x0,. 44 7.85+0.21 3.3
400 3.00+£0.18 1.85%0.25 11.3%0.34 3.1
1350 C

{1}
8 1.7120. 11 0.32*0.11 1.2
24 1.72+0.12 1.04+0.11 3.2
T2 1.92+0. 14 2.13+0.12 2.7
200 2.1520. 16 4.02*0.11 2.5
600 2.45+0.24 1.5120.24 6,2420.04 2.4
A/R 1.6220.20 1.00 0.11

* %: normalized by the initlal value.
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Py, [Mg/m’] 3.9846(9)20. 0002

e [ " 1 3.9818(4)+0. 0004

Global relative uncertainties for parameter calculations:

We used approximate experimental uncertainties (¢{x}} for fé and
NA. taken for the entire data set for one HPA. The simplest way
to handle the time and temperature dependencies was to base the
uncertainty on the normalized grain size, Ez' For NA. a single
representatlive value was chosen. The global relative

uncertaintlies were:

_ c (Lz{t}} ~
L,: —2 = - 0.004 + 0.064 L {t}
L_{t}
2
¢ {NA{t}}
N, L = 0.15

NA{t}



Table 4-2: raw swelling data for ARCO HPA

96

— ~ 3 -10
£ L, L, 10°(8p/p) 107N,
(h) [m) (- (-] (m~2)
1450 C
(2)
5 1.32£0.04 0.7520, 48 2.2
10 1.43+0.07 0.94$0. 37 3.3V
21 1.9240.17 0.9120.27 3.8
50 2.44%0.18 1.82+0. 33 2.7
100 2.94%0. 41 2.930.37 2.3
300 4.08+0.29 4.08:0.41 4.38+0.37 1.7
1400 C
5 1.030.06 0.3720.14 1.0'"
16 1.14£0.11 0.66%0. 17 2.0V
(2)
48 1.5020. 14 0.8410.29 3.2
100 1.6920.16 1.2840.20 2.8
200 2.0840. 27 1.53%0. 15 2.5
400 2.3540.47 2.35$0.50 1.6620.23 2.2
1350 C
{1}
8 1.09%0.08 0.3220. 12 1.3
24 1.13£0. 01 0. 66+0. 15 1.9V
{(2)
72 1.2620. 08 0.4310. 21
200 1.37%0.09 0.5120. 14
600 1.99+0.25 1.9920.29 1.1130.16
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1250 C
10 0.990. 05 0.0320. 12 0.58"

30 0.91%0.03 0.3740.15 0.64‘
100 1.00%0. 04 0.49:0. 18 0.93'"
—————————————————————————— (2)
300. 1.0210. 04 0.102£0. 23 0.81'!
600. 1.00%£0.06 1.00£0.09 0.10%0.21 0.87"
A/R 1.00£0. 07

P [Mg/m”] 3.9893(9)%0. 0002

g I ") 3.9844(0)£0. 0008

Global relative uncertainties for parameter calculatlons:

(See note at this point in Table 4-1.)

B o {fz{t}} .
L: _— = 0.03 +0.03 L {t}
L {t}
2
o {N {t}}
N —_— = 0.15

NA{t}
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Table 4-3: Calculated swelling data for AVCO HPA

3 -16 -10

t 10 Vv r 10 Nv 10 N fg 8

(h] [-] (um) [m) (m?) (-] (-]
1450 C

4 2.19+0.53 0.1810.03 8.8612.27 8. 42+2.23 0.2410.08 1.95%0.22
12 4.24+0.49 0.2320.02 7.92:1.84 7.88+1.92 0.24£0.08 1,94:0.21
36 5.39+0.37 0.25%0.02 8.19:1.86 9.05%+2.19 0.3620.12 1.72:0.19
100 9.89%0.30 0,37:0.03 4.78%1.08 7.46%1.98 0.64%0.27 1.4020.20
300 14.2$0.35 0.4820.04 3.16%0.71 6.07+1,.62 0.70%0.34 1,36%0.22
1400 C

S 1.40%0.45 0.150.03 9.07+2.50 6.98+1.97 0.130.04 6.1320.71
16 2.66%0.53 0,200.02 8.42:2.07 7.07+1.80 0.16%0.05 4.0320.43
48  4.25%0.41 0.23%0.02 8.5611.97 g.34+2.02 0.25%0.08 2.4620.30
100 6.69%0.22 0.310.02 5.55:1.25 5.91+1.41 0.2120.07 2.4120.27
200 8.85+0.23 0.35:0.03 4.69:1.06 6.10%1.50 0.32+0.12 2.1020.25
400 12.0$0.36 0.43#0.03 3.6120.81 5.41*1.36 0.38:0,15 2.000.26
1350 C

8(3) 1.03+0.35 0.200.04 2.97:0.84 2.54+0.74 0.060.02 3.13%0.36
24 1.75%0.19 0.16%0.02 9.9122.29 8.52+2.04 0.20+0.06 2.08:0.21
72  2.84%0.16 0.22#0.02 6.03%1.37 2.79%1.38 0.17%0.05 2.2020.23
200 4.73+0.13 0.30%0.02 4.1620.91 4.76%1.07 0.17%0.05 2.2220.24
600 6.95%0.04 0.37%0.03 3.23:0.73 3.96+0.96 0.19:0.07 2.1220.25

.7220.11 0.12"¥
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Table 4-4: Calculated swelling data for ARCO HPA

3
Vv r 10 v 3

(h] [-] (um] [m™) CE (-] [-]

t 10

1450 C
(2)

.05£0.02 3.34%0.49
.10£0,04 2,57+0,32
.31£0.11 1.78%0.22
.33£0.13 1.75%0.23
.39%0.17 1.66%0.24
.57+0.29 1.46%0.25

s ¥2.0041.28
10°%'2. 1920. 86
21 2.1620.64
50  3.07#0.56
100 4.18%0.53
300 5.63%0. 48

.21%£0.07 5.28%2.07 3.49%1.39
.18£0.04 9.28%2.77 6.59%2.03
.16£0,03 11.5+3.11 11,0%3.12
.23%0.03 5.80+1.41 7.08%1,87
.29%0.03 3.91%0,91 5.74%1.50
.40+0,03 2.1420.49 4,.37#1.20

o O O O o o

1400 C

5 ¥1,6220.61 0.2810.06 1.80%0.53 6.98+1.97 0.008+.003 6.13+0.71
16'71.9120.49 0.21£0.03 4.69%1.22 7.0721.80 0.03+0.01 4.03:0.43

(2)

48  2.09#0.72 0.18%0,03 9.07£2.57 8.3922.02 0.12+0.04 2.46*0.30
100 2.5340.40 0.21%0.02 6.75%1.61 5,91%1,41 0.1310.04 2,4120.27
200 2.77%0.27 0.23$0.02 5.43%1.25 6,10£1.50 0.19£0.07 2.10#0.2S
400 2.9120.40 0.25%0.03 4.3811.03 5.41+1.36 0.22+0.09 2.00%0.26
1350 C

8 ‘¥1.5710.59 0.2420.05 2.7120.79 1.4840.44 0.014+.005 5.06+0.59
24'31.91£0.43 0.22$0.03 2.3421,09 2.45+0.64 0.024+.008 4.17:0. 44

{2}
72 1.6810.82 0,.1720.04 8.2842.75 5.22%1.77 0.06+0.03 3.01%0.39

200 1.76%0.48 0.18%0.03 7.24+1.91.4.9621.35 0.07:0.02 2.9010.33
600 2.36%0.34 0.2210.02 5.20+1.23 5.17£1.31 0.16x0.06 2.23%0.27

A/R  1.25%0.21 0.01-0.02%%
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Notes

A/R =» as-received

(1)

(2)

(3)

(4)

% normalized by the initial value,
The microstructural evolution modeled is consistent with that
seen by TEM and SEM in AVCO . Figs. 4-10 to 4-14 show this

value of NA to be falsely low.

ARCO's as-received porosity is almost exclusively
intragranular (Figs, 4-2c,d; 4-1.2jJ). Significant inter-
granular porosity is seen by SEM in ARCO only for
L, 21.25-1.3 and ¥V, 2 1.34-1.6; that is, for data below this

line (Figs. 4-1.2a-1i)

From Note (1), calculated r, Nv' N and f3 are unreliable at

this temperature and time. App. 6 indicates the directions of

the anticipated errors.

From TEM micrographs (Fig. 4-2). As-received pore size
distributions are not Gaussian in either HPA (Fig. 4-3).
Small pores are dominant. No standard deviations are
calculated. For ARCO, modal, not mean radii. For AVCO, mean

radii.
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Variables

Variables are as llisted In section 3.7, except for:

A/R

normalized grain size; l.e. [E/E;; (-1
absolute density; [g/cm3]

absolute initlal density; [g/cm’]
absolute theoretical density; [g/cmal
change in absolute density; [g/cm3]

absolute uncertalnty In an experimental data point

"as-recelived”
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Fig. 4-1.1 (cont'd on next page)
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Fig. 4-1.2 {cont'd on next page)
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Fig. 4-2: TEM micrographs of as-received HPAs.

a,b) AVCO c,d) ARCO.

nir) o} ‘ 1
4 l—‘j_\_hv LE) [
] i [
[
Ffom) nir) « J AT
r g
o1 0

0 1 40 0 W
r {nm)

Fig. 4-3: Pore slze distributions in as-received HPAs, determined
from TEM micrographs.
a) AVCO, typical (20 pores; 2 micrographs).
b) ARCO, from one intRAgranular cluster (27 pores).
c,d) ARCO, typical (19 pores, 24 pores; 2 ugraphs).
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Fig. 4-4: Experimental immersion density changes in annealed ARCO

and AVCO HPAs,

as a function of annealing time and

temperature.
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Fig. 4-5: Calculated volume fraction porosity, Vv.

600.

in annealed

ARCO and AVCO HPA, as a function of annealing time and

temperature.
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Fig. 4-6: Experimental grain growth in annealed ARCO and AVCO
HPAs: mean linear Intercept, Ez' on internal,
thermally-etched polish planes, as a function of

annealing time and temperature.
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Fig. 4-7: Experimental volume fraction porosity, Vv' as a

function of mean grain size, fz. in annealed HPAs.
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Fig. 4-8: Experimental number of pores per unit area of internal,
thermally etched polish plane, N‘. as a function of
time.
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Fig. 4-9: Calculated mean pore size, r, as a function of mean

grain size, Ez' in annealed HPAs. The solid dot is the

as-received pore size determined by TEM.
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Fig. 4-10: Calculated number of pores per unit volume

porous

polycrystal, Nv' as a function of mean gralin size, Ef
in annealed HPAs.
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Fig. 4-11: Calculated number of pores per unit area

boundary, N,as a function of mean grain size,

grain
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Fig. 4-12: Fractlon of four-grain junctions which hold pores, per
ideal, equi-Sv, truncated-octahedral grain, fs' as a

function of mean grain slze, Ez'
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Fig. 4-13: Log-log plot of mean number of pores per unit area
graln boundary, N, as a function of mean grain slze,
L.
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Fig. 4-14: Log-log plot of fraction of avallable four-graln

junctions with pores per

ideal grain, fa' as a

function of mean graln size, Ez.
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Fig. 4-15: Ratlo of the radius of the representailve spherical
shell, b, to the facet edge length of the equi-Sv

ideal grain, ¢ as a function of grain size.
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Filg. 4-16: Ratlo of grain boundary area ln a volume equal to the
spherical shell, in the ideal microstructure, to the
area of the single boundary disc in the model

spherical shell, B, as a function of grain size.



5 Numerical results

In this section, we briefly review the swelling model, describe
cases for which numerical solutions were generated, and sketch
the dimensions of the computing involved (code size and run
times). Then, we present the numerical results. In App. 17, we

describe how values were determined for the parameters, Variables

are listed in section 5-3.

5.1 Overview

We integrated numerically the coupled differential equations for
pore and grain growth rates (Eqs. 8 and 43 in the swelling

model), using a fourth-order Runge-Kutta integration algorithm:1

! DEC RT-11 Scientific Subroutines Package: Subroutine RK2,
p. 3-32 in SSP Reference Manual DEC-11-ARSMA-A-D. The
Runge-Kutta algorithm was tested against analytic results for
the limiting case of drag-free grain growth (Egs. 43 and 44b in
the swelling model). As well, the constraints imposed at each
time step in order to generate specific coalescence paths
(constant-Nv, -N or 'fa) were tested against theoretical (log N
- log Lb) slopes (see Fig. 4-11 and App. 2).

114
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e

= rp{r’Perr""} + rL{r.La,Lz.path} (1)

-

- = . ueff
and = (a 1B/L2) MB {MB.MP(r).N} (2)

Nl-l

As initial conditions, we used experimentally determined mean
pore and graln sizes and volume fraction porosity (Table S-1). We
assumed surface diffusion control of pore mobility, but permitted

mixed control of graln growth.

In most runs, we assumed that the internal pore pressure (Eq. 19
in the swelling model) included only an inert trapped gas term;
{.e. that no gas was generated Iinternally (F'?nt = 0). For
comparison, 1in some runs we approximated a gas-generating pore
reaction (accompanied by inert trapped gas) by assigning a
constant, nonzero value to ant (Figs. 5-9, 5-10 only). The
two-term Plnt permitted modeling a range of pore gas mixtures,
which could contaln inert (e.g. N2 or Ar) and reactive components

(e.g. 02) or reaction products (COx. SOx; Coble, 1962; Rice,

1969: Bennison and Harmer, 1985b).

In all cases (whether or not we assumed that gas was generated 1n
pores during swelling) we solved the model for three limiting
mlcrostructural paths — the two which bounded our experimental
data, constant-N and -fa' and, for comparison, constant-Nv. from

which coalescence was excluded. Polycrystals swelling with very
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little grain growth would follow constant.-Nv paths at pore volume
fractions low enough to exclude immobile pores touching by pore
growth alone. Constant-Nv results show the consequences of
neglecting coalescence in the model, by contrast with constant-N

and --f3 results.

All constant-f3 cases were calculated for an fa equivalent to
approximately one pore per grain (Table 5-1; Fig. 4-—10).2 For
AVCO HPA, fa retained this value only in experimental data for
1350 C; however, variable-f3 runs for the other temperatures were

bounded by constant-N runs (App. 2)}.

We solved the model to 600 h of swelling, with a fixed time step
of 60 s (the results were unchanged for time steps ranging from 1
to 60 s}, The program was coded for speed; that is, with only one
function (for Ba) and no subroutines. The source flle was about
750 lines, or 20 kB. Run in double precision FORTRAN 77 (Lahey
LP77), 100 model hours required about 2.5 minutes on a
12 MHz-80286/8 MHz-80287 microcomputer.3 Adaptive step-size

control likely would give faster runs (Press et al., 1986: p.

? This f3 value was used in all the numerical calculations
presented here. Comparable runs for AVCO at different f3 could
not be made simply by changing only f3: many key varlables wvere
geometrically coupled (e.g. f; and V:. for constant r_ and E:).

3 VAX 8650 runtimes, in double preclsion F77, were about 15 times
faster, and gave identical results.
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554).

TEM data (Fig. 4-13) showed that AVCO's — but not ARCO'S -
as-recelved porosity was intergranular, as we assumed in the
model. We therefore fit the numerical results only to AVCO’s

experimental data.

5.2 Numerical results

The numerical results plotted in Figs. 5-1 to 5-8 are for runs
with only inert gas trapped In pores ((Ple)ehp = 0.02 MPa;
P = 0). Figs. 5-9 and 5-10 assumed the same inert trapped gas,

but included nonzero values for ant as well.

In Fig. 5-1, grain growth was more rapid when coalescence was
excluded (constant-Nv). and slowest for rapid coalescence
(constant—fs). This occurred Dbecause Perr' and with it,
pressure~driven pore growth rates, FP, fell raplidly to low values
(Figs. 5-2,-7,-8). Subsequently, coalescence-driven pore growth
rates and Perr (and so, }p) remained higher for constant-f3 cases
than for constant-N (Figs. 5-7,-8), and were higher than when

coalescence was excluded. Graln growth was slower in

microstructures with drag from larger pores.

Fig. 5-2 shows the ratio of coalescence to pressure-driven pore
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growth rate compeonents, (FL/;P). The ratlio rose steeply from
values of about 0.01, to values in the range 1 to 2, after a time

4,5

which depended on the trajectory and temperature. That s,

when coalescence was Included, the ;p term never became

negligible, relative to the coalescence component of pore growth

rate, ru

The linear relationship between porosity and grain slize, observed
experimentally, was found only for small, but stlll reasonable
values of the grain boundary diffusion coefficlent (Figs. 5-3,-4;
Apps. 15,17). (During fitting, smaller SDB were compensated for
by larger (PiVV)ﬂm; App. 17.) For such ‘linear’ values of GDB.
}P remained high for long periods, and, while high, masked the
differences in purely coalescence pore growth rate component, ;L.
between different microstructural paths (Figs. 5-3,-4). When
coalescence was excluded by holding Nv constant, swelling and
pore growth ceased by the time the microstructure reached a
temperature-independent grain size of about 2.5 pm. Coalescence

permitted swelling to continue.6

4 For constant—f3 paths, though x, is higher than for constant-N
(Ch.3's Eq. 31), P_ . remains higher alse (Fig. 5-8).

S For constant-Nv cases, the ratilo (?L/?P) was 2zero throughout
swelling, by definition (Eq. 31 in the swellling model); curves
for these cases could not be plotted on this figure.

® See the final paragraph in App. 17.
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The area number density of pores, NA (Fig. 5-5), depends both on
pore size and volume number density, Nv {(DeHoff and Rhines 1968,
p.131). For spherical pores:

N = N - 2r (3)

For constant-Nv trajectories, the numerical N“ curves in Fig. 5-5
rose rapidly at short times, due solely to pressure-driven pore
growth (Fig. 5-2). When the trapped gas driving force had
dissipated ltself, and the effective pressure had decreased to
zero (Figs. 5-7,-8) NA was constant, and the curves were flat.
Because the injitial anl was weakly temperature dependent, at
higher anneuling temperatures, a slightly higher constant value
of NA was reached. For constant-N and -f3 cases, however, the
curves passed through maxima, as the decreasing, pressure-driven
pore growth rate was overtaken by graln growth-driven poreK
coalescence (Fig. 5-2), which reduced Nv more rapldly than it
increased mean pore size.! (From Fig. 5-2, at such long t,
coalescence-driven }L increased to values of between one and two

times FP.) For a given path (constant-N or -fa) the grain growth

7 The fit is more difficult to gauge in this figure than in Figs.
S-1, 5-3, and 5-4, but again 1s best judged by the overall
position of experimental points, for one temperature, within
the curved, fan-shaped reglon which is bounded by constant-N
and -f3 curves for that temperature (see also Figs. 5-11,-12).
The fit is good for 1450 and 1400 C points.
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rate increased with temperature (Fig. 5-1), and with it the time
rate of coalescence, S0 Nv and NA fell to lower values. All
constant-fa curves were below constant-N curves, showing that the
higher rate of coalescence is not offset by the higher pore size
(Fig. 5-4) and drag (Fig. 5-6). However, a material such as AVCO,
in which the pore coalescence rate changes from constant-fa te
constant-N as the temperature increases, will show a minimal or

reversed dependence of NA vs time on temperature (Figs. 4-8,5-5).

Yan et al. (1980) assume pore drag control of grain growth, in

order to generate analytic solutions. However, in the current

numerical calculations, we retalned mixed control. Fig. 5-6
el f

compares the mixed, effective boundary moblility, Ma , to the

values it would have had, had we assumed drag control.

In the phenomenological model for pore drag, the effective

boundary moblility takes different values for the two limiting

cases. For purely grain boundary mobillty control, M;rr — MB.

while for pore drag control, H;rf — (MP/N). For mixed control:s

M
eff _ P

N + MP/ HB

(4)

In such cases, M;rr is smaller than in either of the two limiting

8 We assume one controlling pore mobility mechanism; 1i.e.

M:" — M, (Ch.3's Eq. 36).
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cases. Fig. 5-6 shows the ratioc of the effective boundary
mobility under mixed control, to the instantaneous values the
mobility would have had in these microstructures, if pore drag

had been controlling:

o of £
M2 = MB / (MP/N) (5)

An ﬁz value of cone denotes pore drag control; a value of zero
denotes no gralin growth, Initlally, because the pores were small,
the systems were under MB control.’? However, they evolved rapidly
to relatlvely stable mixed control at ﬁa =% 0,6 to 0.8, which was
closer to drag control for constant—f3 than constant~N cases, and
at higher T.

Figs. 5-7 and 53-8, showing how the internal, P capillarity,

int’
PCap and effective pore pressures, Perr' evolved durling swelling.
In Figs. 5-7a and 5-8a, the magnitudes of all three pressures
decreased sharply during the initial, pressure-driven pore growth

translent. Figs. 5-7b and 5-8b magnify the y-axls, showing how

trajectory and temperature Iinfluence these pressure changes.

® We can define an effective boundary mebility normalized by the
boundary mobility of the pore-free matrix:

ﬁ1 = M;"/ M (fla)

= 1 - Mz {f1b)

For low M, Mff =M .
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Figs. 5-7c and 5-8c, enlarge the y-axis again, showing only P.".

The ranges of the initial pressure components, P:nt and P:rﬂ
were about 1 MPa, on magnitudes of approximately 24 and 18 MPa,
respectively.10 As the initial Piap were constant, these narrow
pressure ranges reflect the small temperature difference between
THP and annealing temperatures, which affected the trapped gas
component, P:“t (App. 4.1

Pt decreased rapidly (as r°), and with it, P The magnli tude
of Pcap decreased more slowly (as r'; Figs. 5-7a,-8a). In
constant-Nv cases, in which coalescence was excluded, Perr
decreased to zero at a rate dependent on GDB and temperature
(Flgs. 5-7c¢,-8c). In contrast, when coalescence was 1included,
Perr fell to low, but nonzero values, remaining some 3 to 10
times larger for constant-f3 than for constant-N cases, depending
on the temperature (Figs. 5-7c,-8c].12 The higher Parr' in

constant-f3 cases, was primarily due to coalescence reducing the

1% These ranges are given by the palr of braces near the start of

the curves, in Figs. 5-7a and 5-8a.

11 This is the basis for the small temperature sensitivity of long

term NA in Fig. 5-5, for constant-Nv cases .

12 | jnearity in experimental {r-tz} and {Vv-fz} results set an
upper limit to 6DB. and so set maximum rates for pore pressures

decreasing, given a fit P:“.value.
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magnitude of Pcap more rapidly than for constant-N cases,

throughout swelling: i.e. after Pim had dissipated itself (Fig.

5-8b).

Fig. 5-9 end 5-10 present results for swelling simulations in

which chemical reactions were assumed to maintain a constant

I

partial pressure, Pim, in addition to inert trapped gas, th.

The swelling model was integrated numerically, without changing
the other parameter values for the inert trapped-gas case
(Table 5-1). Progressively larger values of Pim were assigned in
different runs, over the range 0.1 to 10 MPa. In Fig. 5-10, Pi“

had a value of 1,0 MPa,.

In Fig. 5-9, for all three temperatures and all trajectories, a
constant reaction pressure, Pi“, of 0.1 MPa caused a small
increase in the time rate of swelling, relative to inert gas
cases. Much larger increases in swelling rates occurred for Pim
of 1.0 MPa, and the effect was more extreme at higher
temperatures. For pressures somewhat greater than 1 MPa, for
constant-N and -f3 cases, continuous three-grain edge channels
likely would develop at 1450 C over the range of swelling times
caleulated, permitting gas to escape from the sample. For the
same Pi“ and time scale, this would net develop at 1350 C. For a
G

P of 10. MPa, swelling was very rapid at all three

int
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13
temperatures.

For ant large enough to alter swelling rates f{rom the linert
trapped gas results ( > 0.1 MPa) the relative positions of curves
for the three trajectorlies, at any temperature, depended on the
value for EDB{T}. For ‘linear’ GDB{T}. pore coalescence made a
difference to swelling, in the transitional pressure range (ant
= 1. MPa), only for constant-N cases. In this range, the
relative position of constant-f3 curves was different from
inert-gas and higher, nonlinear GDB cases, beilng closer to

constant.—Nv curves., The physical basis for these differences lis

unclear.

Fig. 5-10 shows Peff against time and graln size, for cases in
which the chemically-maintained ant was 1 MPa; that lis, ant was
sufficiently large to ralse swelling rates significantly from the
inert gas case, but was not large encugh to cause catastrophic
swelling (Fig. 5-9). As expected, for a ant of 1 MPa, effective
pressures were higher in all cases than for corresponding lnert

gas cases. (For coalescence cases, the (fa/N) pressure ratlo was

approximately two, at any given time.) In constant-Nv cases, Perr

3 The current model applies only to a final stage microstructure,
and would require modifications for continuous three-edge pore
channels forming, and for gas release, in order to handle such
severe swelling., At the maximum ‘.F‘lr values in Fligs. 5-9, 0.05, a

final stage microstructure should still hold.
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did not decrease to zero; Peﬂ.for constant-N were about half of
the ant value of 1.0 MPa, but for constant-fa cases were
approximately equal to ant. The higher pore drag developing with
chemically-maintained pore growth rates, particularly at higher
temperatures, is evident when 600 h grain sizes are compared in
Figs. 5-10b and 5-8¢c. In considering how a gas-generating
reaction could be distinguished from trapped inert gas, using
experimental swelling data, the figure should be compared to
Figs. 5-7c and S5-8c, which show corresponding curves for inert

pore gas.

For all these cases, for a 6DB{T} low enough to give linear
{r-EZ} and {Vv—ﬁz} results, consistent with experimental data,
effective pressures declined monotonically. However, other runs
(whose results are not given here)} used Cannon et al.'s (1980)
higher GDB (App. 15). 1In these runs, the corresponding results
were not llnear, and, for some paths, and at high T, Pu? did
pass through minima, and then increased, as the driving force
component due to inert trapped gas largely dissipated itself, and
then the constant, chemically-maintained component continued to

drive pore growth, so reducing the magnitude of the capillarity

component.
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5.3 Varlables

Variables are as listed in section 3.7, with the following

additlions:

< 4

effective boundary mobility, normalized by the Iintrinsic

boundary mobility in the same microstructure; [-]

ﬁz effective boundary mobility, normalized by its value In that
microstructure if pore drag controlled; (MP/N); [-]
(Plvv)ehp Plnt.vv product at the end of the hot-pressing

2
cycle, at T ; [N/m°]

THP hot-pressing temperature; [C]

Super/subscripts

x°,x For materials parameters: pre-exponentlal.
For microstructural parameters, an initlal value.
X For diffusion parameters, denotes ‘Lattice’.

For other parameters, denotes grain size as Ez' not G.
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Table S5-1: Values used in numerical integration, for AVCO HPA.

' = 2.12:107%° () App. 15
&D; = 5.5:10°  (m*/s) " 15
Q = 500. (kJ/mol] " 15
WD) = 7.5:10°  [m*/s] " 15
o = 650. [kJ/mol] "o1s
gly = 90°} = 0.3 [-] " 3
7,= 7= 1 [J/m°) " 15
a = 0.3 [-] "9
B = 1.8 [-] " 5
K= 3.8:10°  [m°/N-s] " 9,15
Q =Q = 577.  [ki/mol] " 9,15
n = 3 -1 "9
(PV,),, =0.02  [MPal “og
THP = 1500 (C] Dorre and Hubner (1984) p.204
Pl = 0.0, 0.1, 1.0, 10. [MPa] " 5

Self-consistent initial microstructural parameters (AVCO):

- N° = L1nl7 -3 o _ 10”3 o
N, = Nv 1.08-10 fm "} vv 0.78+10 [-]
N = N° = 8.77-10'° (m~2) r =0.12 [um)
¢ = ° = - i® =

f,=1,=0.18 (-) L =162 [pm]
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6.E+10

Fig. 5-5: Number of pores per unit area internal polish plane,
NA. as a function of time and temperature. The small
arrow shows the common initial NM

Lt Il Lo (jum)

Fig. 5-6: Effective grain boundary mobllity, H;rr' normalized by

the boundary mobility for pore drag control, (MP/N), as
a function of (a) time and (b) grain size.
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Filg. 5-10: Effective pore pressures as a function of (a) time and

(b) grain size, when AVCO's internal pressure includes

G

both inert gas and a transitional Pnn value of 1.0

MPa.



6 Discussion

This section is divided into two parts. In the first, 6.1, we
review the model, and discuss, for example, detail in the model
vs parameter uncertainties, paths and coalescence, and the
internal pressure term. We also summarize what the numerical
simulations have established about the physical processes in
swelling with ongoing coalescence. In the second part, 6.2, we
discuss the original questions listed in section 1.1, concerning

swelling in creep fracture. Variables are listed in section 6.3.

6.1 General

6.1.1 The swelllng model

The swelling model developed in Ch.3 includes two pore growth
rate components — one diffusional, driven by pore pressures
(;P). and one from grain growth driven coalescence (;L; varliables

are listed in section 3.7):

(1)

s
n
e
+
-

135
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The pressure-driven component, which has been included in varlous
forms in previous swelling models (section 1.2.4) 1is:
6DB

® F ’ Perr (2)

e

in which the effective pore pressure ls:

eff = F’lnt.- Pcnp- Papp (3)
The internal pressure component, Pm_. is the sum of a term due
to trapped inert gas (P:nt) and a term due to gas generated in

pores by a chemical reactlon (ant; Apps. 4,5):

R G
Plnt{t} - Plnt * P (42)
{(PV)
= 1 VYo P(: . (4b)
v it} "

In the current calculations, when P‘:m was assigned a nonzero
value, it was constant. A pore pressure term with this
flexibility has not previously been included in swelllng or

sintering models.

A pore growth rate component due to grain growth driven
coalescence has been included in previous pressureless sintering
models (section 1.2.2), but only in swelling models for nuclear

fuels (Rest, 1986). In the current model, it lis:
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. r) -
r,o= X [T‘] Lz (5)
Lz

in which the value of X, depends on the microstructural path

(constant-Nv. -N or -r3; Ch.3, Eq. 31). The grain growth rate,

La' is:

- _ - eff
L = ( aLwa / La) MB (6)

in which the proportionality factor for normal grain growth, a .

is on the order of 0.3 to 0.4 (App. 10), and the effective

boundary mobillty, M;rr. is (App. 9):
Merr
eff _ P
Mg = off (7

N + (MP / MB)

Surface diffusion control was assumed for the pore mobility, MP.

r

simplifying M:r to MP in Eq. (7). Mixed MB/pore drag control was

retained; pore drag control was not assumed.

Numerical solutions were generated by integrating together
Eq. (1) for the pore growth rate and Eq. (6) for the grain growth
rate. Initial conditlions were determined from experimental data.
The adjustable parameter, (Plvv)ehP (approximately equal to
(PIVV)O. which controlled the initial pore pressure; App. 4) was

determined by fitting numerical to experlimental swelling data
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(App. 17).}

While the model was tested only for swelling in hot-pressed
alumina in this report, it can be applied to other materlals by
using sultable values of material, microstructural and process
parameters. The current model 1includes only diffusional
densification; for swelling, it is unlikely that dlslocation

creep will contribute to pore growth (Arzt et al., 1983).

However, the model is is sufficiently general to be applied not
Jjust to swelllng, but also to pressure sintering. While grain
growth always results in larger mean grain slzes, pores may
either grow or shrink, depending on the effective pressure.
Because this flexibility is already included, the current
numerical code should be directly applicable in simulating

pressure sintering.

While early swelling at high relative densitles can be modeled
with Just a final-stage microstructure, a sintering
microstructure passes first through initial and Intermedlate
stages. Current HIP maps (e.g. Helle et al., 1985) include

nelther grain growth-driven pore coalescence, nor an intermediate

! GDB. while a materials parameter, also was treated as an

ad justable parameter. See sectlion 6.1.2, below.
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stage.z The current swelling model permits including coalescence
in the final stage. It also should be extensible to

intermediate-stage pressure sintering.

The minimum work which, as a starting point, likely could be
modified to generate a pressure-sintering model similar to the
current one, but for the intermediate stage, includes:

1) Occhionero’s (1984) modification of Yan et al.'s (1980)
pressureless final-stage model to pressureless
intermediate-stage sintering, and

2) Wilkinson's (1978) final-stage, diffusional pressure-
driven model for a spherical material element (used
here). In modifying this to a cylindrical geometry,
reference should be made to Tucker’s (1981) analysis of

pore channel geometries in intermediate microstructures.

For intermediate-stage pressure sintering, that the model
currently includes only diffusional densification will have to be
checked for different materials. Arzt et al. (1983) claim that it
is unlikely that a component being pressure-sintered will enter

final stage during plastic flow. However, their model includes no

? For metals which deform by dislocation creep in pressure
sintering, omitting the intermediate stage is a reasonable
modeling approach. However, it is likely that an intermediate
stage will improve maps for materials like ceramics, in which
densification is diffusional,
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intermediate stage, and it is not clear whether that conclusion

holds for a pgeneral compact (metallic or nommetallie).

A HIP instrumented to give continuous shrinkage data during a
run, at higher temperatures and relative densities than in, for
example, Hsu and Solomon (1983), would permit efficiently testing
such a sintering model. However, generating the other
microstructural data required (data for pore and grain sizes, and
pore geometries, and so internal polish planes, as was done here
for swelling) would require many HIP runs — one per specimen.
Experimentally, series of such samples are generated far more

easily from pressureless anneals than from pressure sintering

furnaces.

6.1.2 Detail in the model; parameter uncertainties

It is important to consider what level of detail is meaningful in

a model in which many parameters are uncertain.

Taken as a whole, the model is more detailed than many previous
swelling and sintering models (section 1.2). The detail includes
(1) mixed control of grain growth (Eq. 7; instead of assuming
pore drag control), with (2) a two-term internal pore pressure
(Eq. 4 and section 6.1.8, below) and (3) three limiting

microstructural paths (Eq. 5). We now discuss each of these in
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turn.

Mixed control of graln growth was included for generality. The
model can be applied elther to swelling or pressure sintering.
Including mixed control permits determining how Hs vs pore drag
control affects microstructural evolution, and permits testing
any system for whether pore drag control can be assumed.® For
example, had we assumed drag control in the current numerical
simulations, the predicted graln growth rates would have been
ﬁz'i times larger than for the mixed control plotted. That lis,
from Fig. 5-6, predicted grain growth rates at short times would
have been, say, an order of magnitude higher. For swellling, this
would have resulted in our fitting a higher boundary moblility
activation energy, and lower surface diffusion coefficlient, 1n
order to hold down numerical grain growth rates. Were this model
applied to pressure sintering, assuming pore drag control would
predict similarly high grain growth rates towards the end of
final-stage densification, during which the microstructures would

be similar to those early in swelling.

Retalning mixed control likely did not make a major difference in
the current work, due to the rapid dominance of pore drag (Fig.

5-6). However, 1t is as fast to solve numerically for mixed as

3 Setting M;rf equal to (M/N) in the numerical model will
maintain pore drag control.
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for pore drag control, and quick to test for the importance of
either. Also, from Fig. 5-6, mixed control with a grain slze
dependent Mn may be important In the pressure anneals suggested
below as a way to generate a wlder range of predamaged

microstructures for creep damage studles (section 6.2.4).

The form chosen for Mn permits using simple experimental graln
growth data directly in predicting swelling or sintering behavior
(App. 9). Having MB dependent on grain size affects the value of
st £1t.% van et al. (1983) and Handwerker et al. (1984) develop
sintering models which use a more complicated form for an M
controlled by segregated solute drag. However, data for M8
typically are quite limited (Yan et al.., 1977). Having a full
numerical simulation available permits estimating the
experimental accuracy required lIn MB data, though this |is

complicated by MB's interaction with wDS.

The two-term P““ (Eq. 4) permits modeling a wide range of

possible pore atmospheres, including:

1) inert trapped gas, P:nt (e.g. N2 or Ar, as lIndustrial

furnace atmospheres}),

 For m = 3, M, varles as i;d. so wD_ can have a higher value
(less pore drag need develop at longer times, at given N and r)

than would be fit if HB were independent of graln size.
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2) gases generated by chemical reactions (e.g. COx. SOx. As
a limiting case, P?nt Is assumed to be constant,
corresponding to time-independent activities of all
reactants at the pore surface.)

3) mixed cases (e.g. trapped air, with the N, remaining

inert, but the 02 reacting with dissolved C or S).

As we discuss below (section 6.1.6), although the behavior of
pore gas mixtures 1s more complicated than just sketched, such a
Pnn likely is a reasonable first approximation,

Constant-N and constant-f3 paths bounded experimental swelling
data; constant-Nv s a hypothetical case when grain growth occurs
during swelling. Stereological errors due to nonequliaxed pores
are anticipated to be small in the current data. That 1is, the
temperature dependence of experimental coalescence rates are not

stercological artefacts (App. 13).

It is not clear why these paths should be bounding, and why paths
in ARCO and AVCO should vary in opposite directions with
temperature. Intergranular coalescence is poorly understood at
present. The elementary topological process in grain growth has
been described as a polycrystal replacing a triangular boundary
facet with a three-grain edge (Rhines and Cralg, 1974). In a
porous polycrystal with arbitrary numbers of pores per grain and

arbitrary Iinternal pore pressures, fusing three, four-grain
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junctions, and then dividing the fused junction into two mnew
four-grain junctions has implications for pore coalescence. As
the two new junctions gradually separate, what happens to the
pore that was at the fused vertex, which may itself have bé;n
coalesced from up to three original pores? Whether it remains at
one junction only, divides into two, or elongates between the new

vertices (retarding their separating, or eventually pinching off

by a Raleigh instability) is difficult to predict.

Yan et al. (1983) and Handwerker et al. (1984) include grain size
distributions derived from Hillert's (1965) analytic grain growth
analysis in sintering models. In the current work, we used a
grain growth relation based on mean grain size (App. 10), but
note that quantitative experimental data on the global boundary
pressure which drives grain growth now could be pgenerated
directly from polish planes using image analysis. Grain size

distributions in powder compacts now can be controlled rather

well.

Zhao and Harmer (1988a) include a pore size distribution in a
sintering model developed from Yan et al. (1980). The effective
pore drag varies with the width of the distribution, and this
affects the microstructural evolution. They give numerical
results for f3 of 0.5 and 1.0, and acknowledge that f3 may change
in real systems. In the current swelling work, we present

experimental data showing that f3 does vary. Then, instead of
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considering size distributions In assumed equiaxed pores, we

acknowledge nonequiaxed pores and test for stereological errors.

Handwerker et al. (1984) note that dihedral angle effects in
inittal stage sintering are important, but that dihedral angles
seldom are included in sintering models, due to other parameters
belng uncertain. In the current model, making an approximate
correction to the caplillarity component of pore pressure was
important in determining the effective pressures during swelling.
The geometric uncertainties which are so important in modeling
inttial stage mlcrostructures are far smaller for flinal-stage

microstructures.

In general, then, the level of detalil in the current model is

comparable to recently published work on pressureless sintering.

The approach adopted here towards parameter uncertainties was to
get (and document) the best possible parameter values, and then
to test the sensitivity of the model to these parameters, by
carrylng out a large set of runs with different values. This
process identified which parameters were important to the model’s
overall behavior, how these key parameters interacted, and the
physical reasons for such results. The results comment on the
accuracy required in materials and adjustable parameters; this is
important information in materials/process development based on

interactive materials fabrication, characterization and modeling.
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A basic assumption was that, given visualisation techniques for
working efficiently with complicated models for microstructural
evolution, significant physical insights can be generated from

such models, despite parameter uncertainties.s

The parameter values (App. 17; Table 5-1) were determined by :

1) using experimental data where possible (ﬁ,ﬁ,m.K:, initial
microstructural parameters), theoretical estimates where
necessary {a, trial (Pﬂu)ﬂm) and manufacturing data
where available (Tﬂp, limits to P:rr = P:zp), and

2) using the materials parameters values (SDB, st. Tgr Ty
1) experienced workers felt were representative, and
setting limits on SDB from the experimental linearity in

(VV-LZ} and lr-Lh] data.

Exploratory runs with the model showed the most important

parameters to be M, wD_, 6D and (PV) . The sensitivicy of
B S B i v ehp

the results to variations in these parameters was determined over

a large set of numerical runs. Though the results and conclusions

presented in Chs.5-7 are influenced by a more detailed sense of

model behavior than can be documented here, the overall patterns

5
The current numerical results were generated without the

integrated graphics software recommended in Ch.8.
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in model sensitivity can be summarized concisely:

1) The four key parameters, Hn' uDs, GDB and (P’Vv)ehp.
interacted as two rather lindependent pairs:
a) 8D and {PV ) , which together contrclled pore
B | v ehp
griwth at short times, via ;p' and
b) M, and wD_, which interacted to control grain growth
rates, and so pore coalescence, at long tlmes, via

ro

2) (Pil\.'v)ehp and BDB were treated as adjustable parameters.
(Plvv)ehp had a minimum value of 0.005 to 0.01 MPa (App.
4). An upper bound to GDB was set by experimental Vv and
pore size being linear in grain size. (Ple)ehp and 3D,
interacted strongly in controlling swelling and pore
growth rates. For BDB values high enough that cases with
coalescence diverged from constant-Nv results at
intermediate times, (l.e. for values between Cannon et
al.'s (1980) SDB and the fit value; Apps. 15,17), the fit
value of (Pivv)ehp was independent of the value of BDB.

3) High actlivation energies were necessary for uDs and Mn’
in order to fit experimental {Ez-t-'l'} data; however, the
model was rather insensitive to these energies.
Specifically, given fit values for {Pl\lv)ehp and 3D, low
energles simply gave a somewhat smaller spread of

nurn -+ grain growth rates, between 1350 and 1450 C,

th + ‘he experimental data. For Qx' this was because
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Ma values changed slowly with temperature; for Qs' this
it was because pore growth resulted in pore drag which
was temperature insensitive., For reasonable values of all
four parameters, values fit for (P V. } and 8D were
i v ehp B

relatively independent of changes in MB and uDs.

4) For sufficlently low GDB (Dynys et al.'s 1980 value; App.
15), coalescence was unnecessary for swellling with Vv

and r linear in Ez.

For simplicity in the current model, a constant minimum value for
B of 1.8 was assumed. This was an appropriate value for long
times, depending on the temperature (Fig. 4-16). However, at
short times, during which ;P was dominant (Fig. 5-2),
experimental B were between 2.0 and 2.5; that is, were higher
than the assumed value by factors of between 1.1 and 1.4. In the
current numerical calculations, this difference was compensated

for by a somewhat higher GDE

6.1.3 Overall results

With the confidence generated by the sensitivity analysis, we can
summarize the broadest patterns in the numerical swelling results
as follows:

1) At short times, swelling was dominated by pressure-

driven, diffusicnal pore growth (;P). which was



2)

3)

4)
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controlled interactively by 6DB and the pressure of the
trapped gas. Which microstructural path was being
followed had little effect on swelling rates during this
stage.

At longer times, swelling was dominated by the
progressive release of P‘mp constraint, due to pore
coalescence driven by grain growth. In this stage, the
rate of coalescence (with respect to grain size) varied
with the microstructural path, and so the swellling rates
were path-sensitive.

The fnert trapped gas driving force was self-
dissipating. However, at long ‘times, coalescence
maintained Perr at small, but nonzero values. This
occurred because the magnitude of Pcap was being reduced
by coalescence as well as by pressure-driven pore growth.
So, as }p fell to low values, the rate at which it
continued to dissipate Pun was roughly balanced by the
rate at which pore growth (by Fp and ;L) released the
opposing caplillarity constraint.

If pore coalescence was excluded, Perr fell to zero from
pressure-driven growth alone. Swelling ceased after a

time which depended on temperature,
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6.1.4 ARCO vs AVCO HPA

ARCO's 1initial porosity was intragranular, and so did not
correspond to the four-graln junction porosity modeled.6 As well,
though its porosity became intergranular with grain growth, data
for its microstructural evolution (Figs. 4-13,-14) showed no

common origin. For these reasons, we present no swelling analysl!s

for this HPA at this time.

Swelling may occur by oxygen attack on dissolved C or S, which
generates large Internal pore pressures (Bennison and Harmer,
1985a). In the current work, AVCO had about half the bulk C, and
the same S levels as ARCO (Table 2-1b), but swelled more rapldly
(Figs. 4-2,-5). Until ARCO's swelling is understood, the reason
for this apparent conflict with 1limiting thermochemical
calculations for pressures of gaseous reaction products (App. 5)
is unclear. However, clearly C and S levels by themselves may not
be reliable guides to an HPA's tendency to swell in high

temperature oxialzing atmospheres.

6.1.5 Pore drag and separation

In the current work, no pores separated in either HPA, and In

® The fine scale of its as-recelved porosity suggests that 1t may

have arisen from pore separation in sintering.
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ARCO, pores which 1initlally were Iintragranular reattached to

sweeping graln boundaries as swelling proceeded.

We discuss phenomenclogical pore drag and separation in Apps. 11
and 12. In App. 11 we generalize equations for the boundary of
the separation field on {pore size/grain size} diagrams (e.g.
Carpay, 1977) (1) to give contours for arbitrary values of the
normalized pore velocity (where a value of one corresponds to the
usual separation boundary) and (2) to apply to the bounding
coalescence paths modeled here — constant-N and constant-f3.7

In App. 11, we also develop equations for contours of ﬁ;“l an
index for the type of control of grain boundary migration. If
these contours are drawn with contours for normalized pore
velocity, on pore size vs grain size dlagrams, lines added which
show numerical or experimental paths followed by sintering or
swelling microstructures can be related rather directly to the
phenomenological drag model. (In this report, we developed
equatlons for both contour families, but do not draw such

diagrams. )

In App. 12 we consider a theoretical analysis (Hsueh et al.,

7 Constant-Nv requires (de)densification without grain growth;
along such a path, grain growth driven pore separation cannot

occur, because boundaries do not sweep.
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1982) which suggests that the phenomenclogical drag/separation
model gives serious errors in predicting pore separation, for
pores with low dihedral angles. We renormalize the results of
this analysis on a basis which is sterologically more sound. The
new results showed that nonphenomenological separation from a
two-grain facet will occur at normalized pore velocitles of two
to three, and are rather insensitive to dihedral angle.
Consequently, we suggest using the phenomenological normallized
pore veloclity contours of App. 11, but permitting pores to exceed
normalized velocitles of one without separating, and testing
individual materials experimentally for separation velocitles
(Handwerker et al. (1984) show an efficient way to do such

tests).

6.1.6 The two-term internal pressure; AVCO's swellling

The two-term internal pore pressure, P‘nt. is a first
approximation. Initially, it was adopted to handle pore gas
mixtures which included arbitrary proportions of (1) chemically
inert gas (P:nﬁ reflecting hot-press furnaces initially filled
with N2 or Ar) and (2) gases involved in chemical reactlions; in
particular, Uz from any of several sources reacting with
dissolved impurities such as C and S5 (Ff“t; Rice, 1969; Bennison

and Harmer, 1985a). As limiting cases, the first term would be

inverse in the volume fraction porosity, representing a constant
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number of moles of trapped gas; while the second term would be
held at a constant value during swelling, representing

chemically~maintained partial pressures of reaction products.

However, gas is liberated or generated from the die/punches and
within the compact throughout pressure sintering (Rice, 1969;
Bennison and Harmer, 1985a), pore gas compositions in HPA are
rich In cox and sou after hot-pressing (Bennison and Harmer,
1985a) and the external furnace atmosphere changes towards CO at
high temperatures (T. Vasilos, personal communication). In the
general HP case, then, the local compact atmosphere (that is, the
almosphere within the compact's porosity) just before and just
after pore closure likely is controlled not by the initial
furnace atmosphere, but by degassing and related chemical
reactions in the die, punches and compact. During intermediate
stage sintering, gases generated internally will tend to flush
the compact of gases initially present. Such pgases will flow
through the continuous pore network of the compact, and then
through the narrow annular channels between the punches and die

wall, into the external furnace atmosphere.

The local pore atmosphere just before pore closure then Iis
sensitive to powder processing (and purity), punch/die materials
and furnace schedule (including time/temperature, atmospheres and
pressures). The general pore atmosphere 1is difflcult to

anticipate, but easily could include CO generated over long
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periods by ongoing liberation of low pO2 from the compact. Also,
it will be at a pressure of 0.1 MPa, unless lower pressures are

maintained by continuous vacuum pumping (Bennison and Harmer,

1985a).

Similarly, the atmosphere established just after pore closure lis
difficult to predict. During the earliest part of flinal-stage
densification, oxidatlion reactions (based on the low p02 likely
avallable) could establish equilibrium partial pressures of CO
and COZ.B For CO, the equilibrium constants, KP. are on the order
of 10° in the temperature range for pressure sintering and
swelling, and these KP increase with falling temperatures
(Gaskell, 1973; Bennison and Harmer, 1985a). Consequently,
equilibrium partial pressures of 02 (in pores with C-Oz—CO

mixtures) are negligible (= 10™°) relative to pCO.

When final stage pressure sintering then proceeds to Pen_ = 0,
driven by a high Pzp (e.g. 20-40 MPa; Dorre and Hubner, 1984),
such trapped gas mixtures, while based on a chemical equilibrium,

will behave as if the gases were inert.® That is, as far as pore

8 Controlled by temperature (KP{T}). carbon activity (acl and

PO,
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9 B o e, .
Because KP = 10, so pO2 = 10 7. (pCO). KP = Kx Ptot for C

oxidation to CO {Gaskell, 1973, p.226) where KP and Kx are
equilibrium constants defined in terms of partial pressures,

pY, and mole fractions, X(Y), respectively. So, 1f Pt“ is
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pressures are concerned, the gas mixtures are functionally inert
— a large change can take place in the volume fraction porosity
ag the compact densifies 1n pressure sintering, without a
corresponding change in the number of moles of gas trapped in

pores.

The ‘inert' P:nt term then represents a wider range of gas
mixtures than simply proportions of N2 or Ar, and many factors
can make a pore gas mixture functionally inert; l.e. can hold the

number of moles of gas trapped constant during densification or

dedensificatlion.

A driving force for swelling based on such a functionally inert
pore gas mixture will be self-dissipating (as 1is P:nt in the
current model). Reactlon or mass transport kinetics can affect
whether equilibrium gas pressures can be maintained during
swelling to large Vv' over long periods of time. Such kinetic
limitations are likely to be less important at sintering (1500 C)
and high annealing temperatures (1600 C, Bennison and Harmer,
1983, 1985a), but more important in the current tests (1250-1450
C). At low annealing tempertaures, a potentially reactive pore

environment may not be able to maintain constant pore pressures

increased by 100 times (e.g. from 0.1-0.2 at pore closure to 20
MPa at the end of hot-pressing), the corresponding 10-fold
decrease in Kx and 100-fold increase in X(Oz) would make
negligible changes in X(CO) and the total number of moles of
gas trapped.
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(ant). Such effects may be difficult to pres:llt:t..'o

From the above complications, as a first but general
approximation, it 1is difficult to do better than the current
two-term P‘n‘. despite its being rather arbltrary and vulnerable

to large temperature changes.

Given this, we can now consider whether we were Jjustifled in
treating AVCO's swelling as driven by ‘inert' gas. For the fit
(PIVV)ehp value of 0.02 MPa, the functlional Iinertness of Its
anticipated CO-rich pore atmosphere suggests that a anl of
approximately 0.2 MPa was established Just after pore closure.
This is close to atmospheric pressure (0.1 MPa). Fifty to 150 C
lower, in air anneals, swelling was uniform, implying that local
pore environments, and not the external furnace atmosphere,

controlled swelling pore pressures.

If we assume that the implied Pun = pCO of 0.2 MPa was
maintained as a minimum value in pores throughout swelling, pore
pressures in the HPA would have evolved as did those currently
modeled, with Pnn falling steeply towards a minimum value at
this ant (Figs. 5-9,-10). 1In the current numerical results for

arbitrary ant (Figs. 5-9,-10) chemically maintained pressures of

19 creund et al. (1984) discuss the complicated solid state
chemistry of hydrogen and carbon dissolved in MgO.
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0.2 MPa enhanced swelling rates little, relative to inert gas.

Consequently, AVCO's swelling can be treated as driven by ‘inert’

trapped gas.

We now return to the questions originally ralsed in section 1.1,
when, during creep fracture work on a model structural ceramic,

unstressed controls swelled.
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6.2 Swelling in creep fracture

Wwhen a pressure-sintered material which is to be used in creep
fracture research or for structural components in creep service
swells, it is important to be able to distingulsh self-
dissipating inert pore pressures from chemically-maintained
internal pore pressures, and to estimate their magnltudes, f{rom
experimental data. Three questions can be asked: (1) what
magnitude of internal gas pressure would enhance creep cavity
nucleation and growth in creep fracture, (2) could such a blasing
pressure be dissipated in a precreep anneal, and (3) what range
of predamaged microstructures could be generated by such an

anneal, in order to test models for creep {racture?

For example, for the swelling work reported here, we could ask:
in a predamage anneal, what driving force for pore growth would
be avallable? How would that driving force change with time and
temperature? Could we tell if it was simply self-dissipating, or
was chemically-maintained? Could we dissipate it through anneals

which generate a useful range of predamaged microstructures?

The following discussion derives from work on monolithic, single

phase ceramic polycrystals, and is oriented to such materlals.

Variables are listed in section 6.3.
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6.2.1 Could an inert internal pore pressure component be
distinguished from a chemically-maintained component, using

experimental data from early swelllng?

If 1t 1s possible to distingulsh such ideal pore pressure
components in a swelling polycrystal, we anticipate that it will
be because an inert component (‘'I’') 1is self-dissipating in

swelling, in contrast to a chemically-maintained component (‘G’):

1 -1 (]
Plnt{vv} * Plnt{vv b+ P!nt (8)

That Is, when a chemically-generated component is constant and
has a magnitude that significantly enhances the swelling rate,
the effective pressure which is driving swelling may pass through

a minimum.1

While the model's complexity and coupling make it difficult to
give a general answer to this question, the numerical results

permit us to give initial answers to four related questlons:

! For a case with a constant ant of sufficlient magnitude, the

‘inert’ pressure component is dissipated rapidly, but the Plnt
remains at or above its minimum value of anm' Coalescence then
progressively releases capillarity constraint, and Perr passes
through a minimum., We have discussed the form of Pmt in
section 6.1.6 and App. 4.
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(1) What values of ant would increase AVCO's swelling rate
above that for inert trapped gas,

(2) how do these numerical ant values compare to pressures
predicted by thermochemical calculations for possible
gas-generating reactions,

{3) relative to these pressures, could we estimate the Porr
or total Plnt present in a final-stage polycrystal, from
experimental data,-in terms of the full swelling model,
and

(4) in numerical calculations for AVCO HPA, how do P and
Paff evolve? In particular, how rapldly and how far do

they fall, and do the Perr pass through a minimum, when

a significant gas-generating reaction is actlva?
We discuss these questions in the order in which they are listed.

6.2.:.1 Chemlically-enhanced swelling

Fig. 5-9 predicts that, when AVCO HPA swells at between 1350 and
1450 C, ant in the range of 0.1 to 10 MPa would change swelling
from minimally enhanced, to rapid, to catastrophic (relative to

the inert-trapped-gas case).2 The model would require serlous

2 For these numerical results, the constant, chemically-

maintained P?nt component was Independent of the Iinert-
trapped-gas component; all parameters save ant had their usual

values. The results seem insensitive to BDB.
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modifications in order to handle the severe swelling possible at
short times for large an‘ — modifications for a continuous pore
channel network developing, and for gas release {Rest, 1986;

sruber, 1986).

The P?nt of most interest for the following questions are those
within this transitional pressure range (= 1 MPa), as it is for
such pressures that swelling rates may be moderate, but higher,

at long tlimes, than antlclipated for 'inert' swelling.

6.2.1.2 Comparison with equilibrium thermochemical pressures

We have compared the above transitional ant with the equilibrium
pore pressures predicted by thermochemical calculations for
likely gas-generating reactlions, for limiting, chemically-open-

pore and -closed-pore cases (App. 5).°

For ciosed-pore cases (for which we anticipate small ant: App.

AS-1.1: Flg. A5-1), over the temperature range 1350-1450 C, the

predicted total pore pressures were below 1074 MPa; i.e. at least

? For these calculations, we treated the pore as mechanically
closed with respect to gas loss; what varied between limiting
cases was wheiher the pore reactions were independent of, or in
equilibrium with (chemically ‘open’ with respect to), the

external pof
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three orders smaller than would notliceably affect AVCO's
swelling. On the other hand, open-pore oxldation of dissolved C
and S, in equilibrium with external furnace pOa, can malintaln
high pore pressures. These are at least an order of magnitude
greater than those the model predicts would cause rapid swelllng

(Bennison and Harmer's (1985a) Flg. 9; App. AS5-1.2; Fig. 5-9).

Nelther type of limiting-case calculation predicts ant in the
transitional pressure range. They lead {instead elther to a
negligible effect, or to swelling occurring so rapldly that a
final-stage microstructure cannot be assumed to hold for long

times.

The high-pressure limiting-case results (e.g. for C or S
oxidation, above) are not consistent with our swelling data. We
find that swelling developed uniformly (i.e. porosity at the
center of a specimen and near Its external surfaces were
comparable).‘ However, trapped reactive gases with low
equilibrium poz could generate partlial pressures of CO or SO2
which were in the transitional range of P;“ = 1 MPa (Bennison
and Harmer's (1985a) Fig. 9). For both CO and SO2 reactions, the
partial pressures of gaseous products would be proportlonal to

the activity of the oxidized reactant (C or S). For our C and S

“ At 1600 C in alr, swelling was far more rapid at the specimen

surface (Bennison and Harmer, 1985a).
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impurity levels of about two orders less than Bennison and
Harmer's (1985a), transitional pressures, in the swelling T
range, could have been generated by oxidation reactions in closed
pores, ln which pore pO2 were present on the order of 10°* MPa
for 502. and 107! MPa for CO.s In this T range, for every drop
in temperature of S0 C, equillbrium partial pressures of 502
increase by a factor of between 2 to 5, and of CO by somewhat

less {Bennison and Harmer, 1985a).6

6.2.2 Calculating P“r and le. from experlmental data;

detecting a chemlcally-maintained internal pore pressure

Given experimental ({(V, Ea and N‘} data, the effective pore
pressure driving a polycrystal's swelllng can be calculated In

terms of the full swelling model (App. 7):

172 *

VV . ]..2
orr = e | Ww? |le E_ (%)
BJ{VV)N* 2

5 These values can be “aken directly from Bennison and Harmer's
(1985a) Fig. 9a,b, which give pCO and pSO2 at different
temperatures and p02. Activitles of C and S in AVCO and ARCO
HPA are given In App. 5’s Table AS-1..

® In contrast, closed-pore P(:m. decrease with temperature (App.

5-1.1).
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¢ 1/2 4o
where ¢, = 9[;] (9b)
gsD &
B

and B3 is defined both in the swelling model and in App. 8. The

values of y, are path-dependent:

Case Parameter
held Y,
(&) constant
1 (Nv) 0
2 N - 8/9
3 f3 - 8/3

The total internal pore pressure compenent, Pln‘. then can be

calculated from the effective pressure:

P = P -P - P (10)
int eff cap app

in which, given the dihedral angle for internal pores, Pcap can

be calculated from (Apps. 3,6):

172 172
_ an NA
Pcap = 2[3— g{lﬁ} 78 ;‘ (11)
L)
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P is a known constant.7
app

These equations should permit testing a swelling (or densifying)
polycrystal for any characteristic patterns in P°rr or Pint. with
time or grain size. In particular, they should permit detecting a
minimum in Parr' when it occurs in swelling in which ant are

slgniflcant.

However, the numerical results for AVCO suggest that the
anliclpated minimum in Perr' for cases with such ant. may not in
general occur, or may not be observed within the time frame of
typlcal swellling tests. Figs. 5-7,-8 and -10 show that, when BDB
were small enough that numerical {r-le and {Vv-Ez} results were
lincar, consistent with experimental data, then, for cases with
only inert trapped gas, as well as those with a transitional,
chemically-maintained pressure component (Pf:nL =1, MPa) both
P and P‘nt decreased monotonically, over the time span and

el f

temperature range of the current swelling tests.

7 Hsu and Solomon (1983) develop a similar equatlion, for

artitrary n, for detcrmining experimentally the driving force
for swelling, Perr' and from it, the driving force exponent, n.
They included no pore coalescence, desplte acknowledging grain
growth (their Fig. 13) and pore ‘interconnection’ (their
p. 459) and made no dihedral angle correction to Pcap. Their V;
and r ~were one to two orders higher than expected for

hot-pressed ceramic polycrystals.
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In contrast, for Cannon et al.'s (1980; App. 15) higher,
nonlinear BDB, for P(:nt in the same transitional pressure range,
but only for high enough temperatures and long enough times, the
calculated effective pressure did pass through a minimum, and
then Iincreased, as anticlpated. At the same time, for this
nonlinear GDB. when swelling was driven solely by an inert

trapped gas, Perr decreased mcmot.onlcall},v.B

The above results suggest that even though PG" could be
calculated for a swelling polycrystal, the Pm_ minimum
anticipated for transitional 'r"‘:“L may not be observed in typlcal

swelllng experiments, especially at low temperatures.

6.2.3 What Pam. would enhance cavity growth rates in creep

fracture?

We draw no general conclusions in this section. Instead,
referring back to the driving force equations given in section
1.2.5, we outline certain basic issues which will have to be

addressed when specific cases are examined.

In considering what effect a P:m. from sintering or swelling

would have on cavity growth rates, it is important to specify

8 We do not show these results.
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carefully where the creep cavities are located, how the
components of Plnt relate to fabrication and service conditlons,

and what mechanism(s) control creep fracture.

An internal pore pressure is potentially a significant blas in
fajlure times modeled by cavity growth to coalescence. The
sintering stress, Pe“; often is ignored in such models (Riedel,
1987: p.155-6). When it is included, it is because it Iincreases
the predicted times to pore coalescence, by opposing the normal
stress in the driving force for cavity growth — particularly for
small cavities. For such small cavities, both the sintering
stress and an internal pore pressure due to trapped gas would be
large. For somewhat larger cavities, when P__ and c:°‘ might
still roughly balance each other, and an inert trapped-gas Pnu
component  would be largely dissipated, even a small
chemically-maintained ant could be a significant bias against

the capillarity stress, in favour of the applied stress.

Current data suggest that metal polycrystals creep damage via
cavity arrays, while HPA damages via single cavitles (Rledel,
1987, Ch. 11,12; Porter et al., 1981; Ch.4, Fig. 4-1). The
present swelling model was developed for a representative

(unlformly—distributed)9 four-grain-junction pore.

° The same microstructural chemical heterogeneities that can lead

to inhomogeneous creep cavity growth rates (Hsueh and Evans,
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In a creep-cavitating, pressure-sintered polycrystal, in which
residual, four-grain Jjunction pores were present at the start of
creep, there are two limiting cases. First, two-graln facet
cavity arrays could nucleate -~ elther on 1loading or
continuously; spatially uniform or I1nhomogeneous — and then
grow, dominating cavitation in the polycrystal.'o In such cases,
the array cavities would not have pressure driving forces due to
inert trapped gas, predicted by the sintering/swelling model for
four~grain Junction residual pores, but could have Iinternal
pressure driving forces due to gas-generating chemical reactions.
Alternatively, the polycrystal could creep damage by single
four-grain Junction cavities —  spatlally uniform or
inhomogeneous — elongating raplidly down three-grain edges, and
then growing laterally (Hsueh and Evans, 1981). In such cases,
both inert trapped gases and chemically-generated gases could

contribute to cavity growth driven by applied stresses.

1981; Handwerker et al, 1984), also could cause the porosity in
and after final-stage pressure sintering — and during swelling
anneals — to be nonuniformly distributed.

10 High levels of swelling predamage can be generated in AVCO
(Flg. 4-1); it is likely that such damage would be important in

subsequent creep cavitation.

1 However, the 1inert trapped gas component 1llikely would be
largely dissipated by the time an equlaxed four-grain cavity
had elongated along a three-grain edge.
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Creep fracture in commercial metals, and damage zone spreading 1n
alumina (Hsueh and Evans, 1981) have been modeled as constrained
cavitation. Constrained models should be readily extenslble to
include le.' when the driving force is expanded, as in section

1.2.5,

It is important to distinguish a P:n; blas in a cavity growth
model from a blas in a component lifetime model — models for
macroscoplc fallure lifetimes of a polycrystalline structural
component are far more controversial than are models for cavity

growth rates. 12

12 1he controversy arises in part because it is difficult to model
the interactive lssues of an equilibrium-to-cracklike growth
transition, cage constraint and continuous nucleation. More
important, however, is that while constrained coalescence
models fit creep lifetime data for commercial metals, using
coalescence to predict constrained lifetimes Iis physically
suspect (Riedel, 1987, p.181,2). In general engineering cases,
then, some form of damage accumulation will be important — but
the range of time-dependent spatial inhomogeneities it is often
assoclated with are difficult to handle, theoretically and
experimentally (e.g. Bogdanoff and Kozin, 1985, and sectlion
9.1).
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6.2.4 What range of predamaged microstructures is avallable, for

testing creep fallure models?

If no new cavities nucleated in HPA during subsequent creep, then
residual sintering porosity, or porosity from a swelling anneal,
could be treated as Hao bubbles or strain predamage have been in
experiments with metals (review: Riledel, 1987, p.169, 182),
However, creep damage in HPA occurs by single cavitles growing
laterally from three-grain edges, and not by cavities growing in

arrays on two-grain facets.

A parameter for the intensity of predamage must be defined in
terms of a specific creep fracture model. As noted in the
previous section, in general, creep fracture in commercial

materials generally involves some form of damage accumulation.13

13 There is also the issue of generalized cavitation enhancing
slow crack growth rates (Pilkington et al., 1981). Swelling
predamage might be a useful approximation either for
generalized creep damage, or for residual sintering porosity.
Whether to use N and f3 as a predamage measure depends on
whether the crack growth model included a grain structure in
the crack-tip cavitation zone. N would be more appropriate for
continuum models which effectively Ignore grains (e.g.
Wilkinson and Vitek, 1982), while fa would better suit a damage
zone approach in which grains, and cavitles at specific
boundary locations, were considered (e.g. Hsueh and Evans,
1981).
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When Justified by the experimental data, the relevant
microstructural scale for modeling creep fracture in HPA can be
taken to be small -- say, one to several grains. For such a local
scale, distinct predamaged microstructures would have
(1) different numbers of pores per graln (fa; equivalently, per
uvriented facet) with (2) the grain size (or pore éize/graln size
ratlo) constant,'* and (3) Plnt dissipated in all cases to levels

that would not blas subsequent creep cavity growth.

Experimental data from anneals show (Figs. 4-7, and 4-9 to -12).15
and the swelllng/sintering model predicts — for limiting
microstructural paths — the range of r, N and f3 avalilable from
alr anneals of AVCO HPA, at constant grain size (Fig. 5-4). From
Fig. 4-10, the extreme range of pore number densities available
in AVCO, in the current work, was about one pore per grain (600 h
alr anneals of AVCO at 1350 C) to about two per grain (40 h at
1450 C). For these extreme microstructures, the grain size was
constant at Ez = 2.5 um. The range of experimental pore sizes was
rather narrow, being between 0.30 to 0.35 um (Fig. 4-7), and so,

because grain size was constant between these two

% The (r/Ez) ratlo is important in the transition from quasi-
equilibrium to crack-like growth modes (Hsueh and Evans, 1981);
however, thils transition ls difficult to model.

'® Data were tested for stereological errors due to nonequiaxed
pores (App. 13). Because estimated errors were relatively

small, data points were not corrected on plots.
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microstructures, the (r/tz) ratio was narrow also.16

Longer 1350 C anneal times would extend the range of fa avallable
at constant grain size (Figs. 4-7,-10). Both experimental and
model microstructures evolved with pore size linear in grain
size. During such anneals, then, the range of (r/Ez) ratlos,
which is narrow in the above extreme microstructures, should
change little. If variable grain size could be handled in tests
of creep fracture models (Sundararajan, 1986), a much wider range

of initial damage levels would be available (Fig. 4-10).

However, there are two complications for wider ranges of fﬂ.
First, the Iideallized microstructures which have been used to
model single/lateral cavity growth have distingulshed only one vs
two pores per oriented two-grain facet (Hsueh and Evans, 1981}.
No data have yet been generated for the effect on the time to
form full-facet cavities, or to macroscopic fallure, of more than

two pores per grain or oriented facet; moreover, Hsueh and Evans’

% The proportion of nonequiaxed pores also varies with time and
temperature (App. 13). However, if we assume that four-graln
junction pores elongate rapidly to three-grain edge cylinders
on stressing at the start of a creep test (Hsueh and Evans,
1981), and if we correct for stereological errors due to the
fraction of cylindrical pores in swelling being time- and
temperature-dependent, this vartation of predamage cavity
shape should not be an important bias in using precreep damage

anneals to test creep fracture models.
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(1981) model will be difficult to extend beyond one vs two pores

per facet.

Second, the microstructural scale that should be considered for
creep fracture in HPA, a'd so, the pore parameter that indicates
distinct predamaged microstructures, depends on how the material
creep damages. If AVCO’'s one pore per oriented facet were
uniformly distributed spatlally, no constraint on cavity growth
should develop during subsequent creep cavitation; i.e,
unconstrained growth models should apply. However, from the SEM
micrographs, the spatial distribution of pores ls Inhomogeneous
after annealing (Fig. 4-1).'7 After swelling (and on loading) the
material consists of regions which, on average, have more than
one spherical-tetrahedral cavity per oriented facet, and regions

with little or no predamage.

In uniaxlal tensile creep tests on ARCO HPA, creep damage

accumulation was far from spatially homogeneous.18 At stresses

1 It may be inhomogeneous in the unannealed material also;

however, the as-recelved cavities had radil on the order of 0.1
um, and were difficult to detect by the SEM techniques used.
TEM micrographs sample a very small volume of polycrystal per
foil (Fig. 4-13) and are poorly sulted to characterizing
spatial patterns which have dominant wavelengths longer than

several grains.

18 ye discuss these results in the second part of this report.
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sufficiently far below the transition to rapid fallures,
generalized cavity growth and coalescence generated multi-grain
microcracks, and so competed with cracks growing by local
cavitation from microstructural heterogeneitlies. We anticlpate
that constraint on cavity growth in more-heavily damaged regions

will develop for low straln rates.

The observed spatial heterogeneities in predamage and creep
damage suggest that a second relevant microstructural scale —
larger than one to several grains, but currently undefined -— may
need to be considered in determining a parameter for the range of
distinct predamaged microstructures. Data for this would include
characterizing the time- and predamage-depen. -.nt heterogenelity of
creep cavitation, as well as the predamage influence on the
competition between crack propagaticn from initial
heterogeneities and generalized (heterogeneous) cavitatlon.

This is a large experimental project.

In summary, the current results for AVCO show that early swellling
was controlled by P:nt. and was rather insenslitive to
temperature. Later swelling was controlled by pore coalescence
rates, driven by (and so coupled to) grain growth. Consequently,
only a rather restricted range of predamaged microstructures can
be generated in air anneals, from the standpolnt of homogeneous
damage models. The range depends on coalescence rates being

weakly temperature dependent. No data yet are avalilable for the
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range of spatially-inhomogeneous predamage, for use 1In

constrained damage models,

In a final stage material whose Iinternal pore pressures were
independent of the external atmosphere, global porosity
parameters and graln size should be rather independently variable
in pressure anneals (which may be extended pressure sintering or
HIPping runs). In such anneals, the pressure driven component of
pore growth (though not the coalescence component) could be

suppressed.

6.2.5 Could a potentlally blasing Plnt be dissipated by a

precreep anneal?

Figs. 5-7,-8 show how rapidly AVCO's total P““ would be
dissipated by predamage anneals. Applying such results to the
expanded driving force for creep cavity growth (section 1.2.5),
we can predict what anneals would reduce Fant sufficiently to
prevent it biasing cavity growth in subsequent creep cavitation
studies. This can only be done with reference to a specific
damage model and service conditions; in particular, constraint
must be handled carefully, as it controls the magnitude of the
mean stress normal to the cavitating boundary. As noted
previously, no general analysis is available for the effect of a

P‘nt on constrained cavitation.
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For example, in the current numerical results, in the extreme 2.5
um microstructures compared above, with one vs two pores per
grain, Internal pore pressures had been dissipated from on the
order of 24 MPa, to values of between 2 and 3 MPa
(Figs. 5-7b,~8b). (For this material, linearity in pore size and
volume fraction porosity vs grain size set upper 1limits on the
boundary diffusion coefficlent, and so limited the maximum rates
for Plnt and Perr decreasing. That is, the actual SDB should have
been no larger than the fit value; so, at a glven time, the real
P, was no lower than that predicted.)

Similar calculations could be done for any material for which

appropriate values were assigned to the in the swelllng model.

6.3 Varlables

All variables are defined in section 3.7, except:

DF  driving force for diffusional cavity growth; [N/ma]

f the area fraction of orlented two-graln facet that Is
cavitated; {-]

¢ materials parameter introduced in Eq. (2b)

o net applied far-field stress; [N/m?]

dimensionless, path-specific multiplier; [-]



7 Conclusions

1

A general model was developed for final-stage polycrystals
swelling due to gas trapped at high pressure in intergranular
pores during hot-pressing. During swelling, pore and grain
growth occur simultaneously. The model can be applied to
final-stage pressure sintering, and likely can be extended
rather simply to severe swelling and intermedlate-stage

pressure sintering.

In numerical simulations, swelling depended rather sensitively
on the values of MB and st, which interacted as a palr in
controlling grain growth. Swelling depended sensitively on the
value for 38D, and was very censitive to (P V) _, which
B I v ehp
reflects the gas pressure in pores Jjust after pore closure.
(F‘l\'v)ﬂhp and GDB interacted strongly in controlling the rate

of pressure-driven diffusional pore growth at short times.

The boundary diffusion coefficient was a key materials
parameter in numerical simulations of swelling. It controlled
whether swelling and pore size were linear in grain size, and

the value fit feor (Pin)ehp. Linearity Iin the corresponding
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experimental swelling data set upper limits on the value of
SDE. The GDB parameters chosen were consistent with avallable

diffusivity data.

Alr anneals were carried out on AVCO and ARCO HPAs, at
temperatures between 1250 and 1450 C, and at times up to 600
h. In this temperature range, swelling was uniform, suggesting

that swelling was independent of the furnace atmosphere.

AVCO swelled nearly six times faster than ARCO (on a grain
size basis) even though its C concentration was half of

ARCO's, and their S concentrations were comparable.

AVCO's as-received pores vwere Iintergranular spherical
tetrahedra, with equivalent radii of about 0.1 um. ARCO's
as-received pores were intragranular spheres with radli below
80 nm, and often occurred in clusters. Early in ARCO's

swelling, they reattached to sweeping grain boundaries.

In both HPAs, all swelling data was bounded by pore
coalescence occurring at a constant number of pores (1) per
unit area grain boundary and (2) per grain. The pore
coalescence rates were weakly temperature dependent, but in
opposite directions in the two aluminas. The temperature
dependence of the microstructural paths was insensitive to

stereological errors due to our having treated all polish
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plane pores as equiaxed.

8 In numerical simulations, early swelling was dominated by
pressure-driven pore growth, and grain growth occurred under
Ma control. Swelling rates were insensitive to the
microstructural path during this stage. Later swelling was
dominated by path-specific coalescence, which released
capillarity constraint. Grain growth occurred largely under
pore drag control. When coalescence was excluded {from
numerical simulations, swelling ceased after the initlally

high pore pressures had dissipated themselves by pore growth.

9 In numerical simulations, chemically-malntained pore pressures
less than 0.1 MPa did not enhance swelling markedly above
rates for inert gas. However, chemically-maintained pore
pressures of 10 MPa or more caused very rapld swelling in the
temperature range 1350 to 1450 C. Limiting-case thermochemical
calculations for C oxidation predicted equilibrium pore

pressures well outside this transitional pore pressure range.

10 Time-dependent effective pore pressures can be estimated from
experimental data for a swelling polycrystal. However, from
results of numerical simulations, the anticipated minimum in
Pefr may not be observed in typical swelling experiments, for
cases in which for chemical reactions maintaln transitional

pore pressures.
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Only a limited range of predamaged microstructures can be
generated in air anneals. The range depends on the (weak)
temperature dependence of coalescence rates. In AVCO, in the
current tests, the range was between about one and two pores
per grain, at a mean grain size (Eé) of approximately 2.5 um.

Pressure anneals should widen this range.

Models were reviewed for the effect of Internal pore
pressures in cavity nucleation and growth ln creep fracture.
The swelling model permits predicting the rate at which such
pore pressures would be dissipated in preanneals or in creep

service,



8 Recommended future work

1

Extend the swelling model to pressure sintering, including
HIPping and HIP mapping. Extend the model to the intermediate
stage, beginning with Tucker's (1981) work on the y-dependent
geometry of three-graln edge channel networks, Occhlonero's
(1984) results for the mobility of cylindrical pores, and
Wilkinson's (1978) diffusional, f{inal-stage densification

model (which needs to be recast for a cylindrical geometry).

Test the combined pressure sintering/swelling model on a
material/processing system that is well characterized (i.e. Mn
known, only intergranular pores, pressure sintering conditlions
known, gas-generating reactlons controlled, gas entrapment
known). With a HIP outfitted with an internal LVDT for
continuous shrinkage measurements, tests could be carried out
which were the high temperature/pressure/relatlve density
equivalents of the studies Solomon and coworkers have

performed (e.g. Hsu and Solomon, 1983).

Determine global boundary driving pressure (App. 10) and

proportionality constants a and a_ (App. 9), from
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quantlitative grain growth studies in which an automatic image
analyzer, driven directly from SEM image signals,
characterizes polish planes. Compare the results with similar
measurements made on numerically grown microstructures

{Anderson, 1986),

Develop a general analyslis for Pmt effects in constrained

cavitation (see sections 1.2.5 and 7.2).

Generate TEM data for pore evolution in ARCO HPA, and analyze

its swelling.

Test whether AVCO's swelling is atmosphere sensitive, by
carrying out anneals at low poz. From C and S oxidation
reactions {App. 5). H2/H20 equilibria likely will be necessary

to achieve sufficiently low pOz.

Extend the model to include severe swelling, with three-grain
channel formation and gas release (e.g. Rest, 1986; Gruber,

1986).

Modify the microcomputer version of the swelling program
(probably in FORTRAN, but perhaps ln a modern compiled BASIC,
Pascal or € — these offer integrated development
environments). Plot up to, say, six on-screen graphs during a

run, with hardcopy of the finished plots available at the end
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of the run (inexpensive, high-level plotting routines are
avallable commerclally).l Currently, working with the model lis
slowed markedly by the time required to plot results with a
standalone package. If necessary, add adaptive step size

control to speed up the program (e.g. Press et al., 1986,
p. 554}).

! For example, ‘HGraph', Heartland software, Inc., Ames, lowa;

‘Geograph’, Geocomp Corp., Concord, Massachussetts; ‘Plot88',
Plotworks, Inc., Ramon, California.



Part B

Creep and creep damage accumulation in hot-pressed alumina

184



9 Introduction

In Ch.1, we noted that the research project originally was
concerned with creep damage accumulation, and that the swelling
work was done with a view to controlling pore pressures and
cavitation predamage in creep fracture. Sectlon 1.2.5 in that
chapter indicates that constralned cavity growth models are
physically suspect in predicting creep failure in commercial or
spatially heterogeneous materials, 1in which, in general, some

form of creep damage accumulation will be important.

In this sectlon, we review damage accumulation, statlc fatigue
(creep fracture) data for structural ceramics, HPA's role as a
model material in such work, and the creep fracture and damage
data which have been generated for HPA. We then 1ist the

objectives of the current work.

9.1 Literature review: creep fracture damage accumulation

As damage accumulates synerglstlcally with deformation, and
secondary creep accelerates Into tertiary, a structural

component's deformation resistance and rellablility against creep
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fracture degrade along with its microstructure. In metallic
components, ductilities tend to be high, and tertiary creep makes
important contributions to the total lifetime, straln and stress
redistribution. Designing for arbitrary load and temperature
schedules, predicting residual life from microstructural data,
choosing conditions for  accelerated creep tests, and
extrapolating from such tests to long term service, demands
understanding the micromechanisms of interactive tertlary

deformation and damage.

Penny and Marriott (1971, p.192-238), Cocks and Ashby (1982) and
Riedel (1987, p.22-6) review emplrical extrapolation methods for
fracture and deformation rates (e.g. Larson-Miller or Sherby-Dorn
parameters). Such preliminary design ailds persist because
engineering test results often include relatively large scatter,
but no strain or damage data. None of these global methods
reliably can handle load or temperature changes during a
component's lifetime; this requires a differential method based

on, for example, damage mechanics (Cocks and Ashby, 1982).

In continuum damage mechanics (CDM), two coupled constitutive
equations describe lsothermal strain and damage rates
respectively (e.g. Evans, 1984; Ashby and Dyson, 1984; Leckie,

1978, 1986; Kachanov, 1986):

¢ = f{o,w) o = gle,wl
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The strain rate typically depends on the equlivalent stress only
{e.g. Saanocuni et al., 1986), but the dependence of damage rate
on the stress state is materials specific. The functions f and g
can be determined systematically, but the labor Iinvolved is
prohibitive (Leckie, 1986). Typically, constitutive equations of

Kachanov/Rabotnov form are adopted.

In the damage mechanics developed by Leckie, Hayhurst and
coworkers (e.g. Leckie, 1986), the parameters characterizing a
material's creep fracture behavior are determined experimentally
from creep deformation rates and fracture times in thin-walled
tubes subject to combined tenslon and torsion. Reversing the
direction of torsional load generates nonproportional loadlng,
and tests the stress state dependence and isotropy of damage

(Trampczynski et al., 1981; Murakaml and Sanomura, 1985).}

Damage may or may not be readily interpretable in terms of a
microstructural parameter. As originally defined, as an internal
variable, it was measurable only through its effect on the
deformation behavior (Riedel, 1987, p.350). Cocks and Ashby
(1982), Ashby and Dyson (1984), and Leckie (1978, 1986) discuss
how compatible the continuum damage mechanics and micromechanical

damage models are. This issue is still In development.

! In proportional 1loading, while the magnitudes of stress

components may change, their ratios remaln constant.
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Damage mechanics is developing rapidly as an engineering design
tool (Lemaltre, 1984, 1986; Saanouni et al. 1986). Applied
locally in finite element analyses, it is better sulted than its
complement, fracture mechanics, to structures with highly
dissipative large-scale ylielding, time-dependent behavior (such
as creep crack growth), three-dimensional effects (such as
nonproportional loading) and damage accumulation. It can predict
local stress, strain and damage flelds in arbitrary components —
ductile or brittle — fields which are coupled, and which
redistribute, varying in time and space. It has been applled in
fracture limits in metal forming, creep damage and creep fatigue
interaction in metals, three-dimensional crack paths with

history/orientation effects, and cracking in reinforced concrete.

A damage accumulation approach to fracture requires at least one
damage variable -— preferably one that can be measured from
direct microstructural observations. It needs some measure of
isotropy and stress state dependence, in a constitutive damage
law, and a local fracture criterion. Because damage inhomogeneity
seems generally important in creep fallures (Riedel, 1987,

pp.172-85), some measure of inherent spatial damage heterogeneity
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likely will be required.ma and a way to include such materlals
variation in CDM. From a materlals science standpoint, spatlal
heterogeneity has been modeled as cavities on two-graln facets
(Wilkinson, 1988), as isolated constrained facets (e.g. Riedel,
1987, pp.172-85), as homogeneously distributed constrained facets
{(Cocks and Ashby, 1982), as constralned, spreading, multi-facet
damage zones (Hsueh and Evans, 1981), and as randomly distributed
cumulative cavitation (Evans and Rana, 1980). Within a mechanics
framework, spatlal heterogeneity in cavitation has been modeled
by Burke and Cozzarelli (1984). Much work remains to combine the

two approaches.

Ceramics such as silicon nitrides and silicon carbides have
potential as structural materials for higher temperature
applications than metallic alloys. Relative to metals, thelr
ductilities in lab and service environments tend to be low.
‘Tertlary’ creep occurs in flexural (Grathwohl, 1984), and 1in

uniaxial tensile tests (Gruffel et al., 1988), but high

% As opposed to that generated by inhomogeneous stress flelds
arising from component geometry and locallized loading.

3 Two scales of damage characterization are relevant:

(1) materlals-dependent ceramography on a gilven polish plane
image field, and (2) processing sufficient image flields to
determine damage distributions — calling for one to two orders
of magnitude more data, generated by image analysis (Diggle,
1983).
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temperature mechanical properties data are very limited, both in
quantity and in variety of stress states. Little is known of
damage accumulation. It is too early to say how CDM can be

applied to the different families of ceramics.

The data which raise most clearly the issue of damage
accumulation in high temperature structural ceramics are the
static fatigue results of Grathwohl (1984}, Quinn (1984) and
Wiederhorn (1983), from which Quinn generated a fracture
mechanism map for HPSN, and Wiederhorn generated strength
degradation maps. When monolithic HPSN's are tested in flexural
static fatigue in alr, there l1s a region in service space, at low
stress and temperature, within which the materials are
insensitive to surface damage (Figs. 9-1,-2). As reviewed by
Wilederhorn and Fuller (1985), HPSNs fall at high temperature and
stress by crack growth from mechanical surface damage arising in
machining — linear scratches, with assoclated plastically
deformed material and subsurface cracks. At lower stress, the
residual stresses around the domlnant scratches in such a layer
have sufficlent time to decay, cracks heal and glass forms at
crack tips. Specimen lifetimes increase sharply. At low stress
and long times, a new population of flaws develops by pitting
corroslon, and, if creep deformatlion occurs, by cavitation and
cavity coalescence. From (0~tr} slopes and crack origins,
Grathwohl and Quinn concluded that long term failures were due to

such strain-driven cumulative damage processes.
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At high stress and short times, then, fallure can be predicted by
established methods for crack growth at high temperature
(Wiederhorn, 1983). However, at long times, the flaw populatlon
is evolving by different mechanisms, and life prediction methods
are not well developed. As Wlederhorn and Fuller (1985) note,
whether a structural ceramic has a glassy grain boundary phase 1s
a key factor in deformation and damage mechanisms. And, they
note, exlsting mechanism models of creep fracture in ceramlcs are
difficult to test experimentally, and elther have not been so
tested, or are Iinconsistent Qith test results. As well, no
general framework has been developed for handling spatial damage

heterogenelty.

There are two parts to experimental materials studles of creep
fracture in ceramics: (1) locating conditions under which 1t
occurs and (2) describing the damage processes. Generalizing
results 1s complicated by damage processes depending on
processing defects and test conditions (‘materials quallity').
There are two interactive experimental challenges:
(1) microstructural instability (e.g. glass phases changing
composition and viscosity), (2) mechanical testing (e.g. gripping
and extensometry in uniaxial tensile tests). From creep fracture
results for metals, and from cavitation damage modeling (Cocks
and Ashby, 1982) we anticipate stress state effects; however,

high temperature multiaxial tests are difficult. Bend tests are
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the simplest way to generate tensile data; compressive tests are
perhaps more difficult experimentally, and are limited to low

strains.

Though it is easy to generate tensile stresses in bend tests, it
i{s difficult to control them. Two-phase polycrystals, such as
Si/SIC or glass-bonded HPSNs, deform at different rates In
tension and compression. Flexural specimens in such materlals
have transiently mobile neutral axes, even when the glass is
stable (Cohrt et al., 1984a,b; Chuang and Wiederhorn, 1988;
Wiederhorn et al., 1988). However, in HPSNs creep tested in alr,
the glass phase s unstable: time-dependent composition and
viscosity gradients develop near free surfaces (Lange, 1980}, and
the glass gradually crystallizes. As well, creep fracture In
HPSNs is complicated by flaw healing and pitting (Wiederhorn,
1983), and by the fine-scale, felted-needle microstructure and
low cavitation tolerance (M. Chadwick and R. Jupp, unpublished
research). Glass-bonded aluminas (as model systems) undergo
crystallization blased by proximity to surfaces and by stress,
and have mobile neutral axes in bending (Wiederhorn et al.,
1986a). For these reasons, detalled damage work on HPSNs (or
thelr oxide analogs) has not been pursued, and in any systematic

creep studles, there ls pressure to use unlaxial tests.

Because of these experimental difficulties, the initial data on

creep fracture in ceramics have simply been from parametric tests
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~— generally in bending. As reviewed by Wiederhorn and Fuller
(1985), failure times do not, in general, follow a Monkman-Grant
relation, in which they are proportional to the inverse of the
steady state strain rate: €, « e, a=l. Mg-HPSNs In uniaxial
tension and bending £it a Monkman-Grant relation, HPA and
glass-bonded alumina, in bending, fit a stress-modified relation:
£, « E"l-a-e. £ = 4-6. Y-HPSN undergoes a change in grain

boundary phase at 1300 C, and so a Monkman-Grant relation does

not hold.

More detailed damage accumulation work has been done on two very
different ceramics: 8i/SIC and HPA, Si/S5iC is a multiphasc‘
material with potential for high temperature industrial
applications. It has low oxidation rates, and is
microstructurally relatively stable, Its materials parameters are
known. Its damage tolerance and creep failure strains are low,
but cavitation can be measured by SEM (Wiederhorn et al.,
1986c,1988). Its tensile and compressive creep behaviors are very
different (which complicates flexural tests; Carroll and
Tressler, 1985, 1988; Wiederhorn et al., 1988). Both its SiC

network and the interpenetrating Si are spatially heterogencous.

* For example, a typical microstructure may have a spatially
inhomogeneous network of SiC particles (e.g. 5 pm diam.) inter-
penetrated by free silicon (eg. Vft = 0.3),
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In contrast, HPA 1s a single phase, model structural ceramie. It
is microstructurally rather stable in creep tests in air.S and
its materials parameters are known (App. 15). Creep cavitation
ceramography can be done by SEM, and the damage tclerance and
creep ductility are high enough to suggest that damage
accumulation approaches from structural metals eventually could
be applied rather directly. It damages by cavitation only,6 has
high damage tolerance and creep fallure strains (e.g. Dalgleish
et al., 1985), 7 and similar deformation rates in tension and
compression (Gruffel et al., 1988). To this point, the HPA tested
has been spatially heterogeneous, with localized microstructural
heterogeneities (e.g. Dalgleish and Evans, 1985). The character

of heterogeneity is very different in HPA and Si/SiC.

Between 1981 and 1987, Evans and coworkers characterized flexural
creep damage processes in HPA. As reviewed by Dalglelsh et al.
(1985), large-grained or chemical heterogeneities nucleate either

cracks normal to the applled stress axis, or multiple cavitating

See Chs. 1-8.

This is materials quality dependent {e.g. Dalgleish and Evans,
1985); HPAs damage by global, generalized cavitation, driven by
applied stress or by Internal pore pressures, and by local

cavitation at creep crack tips.

Flexural fallure strains on the order of 0.1 were reported by
Dalgleish and Evans (1985) and Dalgleish et al. (1985).
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bands inclined at 60° to the stress axis — ‘shear bands’ (sBs).?
Cracks propagate by localized cavitation in a damage zone, but
the material exhibits a threshold ch. and so a transltional
stress, below which strain-driven damage controls llfetimes. SB
cavitation is broadly important: SB intersections can nucleate
macrocracks, macrocracks can nucleate SBs, and adjacent

macrocracks can link prior to fallure, vis SBs.

In Dalgleish et al.'s (1985) results, a transitional stress was
found at approximately 175 MPa (elastic), but the {tr-c} slope
below the transition was about -1, and not =-1/n, as would be
expected for strain-driven damage accumulation to a critical
strain (Grathwohl, 1984).9 They expressed concern at flexural

stress redistribution being enhanced by cavitation, which could

8 Dalgleish and Evans (1985) developed no model for cavity
nucleation and growth in shear bands. Their calculations for
the periphery of large-grained heterogeneity in a diffusionally
creeping polycrystal show that, at 55° inclination to the
applied stress, the shear strain is at a maximum, and the mean
stress is still 0.1 of 1its maximum value (in line with the
applied stress). They connected these results qualitatively to
shear band orientation by noting that cavity nucleation occurs
at three-grain Junctions subject to a shear stress transient;

cavity growth by diffusion requires normal stresses on facets.

s Cao et al.’'s (1987) stress corrosion results, for cracks

nucleated at 30-80 um dlameter glass spots on lapped tensile
faces, are consistent with Dalgleish et al.'s {1985) static
fatigue data for natural heterogenelties.
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influence damage accumulation. Materials heterogeneitlies played a
major role in crack and SB nucleation, and SBs were widespread.
Thelr tests were performed at strain rates of approximately 10”5
5'1. which is high for creep tests. Also, they generated no
internal damage data — data which likely will be important in

higher quality materials.

Concerns exlist as to how general these results are for HPAs.
Currently, 1t is uncertain whether low materials quality, high
straln rates and temperature, and test configuration-specific,
damage-enhanced stress redistribution (unlaxial tensile wvs
flexural) are important in the dominance of shear banding, and in
the subtransition slope. Further, although several cases of
heterogeneous cavitation have been modeled (e.g. Hsueh and Evans,
1981; Dalgleish et al., 1984), no systematic approach to spatial
heterogenelty, appropriate to a range of high quality
polycrystals, has been developed, and developing and applying
such an approach almost certainly will require internal damage

data.

9.2 Objectives of the current work

In this work, we generated flexural and uniaxial tenslile data for
creep deformation, cavitation and fracture in HPA — a model,

high temperature structural ceramic.
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The overall aims were:

(1)

(2)

(3)

(4)

on the basis of both internal and surface damage data,
to locate a creep fracture regime in HPA, at lower
temperatures and strain rates (10°® to 107® s™!) than in
previous work; i.e. a region in {o-T-e{t}} space iIn
which generalized cavitation damage controlled fallure,
to develop and validate a uniaxial tensile creep test
system for a range of structural ceramics, and to apply
it to creep fracture in HPA,

to compare flexural and tensile creep deformatien,
damage and fracture in HPA, and

to describe generalized damage fields over the course of
creep fracture, in order to define the microstructures a
computerized image analysis systems will have to
characterize in developing damage constitutive laws and
local fracture criteria. In particular, to generate
qualitative data on the level of damage as cavity
coalescence creates macrocracks, and on the character of

spatial heterogeneity in cavitatlion fields.
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Fig. 9-1: Flexural static fatigue for HPSNs. The lower curves,
for NH206, are after Grathwohl (1983,4); the upper curves, for
NC132, after Quinn (1984). Dashed lires are tests in air with
‘natural’ flaws: solid are tests in ajr with artificlal (Knoop)
precracks on the tensile face; the dotted line is for vacuum.
Temperatures are in C. The ‘creep fracture' regime's border
follows points where curves for naturally- and artificially-
flawed fallure times first coincide (see Fig. 9-2).
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Fig. 9-2: Flexural static fatlgue for NCi32 HPSN, after Quinn
(1984). Initial elastic stress at the tensile face vs
fallure time. The three fields are fast fracture (FF),
slow crack growth (5CG) and creep fracture (CF). The
faillure time contours within the CF fleld are marked.
The diagram is simplified — distributions of lifetimes
(at a stress) or strengths (at a tr) are not shown

{(Wiederhorn, 1983).



10 Experimental: creep and creep damage accumulation

10.1 High-temperature flexural creep tests

Rectangular specimens, approximately 4w x 6h x 651 mrn.l were
machined either on campus, using schedules outlined for swellling
specimens (Table 2-2), or off campus (for which schedules were
not avallable). Specimens were machined in both ARCO and AVCO
HPA. The tensile face of a bar was always the face closest to the
center of a billet; the creep loading and original hot pressing
directions were parallel. Long edges adjacent to the future
tensile face were beveled on a water-lubricated, 600 mesh,
resin-bonded plate (Struers ‘Planopol’ ‘GRASI'). The tensile face
(and bevels) then were ground and lapped to a 0.25 pum diamond
paste finish, following a schedule outlined for ceramography of

swelled specimens (Table 2-4).

A polished specimen's cross section was measured with a vernler

caliper, then the specimen was glued into a ceramic four-point

! Dimensioning abbreviations are: ¢ (dlameter), w (width), h

(height) and 1 (length).
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bend rig with five-minute epoxy, using a custom aluminum Jig and
vernier caliper for alignment. The silicon nitride rig had load
and support pin spacings of 28.5 and 54.0 mm; the pins were of 6
¢ x 10 mm, ground, high-purity alumina rod. When the glue had
set, the rig was placed in position in a furnace.2 The rig was
loaded lightly, to prevent it collapsing when the epoxy burned

off at 300-400 C.

2 The furnace, with loading and extensometer assemblies, was
originally built by D. Watt of the University of Windsor,
Windsor, Ontario. Though a new control system was added, few

other changes were made.

The furnace was a simple box type, similar to that described by
Quinn (1983), save that the lever arm/load rod socket assembly,
and the extensometer, were somewhat more complicated. Also, a
25 mm layer of Insulating board was placed outside the hot face
of insulating fire brick, to permit operating at high
temperatures. The four SiC heating elements were driven by a
Eurotherm PID temperature controller and power controller, with
a variable transformer to compensate for the U-shaped specific

resistance curve of the SiC elements. See App. 18.

Because of the cost of modifying the current bend rig or having
a new one made, these exploratory studies did not conform to
MIL-STD 1942(MR) (Quinn, 1984).

The bend test system described by Govila et al. (1985) sets a
standard for controlling rig/load train misalignment.
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The extensometer consisted of three LVDTs (HP 24DCDT-250; linear
error < 0.5%; % 6.4 mm full scale displacement range). Each
spring-loaded LVDT core contacted a specimen’s tensile face via a
3 ¢ x = 150 mm alumina rod. The tip of the central rod was ground
and polished to a very shallow dome, to prevent errors from the
tip being driven slowly into the tensile face by the spring
pressure; those of the outer two rods were tapered to a simllar
shallow dome about 0.5 mm diameter, to minimize both penetration
and displacement errors at high bar curvatures. The outer rods

were 25 mm apart..3

The core/probe assemblies were checked for free travel and
minimal spring pressure. The alumina probes were correctly spaced
(via a fork-like jig) while in contact with the tensile face.
Each LVDT was zeroed, by a leadscrew to which lts cylindrical
body was clamped. The furnace was heated. Typically, heating to
1200-1300 C required 1.5-2 h. After a 10-20 min equilibration,
the full load was applied smoothly by manually lowering a support

elevator.

3 If the neutral axis position is known, such a three=-probe

extensometer permits determining tensile face strain rates more
reliably than elther single probe or ram displacement methods.
Previous work established that, for AVCO, the neutral axls was
stable at the centerline of a rectangular test bar (Robertson

and Wilkinson, unpublished reesults).
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During a test, LVDT voltages were recorded periodically by a
microcomputer. If a specimen broke, the power to the furnace
heating elements was interrupted automatically by a microswitch
on the load lever arm, which was in the 4-20 mA circult between
(PID} temperature and power controllers. A specimen that did not
break was cooled rapidly under full load to about 900 C, after
which it was furnace cooled under the small preload used in

heatup.

The two halves of broken specimens were treated differently. For
damage surveys, one half was cut at 45 degrees some 5-10 mm back
from the fracture surface, and was mounted with sllver palnt on
this sloping face, on an SEM pin mount.® An angled cut permitted
coating both fracture and tensile surfaces with gold, without a
rotary base, and in one operatlon. Also, both faces could be
examined by SEM without a specimen change or special adapter,

simply by tilting and rotating the stage.

For detalled internal damage studies, the other half was cut 5-10
mm back from the fracture surface, then was sectioned near the
bar centerline, parallel to the loading direction. This internal
face was polished to 0.25 pm diamond, and then was thermally

etched, following schedules for swelled specimens (Tables

4 care was taken to clean mount and specimen. See Ch. 2.
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2-2,-4). A lapped, etched specimen was mounted on an SEM pin
mount with high purlty silver paint, on the original cut end,
Wwith the fracture surface ‘up'. It then was coated with gold
using a motorized rotary base (in order that, in one operatlon,
the fracture, tensile and lapped internal surfaces were coated).
With a small 90° adapter, any of these three faces could be
examined 1n the SEM, by opening the specimen chamber and

adjusting the specimen.

10.2 High-T uniaxial tensile creep testing

The furnace and load train designed and constructed for this test
program are described in App. 18 {see Figs. 10-1,-2). Design
igsues are discussed in App. 19, and a second-generation design

is described in App. 20.

The design and construction of the tensile rig was time-
consuming. When it was begun, few such rigs existed in North
America, and there were few guidelines for inexpensive rigs with
extensometry (Pears and Digesu, 1965; Lange et al., 1979; Govila,
1982). Materials for pullrods, for example, were uncertain, and
waits for materials and machining often long. Furthermore, at the
time the furnace was bullt, it was seen as Iinevitable that
compression and flexural tests, as well as tensile, eventually

would be carried out in it. With tensile results uncertain, and



205

delays forseen for any change of focus which required a new test
configuration, a test system was bullt which was capable of
carrying out all three types of test. Optical extensometry was
provided for tensile tests, and differential LVDT extensometry
for the other two types. Tenslle tests could be run under dead
load or computer control, using different load frames; the
compression and flexural tests were to be run under computer

control.

Specimens were commercially machined, off campus, in ARCO HPA
(Fig. 10-1a).> Flat faces were subsequently lapped to 3 or 1 um
diamond by hand, while a specimen was hot-waxed to an aluminum
metal carrier (25 x 25 x 100 mm). The diamond polishing sequence

was similar to that used for swelled specimens (Table 2-4).

Bevels on the long edges of the gauge length and flared sections
were to be ground in and polished using a hand-held, 1/10 hp,
commercial die grinder (Dumor, Model 10-351). Hewever, the
tooling for this operation — diamond wheels with a radius less
than but close to the flare radius, with a durable coating of
abrasive in the 1-10 um size range — was not located, Standard
toolmakers' wheels and grinding pins typically are no flner than

250 mesh; such tools chipped the gauge length edges. One set of

3 Too little AVCO was on hand; no tensile tests were done on this
HPA.



206

custom wheels {3 and 10 pm) were obtained by special order, but
wore quickly. The technique adopted as an interim measure
involved ‘filing' off the initial material transversely, using
200 through 600 mesh SiC paper, wrapped around a rod of about 20
mm diameter. Final longitudinal lapping was done with the die
grinder, using cylindric felt bobs 20 ¢ x 25 mm, which had been
charged with 15, 6 and 1 pm diamond paste and polishing 0il.? The
bevels were checked for chips with a low power optical
microscope. Narrow faces of gauge length and flares were lapped

with the felt bobs.

A lapped specimen’s gauge length cross section was measured,
using a vernier caliper. The specimen then was pinned into the
SiC pull rods of the load train, and was centered carefully in
cach rod slot with a thickness gauge (e.g. Mitutoyo 184-306).
While the load train was unloaded, and with the ¢lamshell furnace
open, the extensometer telescope was focused on either upper or
lower flags, while the load train was rotated from the upper SiC
rod, with the lower rod following freely, until the specimen was

normal to the telescope’s line of sight:.7

° This operation was awkward and tedious. In App. 20, we propose
a specimen which needs no beveling, and perhaps no hand-

lapping.

Y specimen was normal when both left and right flags were in

focus, as the telescope was rotated by hand between them, with
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A small (20 mm diam.) electric lightbulb then was placed in the
rear half of the furnace, to illuminate the inside the cold
furnace when it was closed. Its power leads were run alongslde
the upper pull rod, in the = 2 mm gap between rod and furnace
roof. The load train was loaded just enough to bring the lower
nut of the load train agalnst the lower plate of the test machine
frame, so that the specimen was at the helght it would be at when
creep tested. The furnace was closed carefully. The alignment of
the specimen flags with both radiation plugs was checked, with
and without the telescope, by the light of the small bulb. ® If it
was necessary to shift the specimen vertically, the lower nut on
the load tralin was adjusted gently; if side-to-side alignment was
unsatisfactory, the furnace was shifted or rotated on its
locating studs. The furnace was reopened, the light removed, and
gaskets, and draft and heat radiation seals were adjusted. The
furnace was reclosed, and 1/8" thick refractory felt seals placed

around the pull rod on the top face of the furnace.

the rotary base disengaged from its micrometer drive.

8 During a test, visual contrast depended on the radiation plug
cooling the well in the rear furnace wall, and on the specimen
being aligned between well and sight tunnel, such that each
flag could be seen through its cutout in the sight tunnel plug,
silhouetted in front of its cutout in the well plug.
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Typical heating times were 2 h to 1250 C, during which the
specimen was maintained under a small preload (equivalent to a
gauge sectlon stress of = 5 MPa). At the test temperature, the
flag locatlons were determined during an equilibration soak under
the preload only. The specimen then was loaded smoothly, over a
period of 30 to 60 s, via an elevator driven through a gear
reduction box by a variable-speed, reversible DC electric motor.
The flag locatlons were recorded agalin, and then periodically
throughout the test, at a frequency that varied with the
elongation rate for that test, considered in relation to the

typical uncertainty of the optical extensometer.

‘Left’ and ‘right’ elongations, at a given time, were calculated
from the positions of the four flags, and were determined as
follows. A target point on each flag knife-edge, on which the
cross-hairs would be set, was chosen and recor‘ded.9 During the
test, care was taken to handle the telescope’s inverting and
reversing the images, and to relocate specific targets. A flag
helght was determined by locating 1its target point at the
telescope crosshalrs, using micrometer drives on the vertical
stage and rotary base. With the rotary position set, four

vertical readings were taken for a flag — two coming from above,

? This allowed for varlations in the exact profile of each
shoulder flag — varlations due to both machining and
hand-lapping.



209

and two from below the target — from which an average and
standard deviation were calculated.A typical uncertainty for such

a set of four readings was % 5-10 um.‘o

The micrometer drive of the rotary base was unlocked, and the
assembly was rotated by hand until the other flag at this level
was seen in the telescope. The base was relocked onto its
micrometer, and this flag's location determined. Then, with the
base still locked, the stage was ralsed or lowered, with the
sight port's insulating door closed, until the flag above or
below it came into view, and the process was repeated. When all
four flags had been located — which might take 5 to 10 min'® —
the insulating door was closed to reduce heat flux onto the glass

window.

In the initial series of tests, five of seven specimens were
permitted to creep until they broke. When a specimen broke, the
load pan fell back onto the elevator, displacing a pin which
rotated a pair of mercury switches. This interrupted the 4-20 mA
signal to the power controller (so cutting off power to the
furnace), as well as the power to an electric clock (which

recorded the exact failure time).

10 hiederhorn et al (1986) report + 2 um for their indented wire
extenders.

At an elongation rate of, say, 20 um per hour.
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Two of seven specimens were given step-stress change tests, as

12 uith the variable speed motor driving the Satec's

follows.
elevator up beneath the test load, a specimen was rapidly
unloaded, until the lower end of the load traln was felt to be
loose at the lower frame plate. At this point, the elevator fully
supported the test load. The load was adjusted, and the speclimen

was reloaded by the variable speed motor, at the slower rate

typical of standard teats (= 60 s to load a specimen).

A specimen’'s fracture strains were estimated by measuring the
area of its fracture surface with a toolmakers’ optical

comparator (Bausch and Lomb, 10-50X).

For SEM, the two halves of a broken tensile specimen were treated
as were those of a broken flexural specimen (Sectn. 10.1), save
that the ‘survey' half was cut normal to the long axls of the

specimen, rather than at 45 degrees.

'2 One specimen broke, due to faulty stress-change technique; the

other was given three different loads.
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Fig. 10-2: Uniaxial tensile creep test rig.
(Schematic; see App. 18B).



11 Experimental results

Variables are listed in section 11.3. While flexural data were
generated in both HPAs, only ARCO was tested in uniaxial tension.

Most of the flexural data given in this section is for that HPA.

11.1 Flexural results

All flexural strains, strain rates and steady state stresses in
this section (Figs. 11-1,-2,-3 and -5) were calculated assuming
that the Norton creep pre-exponentials were the same in tenslon

and compression. We discuss this issue ln App. 21.!

ARCO's strain-time data for flexural tests at 1250 C (Fig. 11-1)

are typical of flexural results at all temperatures in both ARCO

1 For flexural tests, stresses quoted are at the tensile face.
Because stresses redistribute (App. 21), stresses must be
specified as being either elastic or steady state. Fig. 11-1
shows steady state stresses, 11-2 shows both elastic and steady

state, and 11~3 shows stress trajectorlies in time, from elastic

to steady state.

213
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and AVCO HPAs. Highly-stressed specimens falled at low € and t.
Specimens stressed below 170 MPa(ss) crept to the limit of strain

possible in the rig (= 0.035 for ARCO, = 0.055 for AvCo). 2

Fig. 11-2 shows overall patterns in flexural deformation and
failure for the two aluminas, determined during survey work in
which we sought to locate conditions in which creep fracture due
to gencrallzed cavitation, at low strajn rates and temperatures.
AVCO was surveyed over two orders of magnltude in strain rate,

and ARCO over one order.

Both aluminas showed a transltional stress near 200 MPa {elastic;

see below) for straln rates between 10”7 to 1078 §7?

(Fig. 11-2).
At higher stresses, bars falled rapidly from a crack which
propagated from a microstructural heterogeneity. At lower
stresses, although cracks grew f{rom many heterogeneities (see
below), bars did not break by the time they had accumulated the
maximum strains possible for the rig. Because micrographs of

fracture surfaces and tensile faces showed heterogeneities and

cracks similar to those of Johnson et al. (1984}, Dalgleish and

~

2 The maximum strains, e, were limited by the tenslile face
approaching the lower block of the bend rig. For a glven
material and rig (including load pin diameter), ; varies
linearly with bar height (Hollenberg et al., 1971; Chuang and
Wiederhorn, 1988). ACVO's bars were somewhat deeper than
ARCO’ s.
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Evans (1985) and Dalglelsh et al. (1985), they are not presented
here. > However, in contrast to that work, in the current work
microstructural damage data were generated not just from these
two surfaces, but from internal polish planes as well, and
tensile face damage was correlated with polish plane damage

(section 11.2; Ch.12; e.g. Fig. 11-7; 11-9 vs 11-10).°

The stress exponent, n, and activation energy, Q, were estlimated,

for a constitutive law of the form:5

* We list the types of heterogeneity later in this sectlon.
Surface damage seen on specimens tested below the transitlonal
stress was for strains up to ¢ » erla or cr/2. The papers
referred to show damage in subtransitional specimens at higher
strains.

% Farlier work (Robertson and Wilkinson, 1986) had shown a
low-damage ‘skin' some 15 um thick at the tenslle face of bend
bars. There was therefore doubt that surface data alone could
be used to characterize damage accumulation. We present no new
data on this; however, edge rounding in pollishing can be held
to low levels (Ch.2; e.g. Fig. 11-7) so that such data now
readily can be generated.

5 Strain rates were calculated from Hollenberg et al. (1971),

using earlier data showing that the neutral axls was stable
(Robertson and Wilkinson, unpublished results). In Gruffel et
al.’s (1988) uniaxial results at 1450 C, tensile and
compressive strain rates were close, up to strains of 0.1 to
0.15. No grain growth occurred during the current tests. See
also App. 21.
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¢ - B_ exp [3] a (L

The stress exponent, n, can be estimated from the slope of
isothermal (log ;’ — log E”) bend data. The initial elastic
stress at the tensile face 1is independent of n: however,
throughout most of a long-term test, the tensile face region will
be subject to a smaller, redistributed stress, ;" {Chuang and
Wiederhorn, 1988: Chuang, 1986; Cohrt et al., 1984a; App. 21). In
the simplest case, uniaxial tensile and compressive constitutive
laws are equal, and the neutral axis remains at the centerline of
a rectangular test bar. Then Ess can be calculated directly from
bar curvature rates, which were available from our three-probe
cxtensometry, assuming constant curvature within the gauge length
(lollenberg et al., 1971;° Jakus and Wiederhorn, 1988),” and

an‘ln} is relatsd to 9. by a simple function of n (Cohrt et al.,

1981, 1984b):

g
_,:_ - 2n+l (2)
o, 3n

In such a case, secondary creep € . will yield an n when plotted
-1

against initial o, even though the steady-state ¢  cannot be
58

6 ,
Limited to small curvatures; see original reference.

’ Jakus and Wiederhorn (1388) show that this is approximately the

case for two glass-bonded aluminas.
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calculated from 9. until n is known.

In these dead-load, four-point bend tests, Z" were estimated
from strain-time plots, from the data between the end of the
primary transient (Fig. 11-1,-2) and the point at vwhich the

N

progressive fall in . with decreasing moment arm became

significant.i

Bars tested below the transitional stress (cl;'1 = 200 MPa) had
strain-time curves with clear primary and secondary sections, but
no tertiaries (Fig. 11-1).g For tests at stresses above the
transition stress (in which bars broke at short times) calculated
{e—t) plots still seemed to have primary transients followed by
secondary creep (Fig. 11-1b). However, the plotted E.n were

inconsistent with matrix deformation rates extrapolated, to high

® The moment arm decreased because, as bar curvature increased
with ¢, the bar/load pin contact points, on each inner/outer
pin pair, moved towards each other, around the circumference of
their load pins. (The relative decrease can be estimated from
Hollenberg et al. (1971), but is not marked on Fig. 11-2.). At
high elongations the decreasing moment was offset by the loss

of cross sectional area near the tensile face.

¥ Tertiaries reported for structural metals are for wuniaxial
tensile tests, not for flexural tests. Physical interpretations
of flexural primaries and tertiaries are complicated by stress
redistribution (Cohrt et al., 1984b; Chuang and Wiederhorn,
1988).
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stresses, from tests below the transition ({Fig. 11-2). Rather,
they likely reflected a bar deforming locally, 1like a hinge,
about the gauge length’'s growing dominant flaw. So, for such
tests, nelther éﬂs. nor the apparent length of the primary

transients, were taken as representling matrix deformation.

Primary transients were clearest in low-stress tests (Fig. 11-1).
For tests below the transltlional stress, transients were complete
in about 1 to 5 hours, and after strains of less than 0.005

(Figs. 11-1,-3).

Bending stress exponents, n, in the range 1.5-2.0, were estimated
for both HPAs, from bars which did not fail (Fig. 11-2). For
AVCO, the exponent was 2.0; for ARCO, it was approximately 1.8.

Uncertalinties in both were 0.2.

Data for AVCO (1150, 1200 and 1350 C) suggested an activation
energy for deformation of Q = 480 kJ/mol (Fig. 11-2). For ARCO,

data at 1200 and 1250 C suggested Q = 390 kJ/mol.

AVCO deformed far more readily in creep than ARCO (Fig. 11-2). At
a glven subtransitional stress, their bending creep strain rates

were approximately equal when AVCO was 100 C cooler than ARCO



219

(1150 vs 1250 C€).'°

Fig. 11-3 shows flexural static fatigue data for ARCO HPA at 1250
C in a form directly comparable to the original HPSN data of
Quinn (1984) and Grathwohl (1984; Fig. 9-1) and to the HPA data

of Dalgleish et al. (1985)."

Specimens which falled rapidly are denoted by vertical bars.
Because their strain rates are uncertain (Fig. 11-2), stiresses
are as well; upper and lower bar ends give the two limiting
stresses for these specimens (elastlc and stationary). Open
symbols denote speclmens which did not fail. During a test, as
stresses redistributed, material at a tenslile face was subject to
a falling stress trajectory (shown schematically by a curved
line). The ends of the primary transients were determined from
raw strain-time plots, as were strain contours. Because of the
anomalous strain rates, straln contours do not apply to the
specimens that failed at short times. Transitional stresses are

given as elastic and steady state values.12

10 4«  their Q's differ, this relation will change with

temperature.

11 pecause we have uniaxial tensile data only for ARCO, and

because the patterns in statlc fatigue behavior were simlilar In
the two HPAs, we show only ARCO's data in thls form.

12 gee first paragraph in this section (11.1).



220

For raplid failures above the transitional stress, the two orders
of magnitude scatter in failure times discouraged determining a
slope. On fracture surfaces in such specimens, crack orlgins

included:

1. ARCO

a) a 50 pum diam. reglon containing large (10 um) equlaxed
grains.

b) an elliptical cluster, 100 x 200 pm, containing 10 um
diameter, platelike gralns.

c) a single equiaxed 100 pm grain, intersecting the tensile
surface,

d) a flat elliptical region 200 um long, normal to the
original hot-pressing direction, with a hollow, cracklike

core extending most of its length.

2. AVCO

a) a blocky-grained cluster, similar to (b), above.

b) a 75 um spherical hollow. **

On a fracture surface, the heterogeneity which was the crack

13
On one fracture surface; the other was not examined.
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origin was encountered at a range of depths, relative to the
tensile face. Some fatal cracks originated from flaws cut by the
lapped tensile face; others from flaws within the flexural
specimen, at depths of up to maximum of approximately 700 um from

that face.

In tests below the transition, in both HPAs, no delayed creep
fajlures occurred, up to the maximum strains possible in the rig.
(This was the case even when AVCO was predamaged with
grain-boundary cavities by swelling in pressureless, high-T
anneals.)iﬂ In these specimens, multiple sub-critical cracks
developed from several classes of tensile face heterogeneity.

These included:

a) circular or elliptical regions about 100 um in diameter,
consisting of large equlaxed grains (10 um diameter),
either (i) with or (ii) without a porous core.

b) circular regions about 10-30 um in diameter, with grains
of normal size, but either (1) porous or
(1i) preferentially etched (either during creep, or in a
ceramographic etchl}.

c) large blocky grains, 10-20 um long, with aspect ratlos of

2:1 to 5:1, occurring either (i) individually or (ii) !n

14 preanneals were 1450 C, 50 h. See Ch. 4 for the predamage

levels introduced by such anneals.
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loose clusters up to 100 um long, consisting of two to

ten gralns.

From the regions of low surface relief around them, these cracks
appeared to slow or stop after their initial growth.15 At the

lowest stresses tested, many such cracks developed.

No shear band cavitation'® developed around heterogeneities —
only cracks normal to the applied stress. For ARCO tested in
bending at 1200 and 1250 G, (1) cracks with coplanar damage zones
only were seen over a K range of 0.9 to 1.8 MPavm (Broek, 1982,
p.82),17 (2) cracks with either one or two noncoplanar damage
zonesla were seen at K: of between 0.9 to 1.5 MPavm, and (3) no
cracks with noncoplanar damage zones were seen at KI greater than

1.5 MPavm.

% Such cracks were seen on tensile faces as diameters of circular
regions almost free of the surface relief that developed at
higher strains, as grains rotated and slid on their neighbors.
Corresponding low-damage regions were encountered on internal

polish planes, on either side of a crack (Fig. 11-8).

16 Sece Ch.9.

’ Interpreting surface cracks as half-pennies.

18 Noncoplanar damage zones are heavily cavitated regions or bands
which develop on either side of but ahead of the crack tip;
that is, ‘above’ and ‘below’ the plane of the crack (Blumenthal
and Evans, 1984).
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11.2 Uniaxial tensile results

To the present time, we have uniaxial tensile creep fracture data
for four specimens of ARCO HPA, tested In alr at 1250.19 The range
of applied stresses was approximately 40 to 100 MPa: the
corresponding fallure times were about 250 to 20 h (Figs.

11-4| -6)n

Strain rates were estimated directly from elongation data (Figs.

11-4,-5): %°

e{t} = L{t}sze{t} (3)

Elongation rates were measured at the shoulders of a specimen

19 geven ARCO specimens were tested. The first was lost through
faulty stress change technique in a multiple stress test, the
second was tested at three different stresses in the same
test, and the fifth failed from both in the head and in the
gauge length, 10 s after applying 140 MPa. The AVCO HPA was
out of production by the time of the tensile tests, and too
little of it was on hand to permit it to be tested.

2 pecause of complicatlons in including the flared region of a
specimen into a tensile straln analysis, partlcularly at high
strains, we present no such analysis at this time. In App. 20
we recommend a specimen design which permits a very simple and
direct translation of flag elongation to gauge length strain,

which eliminates these complicatlions
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(Fig. 10-1a). For the rather low stress exponents {(n = 2),
deformatlon rates decreased slowly as the cross sectlonal area
increased through the flares, between the gauge length and the
flags. As a result, the effective gauge length was uncertain. An
effective initial gauge length of 20 mm was assumed for plotting
¢ (Fig. 11-5), and vertical error bars were marked, corresponding
to the limits of 12.5 mm (the nominal gauge length) and 35 mm

(the flag scparation).

Tensile strain rates from six specimens are plotted in Fig. 11-5.
For the four static fatlgue specimens, approximate stress-strain
rate paths were calculated from Fig. 11-4 (using Eq. 3 and
Eo = 20 mm), and are glven as dashed lines. Physical primary
creep occurred in all cases.?! At the two higher stresses,
specimens broke while In primary creep. Tertlary acceleration was
evident at 55 MPa, and was stronger at 40 MPa. In such a ductile
materlal, tested in dead-load, the change of appllied stress with
elongation became significant at low stress. Between-test scatter
was about half that due to the uncertain effective gauge length.
The tensile data confirm the flexural value for the stress

expornent: n = 1.8 * 0.2,

For comparison, ARCO's flexural strain rates at 1250 C,

?! The primaries follow from Eq. (3) and the long period in which
the slope of each line in Fig. 11-4 was constant.
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calculated assuming a stable neutral axis and an n of 1.8, also
are given in Fig. 11-5. The tensile strain rates are
approximately an order of magnitude higher than the flexural (see

App. 21).%

Though gauge length widths were not systematically measured by

optical comparator, ne necking was evident in any specimen.

Failure strains were calculated assuming constant-volume
deformation, from the ratios of initial gauge length cross
sectional area (measured by vernier caliper) to the area of the

fracture surface (measured by optical comparator; Fig. 11-15):23

€, = In (Ao/Ar) (4)

At 100 and 77 MPa, fallure stralins were 0.08; at 55 MPa, 0.09. At

40 MPa, cr doubled to 0.17.

22 1e error bars and dashed lines correspond to the uncertaintles
in R, the ratlo of the stress-independent factors for uniaxial

tensile vs compressive creep (Eq. 1; see App. 21).

2 Determining uniaxial tensile failure strains from gauge length
cross sections ignores the cavitation component of strain. For
the generalized damage levels evident in Flg. 11-10, the
failure strains for low stress were significantly larger than
the minimum values reported here. Raj (1982b) describes how to
separate constant-volume and dilational creep straln components

experimentally.
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On a statlic fatigue, {log t.-log stress} plot (Fig. 11-6), the
three data points at high stress extrapolated back to the maximum
flexural failure times in the flexural transition stress range
near 200 MPa (= S h; Fig. 11-2).2‘ The slope of the data was about
=1/3 at high stress, increasing to between -1/2 and -1/1.5 at

stresses between 55 and 40 MPa.

As stresses decreased, the amount of Iinternal and external
cavitation damage, at fallure, increased. Fig. 11~7a shows a
crack which propagated inwards from the surface of the sample, as
cut by the polish plane. This specimen was crept at 77 MPa, to a
failure strain of 0.08. Fig. 11-9 shows a crack of simllar length
(= 115-120 um) on the polish plane of the specimen crept at S5

25 At

MPa to €, of about 0.09. This specimen is shown in Fig. 11-8.
failure, the crack in the 55 MPa specimen had opened far more
than the corresponding crack in the 77 MPa specimen. Its damage

zone was larger and more complicated, and showed signs that, at

an earllier stage, the crack advanced along one of two noncoplanar

24 Uniaxial tensile tests are currently too expensive to use to
explore the varlable, flaw-slze sensitive region at high

stress, near the transition, in a material of the quality used.

* The crack In Fig. 11-9 is at the right hand side of the polish
plane in Fig. 11-8a, and at the left hand side of the external
surface in Fig. 11-8b.
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damage zones. Generallzed damage 1is much heavier in the second
specimen, and the damage levels above and below the crack itself
are low (Figs. 11-7a,b and 11-9,10b). At the lower stress,
cumulative damage levels were high enough that cavities coalesced
to generate flaws on the order of the size of the inltial

microstructural heterogeneities (Fig. 11-10b).

Figs. 11-7c¢ and 11-12 show external surfaces of specimens crept
at 77 and 55 MPa respectively. The surface rellief 1s due to
grains sliding and rotating during creep; such rellef is more
exaggerated in the 55 MPa specimen. Generalized cavitation levels
at failure were far heavier in the 55 MPa specimen. In the 77 MPa
specimen, cavitation levels appear somewhat lower on the external
surface than on the polish plane. Surface relief complicates
estimating external cavitation levels, particularly at low
stresses (Fig. 11-12). In the 55 MPa specimen, a crack origin is
indicated by the dark lobes above and below the crack, in which

the surface relief is low.

In the 77 and 55 MPa specimens, little shear banding occurred
between crack tips — lnternally or externally (Figs.
11-7,-9,-12). However, on internal cracks, noncoplanar damage
zones were rather common (e.g. Fig. 11-9,-11). In some of these
inclined lobes, cavity coalescence nucleated several small
cracks, each normal to the applied stress (e.g. at the left end

of the crack in Fig. 11-11). In the 100 MPa specimen, a survey
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(by optical microscope, at 65 X) suggested that noncoplanar
damage was common at the tips of the many surface cracks

nucleated.

On fracture surfaces, the critical crack at fallure became much
larger as stress decreased, and the crack peripheries changed
from sharp to poorly defined (Fig. 11-13). At lower stresses,
multiple cracks were seen on fracture surfaces, and generallzed
damage levels became so high that crack tips advanced by linking
with multl-grain cracks which developed ahead of the main tip, by
cavitles coalescing in extended damage zones (Figs. 11-9, and

particularly 11-12).

Despite this, the critical KIc values calculated from the size of
fracture surface cracks (Newman and Raju, 1981) were rather
insensitive to stress, strain and cumulative damage at failure,

having values close to 3 MPavm (Fig. 11-14).

In the 100 MPa specimen, the crack originated in a heterogeneity
some 50-100 um from the surface (a high magnification SEM
micrograph is not yet avalilable). In the 77 MPa specimen, the
origin was a 200 pum diameter cluster of plate-like grains, 10-20
um in diameter, similar to origins seen in rapld flexural
failures. In the 55 MPa specimen, no heterogeneity was evident at
high SEM magnification, but the crack was centered on a poorly

beveled edge. Mechanical damage in manual beveling may have
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caused the crack.26 In the 40 MPa specimen, a planar reglon some
15 x 50 um, about 50 to 100 um beneath the specimen surface, was
the apparent crack origin. This type of flaw was not encountered
previously in flexural fallures. One or several large planar
grains could have caused such a feature in a fracture surface, by
failing along the interface with the pelycrystal matrix {e.g. at
the right of Fig., 11-11); the mating fracture surface has not yet

been examined by SEM to verify this.

11.3 Variables

Ao ; initial and at-fracture cross sectlonal area of gauge
length; [m°]
B temperature-dependent, stress-independent pre-exponential

factor in creep deformation law; |

€ strain; [~]

€, failure strain; [-]

é‘g steady state strain rate; [s ']

K critical, mode one stress intensity factor; [MPavm]

E,ﬂ) effective gauge length; effective initial gauge length; [m]
n stress exponent for creep deformation; [-]
N stress exponent for creep crack growth; [-]

Q actlivation energy; [J/mol]

26 The specimen recommended in App. 19 eliminates bevellng.
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R gas constant; [J/mol-K]
o stress; [N/m°)
elastic (steady state) stress; [N/m°)

el,su8

Lr fallure time; [s] or [h]

Diacriticals

———————

-

maximum (for a bend specimen, this refers to the tensile

face).
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Flexural creep deformation in ARCO HPA at 1250 C.

Strains and steady state stresses are calculated for a

stable neutral axis and an n of 1.8. See App. 21.

a) Above (200 MPa,ss) and below (100-170 MPa,ss) the
transition.

b} Above the transition (175, 185 MPa,ss)
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Fig. 11-2: Flexural creep deformation and failure in AVCO and
fRCO HPAs as a function of stress (initial, ;el. and stationary,
o;g)and temperature, Open symﬁ?ls are for specimens unbroken to
the strain limit for the rig (e = 0.05); filled are for specimens

that failed during a test.
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Fig. 11-3: Flexural static fatigue in ARCO HPA at 1250 C: time vs
elastic and stationary stresses at the tensile face. Specimens
which falled rapidly are denoted by vertical bars; open symbals
denote specimens which did not fall. Stress redistribution al
tensile faces followed trajectorles shown schematically by curved
lines. Strain contours do not apply to the specimens that falled
at short times. The vertical line at 60 s denotes a typlcal
leoading time.
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ARCO HPA: 1250 C, air; uniexial tension.

6' ) I ¥ 1 ! 1 I i I ' 1 ! I L

[mm]

a]

300.

Fig.11-4: Uniaxial creep elongation in ARCO HPA at 1250 C in air.
The fallure times for the two higher stresses coincide
approximately with the ends of the plotted lines; for the lower
two stresses, bars failed at the marked ‘X's.
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Fig.11-5: Uniaxial tensile (UT) vs flexural (F) creep rates in
ARCO HPA at 1250 C. See App. 21.

Solid UT symbols are for a step-stress-change test on one
specimen. Dashed lines are approximate dead-load, statlc fatigue
trajectories, estimated from Fig. 11-4. UT error bars are for
extreme effective initial gauge lengths, 80. of 12.5 and 35 mm;

plotted points assume !o = 20 mm.

F error bars are for 1 SR =3 (App.20); plotted points assume
R = 1. Dashed F lines are for R = 3, 10, and 100.
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Fig. 11-6: Unlaxial tensile static fatigue in ARCO HPA at 1250 C:
failure time vs (dead-load) stress. The large symbol denotes the
initial stress for a specimen; the small symbols denote the
macroscopic stress at failure, based on the external dimensions
of the fracture surface. The minimum failure strains are marked
(see Fig. 11-14). The short vertical line at 60 s denotes a
typical loading time.



237

Fig. 11-7: Creep damage at fallure in ARCO HPA, crept in uniaxial
tension in air, at 1250 C, at 77 MPa. Fallure at tr = 40 h,
€. = 0.08. SEM micrographs from an internal section about 0.5 to
1 mm from an external surface; polished, thermally etched and
gold coated. The applied stress axis is vertlcal.

a) Internal polish plane: crack growing from the external surface

(at left), its damage zone, and typical internal damage.

b} Typical internal cavitatlion damage.

c) Typical external cavitation damage.
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Fig. 11-8: Internal (a) and external (b) macroscopic damage at
failure in ARCO HPA, crept in uniaxial tension in air, at 1250 C,
at 55 MPa. Fallure at tr = 150 h, €. = 0.09. Adjoining surfaces.
Thermally etched and gold-coated for SEM. The applied stress axis
is vertical.

a) Internal polish plane about 0.5 to 1 mm from an external
surface (the orlginal specimen was S5 mm wide). Right surface lis
external face, (b).

b) External tenslile face. Left surface is internal plane, (a).
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Fig. 11-9: Surface crack from the specimen shown in Fig. 11-8.
Internal pollish plane, thermally etched and gold-coated for SEM.

The external face is the surface at the right.
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Fig. 11-10: Internal damage, at fallure, in ARCO specimen shown
in Figs. 11-8,-9. Internal polish plane, thermally etched and
pold-coated for SEM. The applied stress axis is vertical.

a) The largest crack on the polish plane.

b) Internal crack generated by cavity coalescence, near tip of

crack shown in {a).
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Fig. 11-12: External damage at fallure in ARCO specimen shown in

Figs. 11-8 Lo 11-11. The applied stress axis is vertical.
a) The largest crack on external surface. Dark bilobed regions
have low surface relief, and denote the crack origin.

b} Tip of crack shown in (a).
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Fig. 11-13: Fracture surfaces of three ARCO HPA speclimens, crept
to failure in uniaxial tension in air, at 1250 C, at (a) 77 MPa,
(b) 55 MPa and (c) 40 MPa (Figs. 11-4 to -6). Secondary crack
growth is occurring from one site in (b), and from at least four
sites in (c¢). Specimens are as-fractured; gold-coated for SEM.

The applied stress axis is normal to the micrograph.
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Fig. 11-14: Long-term creep fracture toughnesses, ch. in ARCO
HPA at 1250 C, as a function of applied stress at failure,

calculated from the external dimensions of the fracture surface.

Fig. 11-15: Minimum failure strains in ARCO HPA at 1250 C, as a
function of applied stress. The horizontal stress range for each
specimen reflects the loss of gauge cross sectional area. The
small vertical a . Aenote specimens In which the cavitation
component of o . ttraln, which is not included in the

calculated failure ..rains, is significant.



12 Discussion

In this sectlon we discuss creep deformation data, then creep

fracture and damage accumulation data.

12.1 General

Both aluminas were microstructurally stable with respect to
swelling and grain growth, at the temperatures at whilch most
creep data were generated (1150 C for AVCO, and 1250 C for ARCO;

Figs. 4-3,-4).'

12.2 Creep deformation

Stress redistribution complicates interpreting primary creep in

flexural tests (Chuang and Wiederhorn, 1988); however, unliaxlal

! For AVCO, most creep data were generated at 1150 C — 200 C
below the lJowest swelling temperature. The swelllng data
strongly suggest AVCO was stable in creep at this temperature.
ARCO's swelling data included 1250 C, its creep test
temperature; because it was stable at that temperature, the

data were not included in Ch. 4.

245
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tensile data for ARCO (Figs. 11-4,-5) show primary creep.

CGruffel et al. (1988) explained uniaxial primaries in Mg, Mg-¥Y
and Mp-Ti/HPAs as due to concurrent grain growth. However, as
noted above, no significant pgrain growth occurred in ARCO HPA at
1250 C (Ch.4), ARCO's flexural primary transients (Figs. il-1,-3)
were complete in one half the flexural strains reported by
Chokshi and Porter (1986) for an HPA similar to AVCO (<0.005, vs
<0.01). They eliminated dislocation density increases and
concurrent grain growth as possible physical causes, but did not

identify the physical basis for the transients.

Diffusion-induced primary transients can be estimated from Frost
and Ashby (1982) p.2,98,119. For the flexural data for ARCO at
1250 ¢ (Fip. 11-2), strains of approximately 0.001, with a time
constant of about 0.6 h are predicted. The transients seen (Figs.
11-2,-3) had larger strains and decayed more slowly, diverging
farther from these predictions as stress decreased. The physical
basis for the observed physical primary transients is therefore

-

unclear.”

Tertiary creep was reported by Grathwohl (1984) in  dead-load

Chuang, and Wiederhorn (1988) analyze transient flexural stress
redistribution. Their analysis has not yet been applied to the

current results,
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flexural tests on HPSN, and by Gruffel et al. (1988) in unlaxial
tensile, constant-stress tests on Mg-, Mg-Y and Mg-Ti HPAs. In
the current work, at the relatively low strains achieved in the
flexural tests.a no tertiary acceleration was noted (Fig. 11-1a}).
However, in dead load unlaxial tensile tests to fallure, tertiary

acceleration developed in 55 and 40 MPa tests (Fig. 11-4,-5).

In the current work, no necking was observed to strains of at
least 0.17., consistent with the high-elongation uniaxial data of

Gruffel et al, (1988; € = 0.4-0.5}.

For AVCO, the measured stress exponent of 2.0 was close to the
value of 1.7-1.8 determined for other MgO-HPAs from the same
manufacturer (Porter et al., 1981; Johnson et al., 1984), and
close to the value of 1.9 determined for a similar HPA by Chokshl

and Porter {1986). ARCO's exponent of 1.8 * 0.2 was simllar.

Comparing experimental activation energles for creep deformation
with previous values determined for similar materials conflirms
that controlling mechanisms and diffusion coefficients are
uncertain (particularly when determined from measurements over
narrow temperature ranges) and are specific to particular

materials. The range of activation energlies expected for Coble

3 Strains of about cr/3 to cf/Z were reached in the stress range
at which e, ® 0.1.
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creep in HPA s that for aluminum boundary diffusion;‘ i.e,
between perhaps 420 kJ/mol (Frost and Ashby, 1982, p.99,101-2)
and 684 kJ/mol (Dynys et al. (1980)}; App.15). AVCO's apparent
Q = 480 kJ/mol (Fig. 11-2) is close to Porter et al.'s (1981)
value of 460 kJ/mol, and Johnson et al.'s (1984) 480 kJ/mol, for
other AVCO MgO-HPAs. However, Chokshi and Porter (1986) reported

635 kJ/mol for a simllar HPA,

For ARCO, flexural creep deformation data over a narrow
temperature range (1200-1250 C) suggest a much lower activation
chergy of approximately 390 kJ/mol. However, in the swelling
work, we fit a boundary diffusion activation energy of 500 kJ/mol
{Ch.S5). These two values are not necessarlily inconsistent. The
activation energy for creep was calculated from data taken over a
narrow temperature range, and at low temperature, relative to
diffusion data. In a study of neck growth between alumina spheres
between 1500 and 1900 C, Dynys et al. (1980) found Al control of
boundary diffusion at high temperature, and O control at low;
their mixed QB was 684 kJ/mol. In the current work, the
activation energy for swelling was calculated from data for

intermediate temperatures, and had an intermediate value between

* From TEM micrographs of graln boundaries at much higher
magnification than Fig. 4-13 (not shown here), grain boundaries

were free of glassy phases in both aluminas.
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the creep energy and Dynys et al.'s (1980) mixed enerpy.

Generating high temperature creep data would permit comparing the
activation energies for swelling and creep more reliably,
Concurrent grain growth will occur at high temperature (Ch.4),
which will have to be taken into account; however, such tests
likely will be short., Fortunately, ARCO swells slowly at high
temperature, and the swelling kinetics are known (Chs. 1-8). For
fine-grained HPA, the controlling deformation mechanism should

not change te lattice diffusion at higher temperature (Frost and

Ashby, 1982, p.98-100).

The reason for the large difference in deformation resistance
between the two HPAs tested is unclear. AVCO's as-received grain
size, f;, was 1.6 um, vs ARCO's of 1.0 um (Ch.4). For boundary
diffusion controlled creep described by € « SDB/E.Z3 {Frost and
Ashby's (1982) Eq. 2.29), ARCO's 6D8 would need to be some 40
times smaller than AVCO's, at the same temperature, to explain
the difference in deformability shown in Fig. 11-2. Impurity and
dopant levels are different in the two HPAs, but it is difficult

to anticipate how these differences would affect EDB.b

* ARCO's lower swelling rate, relative to AVCO, is consistent
with its 1low deformation rate, in that both should be
controlled by grain boundary diffusion. However, pore pressures

in ARCO are uncertain (Chs. 4,6).
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12.3 Creep damage and fracture

For rapid faillures above the stress transition, the large scatter
in flexural failure times discouraged determining a slope for
this regime (Fig. 11-2). Dalgleish et al.’'s (1985, their Fig. 4)
short-term failure times also show strong scatter, and have an
uncertain slope. For a single type of fracture origin,5 the slope
should relate to the stress exponent for slow crack growth (N;
Grathwohl, 1984), which is tentatively7 on the order of three in
HP/alumina (Blumenthal and Evans, 1984). Possible slopes were far

from -1/3, consistent with the different types, sizes and

® And, for flexural tests, for heterogeneities of sufficiently

high number density, Nv' that in each specimen, a dominant flaw

is near the tensile face...

’ Blumenthal and Evans (1984) present V-K data for extrinsic
(i.e. Knoop) cracks in their Figs. 4 and 14. For 1300 C, data
points are not consistent between the two figures, and slopes
of two and three, respectively, were fit. The exponent at 1400
¢ is between 1.5 and 2-3, depending on the points included. In
Cao et al. (1987), failure times for arcificial intrinsic
cracks were consistent with those for natural intrinsic cracks
in Dalgleish et al. (1985), both above and below the high
transitional stress. At 1250 C, ARCO deforms comparably to AVCO
at 1150 ¢ (Fig. 11-2); i.e. some 150 C below the lowest
temperature for for Blumenthal and Evans’ (1984) V-K data. Low

temperature V-K kinetics are uncertain at this time.
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locations of the dominant flaw seen by SEM in different bars.® As
noted in section 11.1, the types of heterogeneity scen at
fracture origins were consistent with those reported by Johunson

et al. (1984), Dalgleish and Evans (1985) and Dalgleish et al,
(1985).

Below the transitional stress, our failure data are from uniaxial
tensile tests. The three data points at high stress (¢ 2 55 MPa;
Fig. 11-5) extrapolated to higher stresses, were consistent with
the maximum flexural failure times, in the flexural transition
stress range near 200 MPa (= 5 h; Fig. 11-2).9 For stresses
between 70 and 170 MPa, Dalgleish et al.’'s (1985, their Fip. 4)
and Cao et al.'s (1987, their Fig. 4) flexural subtransition
slopes were close to -1, and were not explained. In contrast,
here, the slope of the uniaxial high-stress data was about -1/3,
tentatively consistent with Blumenthal and Evans' (1984) V-K
kinetics for extrinsic creep crack growth in HPA. As the stress
was reduced from 55 to 40 MPa, the slope increased Lo between

-1/2 and -1/1.5, consistent with ARCO's deformation exponent,

a . : 1 : .
At this stage in the overall project, it was too time-consuming

to test enough bars to generate a representative slope.

g - : . R
At this stage of the project, uniaxial tensile tests were too
expensive to use to characterize the flaw-size sensitive region
at high stress, near the transition, in a material of the

gquality used.
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n= 1.8, In this work (Fig. 11-2,-5).

These data indicate a second transition in this lower stress
range — apparentiy more gradual, re. tr' than the transition at
high stress. The transition appears to be from crack growth
controlled falilures (slope = =-1/N; Grathwohl, 1984) towards
failures from strain-controlled damage accumulation (for a
critical strain, slope = -1/n; Grathwohl, 1984). (Dalgleish et
al.'s (1985) and Cao et al.’'s (1987) lowest stresses, 65 and 75

MPa respectively, was well above this second transition.)

This is supported by micrographs of both internal and external
cavitation. Failure by generalized cavitation will only be seen
in HPA of high enough quality; otherwise, fallure will be
controlled by localized cavitation at crack tips, in cracks
propagating from as-recelved heterogenelties. From SEM

1% in this

cxaminations of fracture surfaces f{e.g. Figs. 11-13),
work, all fallures (flexural and tensile) could be assigned to
crack propagation from either as-received microstructural hetero-
genelties (consistent with Dalgleish et al., 1985), or specimen

11
bevels.

' The higher magnification SEM micrographs of crack origins are

not shown here.

H In App. 20 we recommend a specimen which requires no beveling.
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-1

However, in contrast to their flexural results at c® 10°° s
and to the internal damage data for constant-stress uniaxial
tests at 1450 C (Gruffel et al., 1988), little shear banding
between crack tips was evident on external surfaces or pelish
planes of tensile specimens crept at 77 and 55 MPa (e.g. Flg.
11-6). Further, only cracks, and no shear bands, were observed to

nucleate at heterogenelitles,

That such cracks propagated from intrinsic heterogeneltles at Kl
less than the extrinsic threshold K:h. and then stopped, or grew
very slowly, 1s consistent with results given by Blumenthal and

Evans (1984) and Cao et al. (1987).%2

Noncoplanar damage 2zones were encountered at tips of cracks on

12 as reviewed by Blumenthal and Evans (1984), only at steady
state in a linearly viscous creeping continuum, and for a
stationary crack, can Kl be f?ed as a crack loading parameter
(because, for that case, C « Kf}. However, as they note,
(1) C. cannot be controlled experimentally for small cracks,
and (2) their data for crack opening displacement rates in AVCO
HPA at 1300 and 1400 C do not support using K:’ In this work we
present no data Jjustifying KI as a loading parameter at our
lower test temperature. Despite this, we estimate KI from
elastic formulae for crack size and shape, in order to compare
our results with previous data on, for Instance, crack

propagation thresholds (e.g. Blumenthal and Evans, 1984).
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the tenslle face of flexural specimens in ARCO HPA, for KI below
the threshold, K:h % 1.5 MPavm, determined by Blumenthal and
Evans (1984) and Evans and Blumenthal (1984) on an AVCO HPA at
1900 and 1400 C. In the current work, only coplanar damage zones
were seen for cracks with Kx greater than this K?\ In tensile
specimens, at much higher strains than in these flexural
specimens, noncoplanar damage Zones were rather common (e.g. Flg.
11-8), and crack nucleation in inclined lobes occurred, as seen
by Dalgleish and Evans (1985). Such lobes and heavily damaged
Inter-crack bands (e.g. Fig. 11-9) were smaller in the current
work than those seen at 1450 C and strains of 0.4 to 0.5 by

Gruffel et al. (1988)., and by Dalgleish and Evans (1985).

That few cracks Jjoined by shear bands in this work may reflect
materials quality differences, through the number density of
heterogencitles avallable to generate cracks (which will interact
via shear bands if they are close enough). Also, cracks
interacting by shear bands, and shear bands nucleating from
heterogenelties, may occur more readily at high temperature, when
plastic and cavitation regions around heterogenelties and crack
tips can develop more rapidly. In the case of Dalgleish et al.'s
(1985) results (and acknowledged by them) the stresses 1in the
tensile face region were uncertain in the later stages of creep,

as heavy damage redistributes stress.

Because subtransitional fallure strains were two to three times
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higher than those achievable in the current bend rig (= 0.09 vs
0.035 for ARCO), at this time we have no data for comparing
flexural and uniaxial creep damage at high strains in ARCO., In
particular, we have no data on the relative importance of shear
bands in crack linkage in tensile and flexural failures. However,
it now would be stralghtforward to generate such flexural data,
using deep bend pars. >
Comparing internal (pollsh plane) and surface cavitation damage
shows that, at the high fallure strains achieved at low stress,
the graln-scale topographic relief that develops on external
surfaces (e.g. Fig. 11-12), obscures details of cavitles
coalescing to form macrocracks, relative to internal pollish
planes (e.g. Fig. 11-10). Such surface rellef would interfere
with characterizing surface cavitatlon fields by automatic image

14
analyzers.

13 Say, bars 12 to 15 mm high. Maximum strain ls linear In bar
height; load (for a given stress at the tensile face) varles as
the square of bar height. Our data indicate that the relevant
stress range for tensile comparisons is below 100 MPa, there
now should be no lmmediate concerns about overloading the bend

rig.

Y 1f an initially-lapped surface could be relapped for image
analysis of damage on the external surface, during an
interrupted set of tests on a single specimen, thils would be an
efficient way to study damage evolution. However, for such data

be useful in fallure prediction, in cases in which internal



256

Two aspects of the data suggest that, as the stress was reduced
to 40 MPa, the HPA was close to a border of a field for creep
fracture by generalized cavitation. First, the tensile fallure
slope changed from that for creep crack growth towards that for
creep deformation. Second, the internal cavitation level
increased to levels where cavity coalescence generated cracks as
large as the as-received heterogeneities, both away from and near
crack tips (Figs. 11-10,-12). Fallures still occurred by slow
crack growth from as-received microstructural heterogeneities;
but generalized cavitation was playing a larger role._both in

strain and In crack growth from heterogeneitles.

Tensile fallure strains, at stresses between 100 and S5 MPa, were
close lo the flexural values of at least 0.08 reported by
Dalgleish et al. (1985); however, at 40 MPa, the fallure strains

were at least 0.17 (Fig. 11-12b). Gruffel et al.'s (1988) fallure

damage controls creep lifetimes, it would be necessary that

surface damage be correlated with internal damage.

However, experimental lapping could be eliminated by studying
specimens which have a ground surface finish comparable to that
anticipated for production parts. Surface damage then would not
be as readily compared to internal; however, (materials
specific) data on controlling damage processes for practical

industrial surface flinishes would be generated.
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strains in HPAs were on the order of 0.5 at 1450 C and e w 10"

=1
s .

The pattern for creep fallure in HPSN, in bending, in air, is a
single transition from slow crack growth (SCG) to damage
accumulation with decreasing stress (Grathwohl, 1984; Quinn,
1984). Dalgleish et al. (1985) and Cao et al. (1987), in flexural
tests on AVCO HPA at 1300 C and c = 10'5. encountered a single
abrupt transition at high stress, but the subtransitional {¢-tr}
slope did not correspond to the expected -1/n, and
microstructural heterogeneities {and possible damage-enhanced

stress redistribution) were important.

In contrast to these results, in the current combined flexural/
tensile data set, two transitlons were encountered — lIn tr' c,
and damage patterns. The first, at 200-210 MPA (elastic), was
similar to that reported by Dalgleish et al. (1985) and Cao et
al. (1987). Abrupt in tr and €. the change, wWith decreasing
stress, was from rapid and scattered fallures, by crack growth
from one of a number of types of microstructural heterogenelty,
to delayed failure — still by a crack growing f{from a
heterogeneity, but with significant multiple crack grouwth

occurring at the same time,

The second transition occurred ln uniaxial tensile tests on ARCO

at 1250 C, at lower stresses — between 40 and 55 MPa. It was
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more gradual in tr' though rather abrupt 1n L Multiple crack
growth occurred Internally and externally. and growing cracks
interacted If they were close enough. Generallized internal damage
accumulated to levels where cavity coalescence generated cracks
as large as the original heterogeneitles, and large cracks
advanced by multi-facet plates of damage. The large damage zones
were in contrast to the compact zones seen internally in unlaxial
specimens at higher stress (Fig. 11-6), and those shown on the
tensile face of flexural specimens by Blumenthal and Evans (1984)

for higher temperature and strain rates in AVCO HPA,

That the high-stress unlaxial tenslle tr extrapolated back to the
envelope of flexural tr (= 5h) suggests that no abrupt transition
In tr should be encountered in uniaxial tests In this stress
range, in contrast to the flexural results. Because N > n, and
the slope of the high stress tr is close to the expected -1/N, we
expect a gzradual fall In ¢, as stress increases towards and
across the flexural transition. The uniaxial results support the
flexural transition being due to stress redistribution {(possibly
enhanced by tensile face damage) and perhaps assisted in some
cases by locally high ‘intrinsic’ V-K kinetics (Blumenthal and

Evans, 1984; Cao et al., 1987).

The ch value suggested by the tensile data — just over 3 MPavm
— is consistent with the value determined for extrinsic cracks

at 1300 and 1400 C by Blumenthal and Evans (1984).
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12.4 Flexural test conditions

Test conditions were selected on the basis of many interrclated
factors. Creep test acceleration is always a concern. Dalgleish
et al.’'s (1985) static fati,ue results identified the stress
range 100-200 MPa as a starting point, but their failures at low
stress were unexplained, and were strongly influenced by material
heterogeneities, and, perhaps stress redistribution.’’ Even though
HPA, as a model structural ceramic, has different chemistry, and
different deformation and demage mechanisms than HPSN, the
original HPSN data prompted interest in damage processes at low
stresses and temperatures (Figs. 9-1,-2) — low stresses for
failure by generalized cavitation; low temperature for

structurally reasonable strain rates.

It is important that the same deformation and damage mechanisms
control failure lifetimes in lab tests and in service. Currently,
because there are too few data on damage mechanisms in HPA to
permit choosing test conditions, it seems reasonable to use the

lowest strain rates typical of similar studies. Wiederhorn ct al.

15 I :
Their test conditions are somewhat uncertain: the legends given
in their Figs. 4 and 5 report no unique relation between stress

and steady state strain rate, at a given temperature.
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=1

(1986¢c, 1988) used strain rates of 10 to 1077 5! in systematic

studies of Si1/SiC (for € = 0.01). Dalgleish et al.'s {1985)

bending strain rates were around 107° s", while Chokshi and

Porter's (1986) were 1077 to 10°* s'. For materlals as

damage-tolerant as HPA, tests at strain rates below 1078 s7! are

uncomfortably long; in the current tests, a strain rate range of

8 =1

10°? to 10°® s ! was used. Such rates typically ylielded the
maxlmum strains possible in the bend rig (= 0.05), within 100-500
h, at stresses between 100-200 MPa. Test temperatures were chosen
which were low, but still high enough to permit maintaining these
deformation rates at loads that would not damage the test rig,
for bend specimens deep enough to glve these maximum strains, at

the low curvatures called for by Hollenberg et al.'s (1971)

deformation analyslis.

12.5 Maximum flexural stralns

Maximum flexural stra‘ns imposed (Figs. 11-1,-3) were lower than
those of Dalgleish et al. (1985), and it is likely that failures

similar to thelrs would have bcen encountered at similar strains.

However, by the time their data were published, our flexural rig
and specimen design were in use. Machining a new test rig would

have been expensive; with the current rig, thelir large fallure
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strains required f{lexural tests on bars 12 to 15 mm deep.16 or
else uniaxial tensile tests. For f{lexural tests, the maxlmum
strain possible is linear in bar depth, but the load required for
a given tensile face stress increases as the square of bar depth.
We were concerned about damaging the bend rig and load train if

deep bars were used, particularly at lower temperatures.17

Most important, SEM data from the current work and for Dalglelish
et al. (1985) showed HPA to be capable of sustaining very high
levels of internal damage. This likely would enhance stress
redistribution ({(Chuang and Wiederhorn, 1988), and would
complicate interpreting bend test results. Dalgleish et al.
(1985) acknowledged this, and were unable to explain thelr
results. Instead of intreasing bending stralins, then, tenslle
tests were undertaken as offering large stralns, and uniform,
controlled deformation conditions throughout a specimen’'s gauge

length.

16 In order to keep curvatures at maximum strains low, in accord

with Holleonberg et al.'s {1971} recommendations. Dalgleish et
al.'s (1985) 3 x 3 mm bars would have had very high curvatures
at strains of 0.08.

7 A flexural rig capable of sustalning higher loads has been
constructed.
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12.6 Head fallures

It is important to discuss an experimental problem which was
encountered in the unlaxial tensile tests, as it ralses lssues

for materials-specific test system design.

The current specimen had a gauge width of 5.0 mm, which was
intended to give a high signal-to-nolse ratio in a 10 mm diameter
neutron beam, in planned cavitation kinetics determinations by
SANS. Peterson's (1953) Fig. 83 suggests thls to be rather large,
relative to the head dimensions: the initial maximum stresses at
the pin hole were larger than the steady-state stresses in the
gauge length. (A reduced gauge cross section — say, a width of

4.0 mm — would correct this.

In the tensile tests reported here, cracks grew from up to three
locations around the peripheries of pin holes in one or both
specimen heads.'® In the 77 MPa test, the specimen broke only
within the gauge length. However, in the other three tests (at
100, 55 and 40 MPa), the specimens broke not only within the
gauge length, but also with'n the upper head, from cracks from

the load pin hole. For these three cases, which were run at

'8 Fig. 10-1a; from both extreme stress locations on the hole

dlameter normal to the specimen axis (Peterson, 1953), as well
as from the point opposite the gauge length, of one or both
Joading pin holes.
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stresses both above and below the fourth, it is likely that the
tnitial failure occurred at a side crack which propagated from a
load pin hole; nucleated either at a microstructural hetero-
genelty or at machining damage.‘q That a specilmen at an
Intermediate stress did not fail from head cracks indicates the
uncertainty introduced into testing by a combination of varlable
machining damage and large, random microstructural
heterogeneities.zmzl
However, this head cracking invalidates neither the trends In
results, nor the conclusions drawn from them — nelther trends in
ch nor failure times, with stress, indicate strongly premature
failure in the three uncertain cases. The 77 MPa specimen’s ch
was perhaps 0.1-0.2 MPavm higher than the test set mean of about
3 MPa¥m, and was consistent with ch determined by Blumenthal and

Evans (1984). Failure strains may be low when head fallures

19 ceperated on breakthrough in drilling, and not removed

completely by bevellng.

20 Perhaps also randomly high misalignment in the specimen which
falled only in the gauge length. No specimens were
strain-gauged to estimate misalignment at loading. The failure
strains show the material to be so ductile under the current
test conditions that minor misallgnment is unlikely to have

been Important in fallure times.

21 qver the set of flexural bars that fatled rapidly, fracture

surfaces showed several types of large heterogeneity.
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occur, particularly when such premature fallure occurs during an
accelerating tertiary phase of a test. However, rather moderate
tertiary acceleration occurred in low stress tests (Fig. 11-4).
Static fatigue slopes at long times (Fig. 11-6) are rather
insensitive to premature fallure, from the numerical compression
inherent in a log-log plot. Finally, the trends in the character
of the fracture surfaces (Fig. 11-13), and in internal and

surface damage levels (Figs. 11-7 to -12), remain meaningful.

When we compare our results and specimen dimensions with the
maximum test times, the flare radius, and head and pin hole
dimensions of Wiederhorn et al.'s (1988) similar "pin and clevis”
tensile specimen in Si/SiC, we infer that crack initlation and
propagation are materials/materials quality specific, and that
HPA 1s more susceptible to this than Si/SiC. In particular,
Si/S1C should resist crack propagation, as the Si ‘pools’ should
blunt crack tips. That s, not only are heterogeneities
materials specific, but their consequences are materials specific

{and perhaps test condition speciflic).
The current specimen’s gauge cross section should be reduced, or
the pin hole eliminated by loading under flare shoulders, as in

the proposed new specimen design (App. 20).

mdisc.chi; 29 jan B9



13 Conclusions

1

In contrast to flexural results of Dalgleish et al, (1983) and
Cao at al. (l987), two transitions occurred in failure times
and strains, and in cumulativé damage patterns, over the

stress range 40 te 230 MPa, at 1250 C in ARCO HPA.

The first, a sharp and expected flexural tramsition, occurred
in both HPAs at elastic stresses of 200-210 MPa. The
transition, as stress was vreduced, was from rapid and
scattered failures (by crack growth from one of a number of
types of microstructural heterogeneity) to delay+d failure at

L of 0.08, and multiple crack growth from heterogeneitics,

The second transition occurred in uniaxial tensile tests on

ARCO HPA, at stresses between 40 and 55 MPa, and ¢ between

-7 -1

10 and 10°° s'. Failure times above this transition
extrapolated back to the flexural failure envelope, and the
failure strains and multiple crack growth were consistent with
Dalgleish et al. (1985), although little shear band cavitation

occurred, either at heterogeneities or between macrocracks. At

the lowest stress, however, the failure strain more than
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doubled to at least 0.017. At transitional stresses (S5 to 40
MPa), (1) multiple crack growth was evident on fracture as
well as external surfaces, (2) generalized internal damage
accumulated to levels where cavity coalescence generated
cracks on the order of the size of the initially present
heterogenelties, and (3) large creep cracks advanced by

multi-facet ‘plates’ of damage.

Across this transitlon, the slope of failure times vs stress,
on a log log plot, changed from the (negative lnverse of the)
stress exponent for extrinsic crack growth, above the
transition, towards that for creep deformation, below the
transitlon. The data suggest that a border was approached or
encountered, for failure controlled by strain-driven,

generalized creep cavitation.

In flexural specimens, noncoplanar damage zones developed in
surface cracks at K: below approximately 1.5 MPavm, consistent
with Blumenthal and Evans (1984)}. However, only cracks, but no
shear bands formed at heterogeneities, in contrast to results
of Dalgleish et al. (1985). In uniaxial tensile specimens,
noncoplanar damage zones developed at Internal crack tips.
These were consistent in form with, but on a smaller scale
than Gruffel et al.'s (1988) damaged bands between Internal

cracks at higher temperatures and r.:rain rates.
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3 ch's for uniaxial tensile fallures were Just over 3 MPavm,
and were essentlially independent of the sharp increase in
faflure strain and cavitation level across the lower stress
transition. In three of four specimens, ch was reduced by
some 0.1-0.2 MPavm by premature fallures, caused by cracks

propagating from rims of pin holes in specimen heads.

4 An HPA doped with 800 ppm Y/200 Mg (ARCO) was far more
deformatlion resistant than one doped with 3000 ppm Mg. (AVCO).
For these two materials, the creep stress exponents were 1.8
and 2.0 ($0.2), and the approximate activation energies were

approximately 390 and 480 kJ/mol, respectively.

5 Studying creep fracture in a damage-tolerant material like HPA
requires uniaxial tenslle tests. Because of the high falilure
strains, Iintegral {lags machlned into the gauge length are
recommended, with a hybrid flat/axisymmetric specimen. Because
of - materials-specific crack nucleation and propagation,
shoulder, and not through-pin loading, is advised. Given the
high creep faillure stralns, constant-stress tests are
indicated, rather than dead-load. Two systems permitting such

tests are noted in App. 20.



14 Recommended future work

Experimental data to consolidate the work reported here could be
penerated rather quickly. At the same time as this is done,
longer term issues need to be addressed, concerning both the

miterials tested and the test system.

1 1Initially, it is important to resolve the offset of uniaxial
tensile and flexural creep rates in Fig. 11-5. Specific action

is recommended at the end of App. 21.

2 The current batch of ARCO HPA is of moderate qualicty only; in
creep fracture, cracks originating in heterogeneities compete
with generalized cavitation over a wide stress range. However,
the material now is well characterized. It swells slowly, and
underpoes no grain growth at current creep test temperatures.
Also, three HP billets currently are on hand from the original
batch, each of which should yield six to eight uniaxial
tensile specimens. A number of standard and deep bend bars are
also on hand. For comparison with HPA of higher quality in

later tests, at least one billet of ARCO HPA should be

268
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reserved,

To consolidate the initial rasults:

+ Determine flexural deformation data at higher temperatures
in ARCO (up to 1450 C), and compare its creep activation
energy to the current low value for low temperature
deformation, and to the value fit for swelling. (These data
should be generable quickly and economically: several
temperatures can be tested on each of a small number of
specimens. Also, they should not be sensitive to the

uncertainty discussed in App. 21.)

« Determine V-K kinetics for intrinsic and extrinsic cracks at
the low temperatures used for creep fracture studies, in
order to verify the high-stress slope of uniaxial tensile
static fatigue data. Probably such tests will be done
flexurally, including the transient analysis of Chuang and
Wiederhorn (1988). Briefly extend the tests to the higher
temperature range of Blumenthal and Evans (1984), to check
that low temperature techniques give results consistent with

theirs.

. Have second-generation uniaxial tensile specimens (App. 20)
machined in ARCO, with new pull rods. (Alternatively, retain

the current pull rods, and use a single-pin version of the
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new specimen, relying on the smaller gauge length cross

section to eliminate head failures.)

With these new specimens, extend static fatligue data to
stresses below 40 MPa, Verify that {tr-o} slopes, above and
below this transition, are conslstent with the respective
stress exponents, as Indlcated by current data. Generate
accurate strains, to failure, particularly below the lower
transition. Record primary and tertiary transients
carefully, Characterize internal damage below the
transition, especially cavity coalescence and macrocrack
emergence. (Macrocrack emergence can be nondestructively
monitored by X-ray microtomography (Sawicka and Palmer,
1988). This technique should be applied to the new tensile
specimens. ) Check orlgins of cracks on fracture surfaces for

consistency with failure controlled by cavity coalescence.

Determine whether transitliens in Lr and €. similar to those
scen in flexural tests, occur at high stress. (At present,
it 1s uncertain at what stress the scatter in t.r seen In
flexural tests will become important, as the applled stress
is increased. Rig misalignment also may play a larger role
at hlgh stresses, and should be estimated experimentally, by
strain-gauging before a test, and measuring speclimen

curvature after.)
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+ For deep f{lexural bars.l compare fallure strains and shear
banding between multiple cracks I1n bending and unlaxial
tensile tests 1in ARCO HPA, to demonstrate whether
damage-enhanced stress redistribution is important in damage
processes in a material of this quality. (From the
unresolved difference in unlaxial and flexural strain rates
(App. 21), all comparative tests should be done in the same

furnace. See note on shear bands, below. )

3  The next, higher level of HPA creep fracture tests would

include at least:

» mapping the Dborder of the creep fr¢. ture regime
experimentally, at higher and lower temperature, and
characterizing how the transitions In tr' T, and damage
processes change with temperature, This would permit drawing
a three-dimensional fracture mechanism map similar tn Fig.
9-2, in which, on the third axls — strain — strain
contours to failure can be drawn.® (From the data of Gruffel

et al. (1988), in HPA of high quality there may be a

! Permitting high flexural strains to be achieved; see also
App. 21.

c And, with damage data, damage contours as well. However, thils
would call for far more specimens, as, unless flared regions
can be used as well, only one damage point can be generated per
specimen.
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transition to high elongaticns or superplastic behavior at
high temperatures.) Given the differences noted between
shear banding in this work (Ch.11) and that reported by
Dalgleish and Evans (1985), generate tensile and f{lexural
data on the temperature dependence of the role of shear

bands in damage processes.

+ determining the scatter in failure times for groups of
specimens across the creep fracture transition(s). That s,
generating data on probabllistic vs deterministic strength
degradation as damage accumulates, after Wiederhorn's (1983)

work on HPSN.

4 The next higher level of creep fracture tests on HPA would be
to compare the high temperature performance of an HPA of the

highest quality currently available, to that of ARCO.

5 All of the above are stralghtforward extensions of the work
begun in this study. On HPA, a model materlal, they represent
a considerable basic research investment. If carrlied out, it
would generate a broad understanding of a well-characterized
monolithic ceramic system. However, it 1is worth keeping In
mind the strong industrial interest in nitride and carbide
systems, and in whisker-reinforced ceramics. In particular,
the research group is well prepared to study deformation and

damage in SiC"/HPA — a model reinforced system.
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The high elongations possible in high quality HPA (Ch.11;
Gruffel et al., 1988), the systematic mechanical behavior data
generated by Wiederhorn et al (1988) on Si/SiC, and the
currently unresolved offset in plotted tensile and flexural
results (Flg. 11-5; App.21) suggest that uniaxial deformation
and damage laws need to be generated for HPA, which are more
detalled and precise than the data from this work (in which
considerable effort was invested in establishing techniques,
equipment and overall patterns in behavior). Damage laws
likely should be generated by direct image analysis of polish
planes In the SEM {though post-analysis of SEM micrographs
likely would be adequate for global damage determinations in

fairly homgeneous materiall.

Also, the above data strongly suggest that, for ductile
polycrystals such as HPA, dead-load tensile loading should be
replaced by constant-stress loading. This will require
contlnuous straln feedback from the creeping specimen, for
control of an automated test machine. While the rig described
by Gruffel et al. (1988) is very attractive, a more practical
route for this lab — in the short term or indefinitely,
depending on the results — may well be to adopt the new
specimen and to change to a side-mounted contact extensometer
(App. 20). (The unlaxial compressive test rig designed and

built in the course of this work already makes continuous,
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differential LVDT signals avallable to a test machine.)

In addition, preliminary work should be begun on the design of
a high temperature tension/torsion rig for damage mechanics
studies on thin-walled tubes machined from hot-pressed
billets, based on the principles outlined in Ch.9 and early in

App. 19,

Finally, for modeling deformation and damage mechanlisms at
high temperature, it would be wuseful to have a computer
program available for plotting deformatlon mechanism maps of
the types glven in Frost and Ashby (1982), in order that the
implications of uncertainties in, or alternative values of
materials parameters can be evaluated for specific materials.
To faclilitate this, evaluate Inexpensive, commercial,
high-level graphics software for complled FORTRAN, BASIC and

Pascal (see Ch.8, item 8).
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Appendix 1

Grain size in the ideal microstructure

In this section we summarize geometrlic relations for an ldeal
truncated-octahedral polycrystal, and establish the graln slze
which gives equal specific boundary areas (Sv} in ideal and real

polycrystals. Varliables are listed in section Al-2.

We set the specific boundary areas equal, because stereclogy wlll
give us falrly accurate volume number densitlies of pores, Nv' and
Sv can be determined directly from the mean linear Intercept
grain size (Apps. 6,13). Consequently, the area number density of
pores attached to grain boundaries, N, which is a key parameter
in the phenomenological model of pore drag, should be close in

real and ideal microstructures.

Al-1 Analysis

We ldealize the three-dimensional microstructure as a space-
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filling assemblage of identical truncated octahedra’ (Fig. 3-1a;
Yan et al., 1980).2 The specific grain boundary area in this

ideal polycrystal is (Table A1-1):°

S = 1.450 / R (1)
v []

where Ro is half the true, three~dimensional distance between

opposite hexagonal faces of an 1dealized graln.‘

On a random pelish plane, In a single-phase polycrystal which is
close to theoretical density, a direct and general relatlon holds
between the specific boundary area and grain slze, regardless of

graln shape and graln size distribution. As long as no strong

After Pearce (1978, p.5) and Budworth {1970}, we reserve the
term ‘tetrakaldecahedra' for similar polyhedra with curved, as

opposed to plane, faces.

A broader view of the ideal microstructure can be built from
these additional references: Hull and Houk, 1953; DeHeff and
Rhines, 1968, pp.%1ff; Budworth, 1970; Pearce, 1978, pp.5ff;
Kasper and Lonsdale, 1959; Gasson, 1983; and Cwajna et al.,
1986.

Budworth (1970) shows that Sv for ideal truncated-octahedral

and mlnimum-Sv tetrakaldecahedral polycrystals are very close.

The truncated-octahedral facet edge length, ¢, is a more common
reference length. Table Al-1 summarizes geometric relations for
both ¢ and Ro.
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texture is present (DeHoff and Rhines, 1968, p.79,233):°

S = 2/ l..a (2)

To hold specific graln boundary areas equal in real and ldeallzed

microstructures, set Eq. (1) equal to Eq. (2):

R = (1.450/2.0) L
[} 2
= 0.725 E; (3)
We will write this as:
Ro = LZ/aL {aa)
where @ = 1.379 {4b)

The radius of a sphere, rs. which has the same volume as the

equi-Sv unlt grain is:

(4n/3) rs3 = 6.155 R°° (Sa)

s Further, for a lognormally distributed, truncated-octahedral
microstructure, the arithmetic means of linear intercept and
volume-equlivalent grain dlameter are nearly equal (DeHoff and
Rhines, 1968, p.234-5). Consequently, in thls work we use Ez as
the most physically appropriate and unamblguous measure of
graln size, rather than the ‘spherical’ diameter typically used
(G = 1.5 Eé; Fullman, 1953; Gifkins, 1970, p. 178-84). Because
the V} are low, we have not corrected the raw L2 for porosity,
after Wurst and Nelson (1972).
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n

from which r 1.137 Ro (5b)

0.825 E2 (5¢)

The diameter of this sphere, d = 1.65 Ea' is close to, but

larger than Fullman's (1953) G = 1.5 Ez.

The following table summarizes geometric relatlions for the ideal,
equl-Sv microstructure. The data in it are derived from the
references glven with Eq. (1), and extend those references to the
parameter Ro. Entries not provided can be generated from those

given in the table.
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Table Al-1: Parameters of a regular truncated-octahedral

polyecrystal, in terms of ¢, Ez' and R .

Param. ] L R
2 [
L 0.592 L 0.816 R
2 o
R 1.225 ¢ 0.725 L
] 2
S;" 26.79 & 2
sP* = s!*%/ 2
3 3
v 11.318 ¢ ° 2.347 L.° 6.155 R >
3 2 [
s = g'®° ,s2v
k' 3 3
G = 1/V 0,162 R ™’
3 3 o
- - =3
Jg= 66G, = 6/V, 0.975 R_
e = - -3
N, = £, 2.557 f L, 0.975 £ R
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Al-2 Varlables

@ factor set to glve equal Sv in real and ideal polycrystals;
(-1

e, constant introduced to simplify equations

d' diameter of spherlcal grain with same volume as Iideal
equl-sv grain; [m]

f3 fraction of four-grain Jjunctions cavitated in ldeal
microstructure; (-]

G equivalent ‘spherical’ grain size; ([m]

G, number of ldeal gralns per unit volume; [m ]

qu number of four-grain Junctions per unit volume ideal
polycrystal; ™)

[/ facet edge length of the polyhedron used as an ldeal graln;
(m]

Ez mean linear intercept on a random polish plane in a real
microstructure; [m]

N number density of pores attached to grain boundaries; [m'zl

N‘r number of pores per unlt volume solid; [m'3]

Ro true distance between opposite hexagonal faces in the ideal,
truncated-octahedral grain; {m]

Ro half the distance between opposite hexagonal faces in a
truncated octahedron; ([m)

S'smp* surface area per ldeal, truncated-octahedral grain,

k)

either of an isolated grain (iso), or of a grain in the

ideal polycrystal (px); (m°]
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specific graln boundary surface area per unit volume
polycrystal; [(mé:m™)

volume of an ldeal grain; [m’)

Starred variables are constants.



Appendix 2

Pore coalescence rates in the ideal porous microstructure

In this section we develop expressions for coalescence rates
(with respect to grain size) for an ldeal truncated-octahedral
polycrystal with pores only at four-grain junctions. The
relations are between (1) the mean llinear intercept graln size,
Ez and (2) the pore number density parameters Nv’ N and fa' We
develop these relations for the three 1limiting microstructural
paths solved for in the swelllng model: constant—Nv. constant-N

and constant-fa. Variables are listed in section A2-2,

A2-1 General relations

In the ideallized, equl-Sv microstructure (Table Al-1):
N = cl-f - L (1a)

(1b)

]
[\
(9]
wn
~J

where c
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S0 f = ¢t N L8 (2)

For cavitlies attached to graln boundaries:
N = Nv/ Sv {3a)
which, from Eq. (1a) in this appendix, and Eq. (2) in App. 1:
= -2
N (c1/2) fa L2 (3b)
which, from Eq. (3) in this appendix, and Eq. (2) in App. 1:
Nv = N-Sv (4a)

= 2NLC! (4b)
2

From Egs. (2} and (3):

L]
i

-3
(N'Sv/ cl) L2

(2/¢) N Ez2 (5)

A2-1.1 Case: constant N = N;

This case glves upper bounds to Nv' N, and fj values; that Iis,
the number of pores remains constant, and is not reduced by

coalescence,

From Eq. (3a) in this appendix, and Eq. (2] in App. 1:
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=
]

(Nv / 2) L, (6)

1}

From Eq. (2): f (N; /e L (7)

From Eq. (7), i':3 will increase past its physically meaningful
maximum value of one, at a graln size of:

_ s . 173
L = cl/ N, ) (8)
However, this poses no real problem, because, when significant

grain growth occurs iIn a porous polycrystal, a constant-Nv path

is hypothetical. Coalescence will occur.

A2-1.2 Case: constant N = N.

This case gives values of Nv' N, and fa’ at a given grailn size,
which are intermediate between the higher values for a

constant-Nv case and the lower values for a constant-f3 path.1

From Eq. (4):

(9)

! Given that the initial microstructures for all three paths were

identical...
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From Eq. (5): £, = (2/¢) N f: (10)

From Eq. (10), fs will increase past its physically meaningful

maximum value of one, at a gralin size of:

- _ " o1/2
I..2 -(c1/2N) (11)
A real microstructure — if Iits pores still were to remain at
four-grain junctions only — would at this point change to a
constant-f_ path, with f; =1,
A2-1.3 Case: constant f_ = f_

This case gives lower bounds to Nv' N, and f':I values at a glven

grain size. The permissible values for f'; are between zero and

one.

From Eq. (1la):

N = ¢ £ L (12)
1 3

From Eq. (3): N (13)

fl
)
-
N
N
H'
W e
=l
b )
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A2-2 Varlables

constant introduced to simplify equations

equi-S, grain; [m]

fraction of four-grain Junctlons cavitated in ldeal
microstructure; {=-]

mean linear intercept on a random polish plane in a real
microstructure; [m)

number density of pores attached to grain boundaries; [m'zl
number of pores per unit volume solld; (m™)

distance between opposite hexagonal faces in the ldeal,

truncated-octahedral grain; [m]

specific grain boundary area of the polycrystal; [mz/mal

Starred varlables are constants.



Appendix 3

Dihedral angle correction to Pcap. for a four-grain Jjunctlion

pore

In this section, we generate a flrst-order correction to the
pressure-driven, diffusional pore growth model of Wilkinson
(1978), by reducing the predicted capillarity pressure of a pore
attached to a four=-grain Jjunction. We do this simply by
acknowledging that the pore will be not a sphere, but rather a
spherical tetrahedron.1 with a surface curvature appropriate to

its dihedral angle. Varliables are listed in section A3-3.

A3-1 Analysis

A dihedral angle correction is more important in swelllng than in
creep fracture, in which the sintering stress may be neglected,

relative to a constant appllied stress (Riedel, 1987, p.155-6). In

! That is, a tetrahedral pore whose faces have a common spherical

curvature.

288
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swelling driven by inert trapped gas, the internal pore pressure
falls very sharply at short times (Fig. 5-8). For the rest of
swelllng, the effective pressure is strongly influenced by the
opposing capillarity constraint. The geometric uncertainties
which make dihedral angle corrections of uncertaln value in
initial stage microstructures (Handwerker et al., 1984) are far

less important in flnal stage microstructures.

when surface energy 1s lisotrople, an equilibrium, four-grain
Jjunction pore will take the shape of a spherical tetrahedron (Ra]
and Ashby, 1975). Surface curvature and capillarity pressure in

such a pore will be lower than in a spherical pore of the same

volume:
pcap = 7« (1a)
where K = (1/!11 + l/nzl (1b)
= 2/n (1c)

in which n and 1':.2 are the principal radil of curvature (for an

ideal spherical tetrahedron, they both equal the common n).

However, assuming spherical pores simplifies calculating average
pore population parameters from swelling data (App. 5), and
equivolume spheres and spherical tetrahedra should have

reasonably similar mean tangent diameters, ﬁv (DeHoff and Rhines,
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1968, p.131).a So, in the stereological calculations, and in most
parts of the swelling model, we treat pores as spheres. At the
same time, we estimate below a numerical factor g{y} whlich
depends only on the dihedral angle.n ¥, which can be used to
adjust the P;.p predicted for a spherical pore, to the lower and

physically more reasonable spherical-tetrahedral value. That ls,

we wlll replace:

o
i

2 rs/r {2a)

cap

with: 45 P

cap

/]

2 gy} /T (2b}

‘where ‘r’ 1s the spherlcal radius calculated from experlimental

data as in App. 5, and:

For pollished, thermally-etched HPA, in which pores are counted
by SEM, as In this work, practical ﬁv values likely arc close

to theoretical ﬁ&. for spherical-tetrahedral pores.

This 1s the full, not the half-angle. While the results are
presented only for the four-grain junction pore, formulae gliven
by Raj and Ashby (1975) permit the same analysls to be applled

to three-grain edge and two-grain facet pores.

Using this form simplifies comparing the Pcap of equlivolume
spherical and spherical tetrahedral pores.

In calculating g{y}, we note that ¢ is held constant in models
for how cavities (and graln boundarles) distort as they are
dragged by moving boundaries during grain growth (Hsueh et al.,
1982; Spears and Evans, 1982).
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0 =gy s1 (2¢c)

Raj and Ashby (1975, Eq. Al.3) present results for the volume of
a spherical tetrahedron. Usling their notation for a spherlical
tetrahedron of dihedral half-angle a (where ¢ = 2a) and face

radlus ~:

- . 3
V.t = F;{w} n (3)

where the subscript ‘st’ refers to a spherical tetrahedron, and:

/2 , 172
- cos a-(3-A°) ] ]

A sin «

1
F g} = 8 [ g - cos'i[ 2

2
+ A cos a [ (4 sin’x - Azlea - [ A ] ]

5 172
- 4 cos « -(a-cosaa)-sin"[ A ] {4a)
2 sin «
where: A = [ % ] [ 2172 (4 sina - 1)“2 - cos o ] (4b)
For a spherical pore of radius r:

v = c-p° (5a)
s 8

where: c = An (5b)
s 3

Setting the volumes of the spherical tetrahedral and spherical
pore equal, then for equal ¥, in both pores, the ratlo of the

caplllarity pressures is:



292

P“ 7 (‘ll" uﬂ.)
cap a s 1 2
P* (x? + &) t6a)
cap \ 15 1 2 A
. U
2/r vy
= E (6b)
v
= g{y} (6c)
From Eqs. (3) and (Sa):
FV(W) 1/3
glyr = (7)
c
s

Then, with an estimate of average spherical pore slize (r) from
stereological data, we assume that such an estimate |is
insensitive to pore shape, for typical . That s, for Vsm= Vs we

assume (DeHoff and Rhines, 1968, p. 131):

D™ « p° (8)
v v
st - .p3
from which: Pcap{w} = g{y} Pcap (9a)
= 2 gly}-— (9b)

A3-2 Results

Fig. A3-1 shows that g{y} is close to linear In the full

equilibrium dihedral angle, for the range of angles possible for
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a four-grain Junction pore in systems with isotropic g The
lower limit to ¢ is that for a planar tetrahedron (Just over
o

70.5% Tuma, 1979, p.24), while the upper limit is that for a

sphere (180°).

Experimental values reported for ¢ for alumina vary considerably
(App. 15). A reasonable first approximation for generic alumina
would set ¢ = 120° and g{y} to 0.5 (Coble, 1970, p.4805).
Francols and Kingery {(1967; UOz) and Handwerker et al. (1984;
MgO) note that ¢ determined from internal pores will be smaller
by 30 to 45° than y determined from thermal grooving data.® This
would be the case when the internal pore atmosphere lowered g
relative to its value when in contact with the external

atmosphere,

Approximate mean y determined experimentally in this work, by TEM

of internal pores, are (see Chs. 2,4):

ARCO AVCO

¢ (deg) 90-120 80-100

o

For AVCO HPA, we used ¢ = 90°, and the corresponding value of

® Both papers present data on the distribution of y.
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g{y} = 0.3, in the numerical model.

As swelling proceeded In pressureless anneals, pores developed
which were no longer equlaxed. An increasing fraction of the pore
population seen on internal etched polish planes appeared to be
cylinders along three-graln edges, or disks covering two-grain
facets (App. 13). So, although an approximate correctlion to Pca

P
was Important 1in predicting chf it did not seem worthwhile to

refine that estimate.7

A3=-3 Varlables

o ¥/2; [degl]

A Factor in Fv(w): (-]

c, Fv(wJ for a spherical pore ( = 4n/3); (-]

ﬁv stereologlcal mean tangent diameter; [m]

Fv(w) function of dihedral angle, relating volume of a

spherical-tetrahedral, four-grain Junction pore to
radius of curvature of its surfaces (after Ra) and

Ashby, 1975); (-]

7 Kingery and Francols (1967) present an initial analysis which
predicts that an internal pore pressure will reduce y. Because
of complications acknowledged in their analysis, the complexity
of the current model and uncertalinties in model parameters, we
do not include this effect.
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multiplier reducing Pcap from value for a spherical
pore to value appropriate to a spherical tetrahedron of
the same volume, with ¢ = .

surface energy; [J/m?]

sum of the two local principal curvatures of pore
surface; [m™')

(full) equilibrium dihedral angle at pore surface/grain
boundary junction; [m~2]

caplllarity pressure of a pore; [N/m?]

radius of faces of spherical-tetrahedral pore; [m]
local principal radii of curvature of pore surface; (m]
radius of surface of spherical pore; [m]

subscripts denoting spherical/spherical tetrahedral

3
pore volume; [m”]
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¥ [deg]

Fig. A3-1: The capillary pressure correction factor, gl{y}. as a
function of the full dihedral angle, for an

equilibrium four-grain pore.



Appendix 4

Pressure-volume relations for inert gas trapped in closed pores

The internal pore pressure (Eq. 19 in Ch.3} contalns two terms:

one for inert trapped gas, and one for a gas-generating reaction:

= P P
int int int

In this section, we develop expressions for the trapped-gas

component, P!

int’ for the case when no pore gas ls lost or

generated durlng final-stage pressure sintering or swelling.
Also, we show that the i[nitial effective pore pressure is roughly
equal to the applied pressure during hot-pressing. (We discuss
the chemically-maintained Pnn component in App. 5, and In the

discussion, Ch.6.) Variables are listed in sectlon A4-3.

Ad-1 The inert trapped-gas component, P:nt

We assume that the total number of moles of gas trapped in pores
per unlt volume porous polycrystal, n:°t. is constant during

swelling. That is, no significant amount of gas dissolves or

297
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exsolves, adsorbs or desorbs, 1s generated by internal chemical
reaction or lost by, for example, boundary diffusion' (Coble,

1962; Rice, 1969; Bennison and Harmer, 1985a):

tot tot
n, = 0 {t} (1)
tot -
where n,~ = Nv n_ (2)

We assume that the trapped gas behaves ldeally (Raj, 1982a;

Riedel, 1987, pp.132-5). Then, for the average pore, at t = 0:2

P': v: = EZ RT (3a)
i.e. n° = [ %T ] P V2 (3b)

From Eq. (2), multiplying Eq. (3b) by N::

tot _ 1 o .0
nVo - [ R_f ] Pl (NV Vc) (4a)
= [ L] ey (4b)

RT 1 v

And similarly, at any t = O:

! The polycrystal (de)densifles by, for example, Perr-drlven

boundary diffusion of matrix atoms or lons.

2In this section, often we will write Pmt as P:' for

compactness. Initial values are denoted by a sub- or super-

script ‘o',
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ottty = [ - ] P {L}N {t)-V (t}  (5a)

1
R

1
[ iﬁ] P, {t}-V,(t) (5b)

So, from Eqs. (1), (4b) and (5b):

(PV.)
pl (¢} = LYo (6)
int v (t}

where, for compactness, we have written P:V3 as (PV,) .
From Eq. (6), the inert-trapped-gas component of the internal

pore pressure s a self-dissipating driving force for diffuslional

pore growth.

A3-2 The temperature dependence of (Ple)o

A3-2.1 General

Assuming, as above, a constant amount of gas trapped in the
porous polycrystal between the end of hot-pressing at 'I‘HP

(subscript 'f') and the start of the anneal at Tann:

tot tot
n = n (8)
A\ Vo

T T
HP ann

Then, from Eq. (8), and either (4) or (5):
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1 HP 1
ﬁ:r— (Plvv)r = ﬁ- (Pl\'v)o (9)
HP ann
i.e (P V) = Tamn (p v ¥ (10)
te t Ve T 1 Vf 10
HP

Typical temperature ratios for these tests show that (Plvv)':P

will be within 15% of (Pivv)o=

T /T [K/K]

ann HP
Tann THF [Cl
(cl 1500 1550
1450 0.97 0.95
1350 0.92 0.89
1250 0.86 0.84

We now establish an approximate value for (PIVV):P. and so for
(Pin)o, for the limiting case in which the total amount of gas
trapped in pores remalns constant throughout the final stage of

pressure sintering.

A3-2.2 Case: Constant n:“ during final stage densificatlion

At pore closure (subscript ‘pc’) during pressure sintering at

THP, for ideal gas behavior in the average pore, from Eq. (5):
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ot LR T (11)

pc  ,,pc = .
Pl VV n?,pc HP

If the gas mixture within the hot-pressing furnace is at a
pressure of one atmosphere:

P = pW (12a)

ext i,pe
= 0.1 MPa (12b)

For global pore closure occurring at a relative density of at
least 0.9 ({(Budworth, 1970; Rosolowski and Greskovich, 1975;

Beere, 1975a, pp.134-5):

P z 0.9 (13a)
i.e. v = 0.1 (13b)
Y, pe
From Egqs. (12) and (13}:
(PV) = 0.01 MPa (14)
1 ¥V ope

Graln growth-driven coalescence will decrease Nv and increase the
mean cavity size {(and so ﬁc) during final stage pressure
sintering (Yan et al., 1980). We assume, however, a constant
total amount of trapped gas in the densifying polycrystal, as in

Eq. {1):

tot tot
n = n 15a
v.r ¥, pc ( )

That is, for the (Nv-nc) products:
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r =f pc =pe
Ny T = NO°-mP (15b)

Throughout final stage sintering, for ldeal gas behavior In the

average pore, from Eq. (15):

R - [gﬁ“] (B, V) (16a)
t.e N, B),, = [rlﬁ ] (P, V) (16b)
HP
So, from Eqs. {(14-16):
(P, V) s 0.01 MPa (17)

Eqs. (15-17) hold only if, for example, no gas-generating
chemical reactions are active durlng final-stage pressure

sintering.

For this case, from Eqs. (10) and (17):

T
(PV) s o0.01 [ﬂ“] (18)
Tnp

where the temperature ratio has been glven above.

A3-3 The relation between PHP and P°
app eff

Assuming negligible microstructural and dimensional changes

between the end of hot-pressing and the start of the anneal:
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vv“: Ve (19)
Then, from Eq. (10):
T T
P‘; = =20 P, (20)
THP

For the swelling tests on Alzoa reported here, the temperature

ratio In Eq. (20) is between 0.85 and 1.

Surface energles, and so, caplillarity pressures, are rather
insensitive to temperature over the range THP to Tarln (Davidge,
1979, p.77). So, agaln assuming negligible microstructural change

between the end of hot-pressing and the start of the anneal:

HP ~ P° (21)

cap, cap

For the high relative denslties achleved in the polycrystal at
the end of the hot-press final stage — which it retains at the
beginning of the anneal -- no E correction to Papp is required

(Coble, 1970; Vieira and Brook, 1984),

Define AP = Perr - Peff,f (22)

We assume that, at the end ot the final stage of hot-pressing:

HP

eff,f (23)

u
o

Then, from Eq. (22): AP (24a)

eff
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where, at any time, the effective pressure ls deflned as:

el “ Pln!. - Pcap - Papp
From Eqs. (23) and (24b):
HP - HP HP
P!nt..l‘ - cap, f * Papp

Multiplying Eq. (25a) by the temperature ratlo:

Tann PHP = Tann PHP + Tnnn PHP
int,r cap, f app
T T T
HP HP

HP

Substituting Eqs. (19), (20) and (25b) into (24b):

T T
AP = [ ann] PHP . [ ann ] PHP _ PHP -p
cap, app cap, f app
T T
He HP
HP T T HP
= Pcap . ann - 1 + ann Papp - Papp
THP THP

nn

In the swelling tests reported here, T = T and pr
a HP app

(20 to 40 MPa » 0.1 MPa). So, Eq. (26b) can be simplified:

T
Po < ann PHP
eff T app

app

(24b)

(25a)

(25b)

(26a)

(26b)

» P
app

(27a)

(27b)
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Variables

app

atm

moles of gas trapped in the average pore; [moles]

pores per unit volume porous polycrystal; [m'sl

total number of moles of gas trapped in pores, per unit
volume porous polycrystal; (moles.m -]

applied hot-pressing (ram) pressure; IN/n]

external furnace atmosphere pressure during
hot-pressing; [N/m?)

pore caplllarity pressure; [N/n?)

internal pore pressure; (N/m%)

defined in Eq. (22); [N/m%)

gas constant; [J/mol.K])

relative density; [-]

temperature

volume of the mean pore; (m)

volume fraction porosity; [-]

Subscripts and superscripts

ann

HP

pc

anneal

end of hot-pressing
hot-press...
initial

pore closure



Appendix S

The internal pore pressure component maintained by internal, gas-

generating chemical reactions, ant

In this section we establish a simple form for a Pnn which
includes both inert and chemically-maintained components. Then,
from thermochemical data, we predict minimum and maximum

equilibrium pore pressures, for certain gas-generating pore

reactions.

In Ch.S, we compare these results to the range of anl predlicted
by numerical solutions to enhance swelling rates relative to
rates due to trapped gas alone. The results are (1) total pore
pressures for pO2 liberated by MgO-doped HPA dissociating are far
too low to enhance swelling, and (2) in the temperature range for
swelling, pCO in equillbrium with external furnace pO2 are at
least an order of magnitude higher than the PTnt (10 MPa) that

will cause runaway swellling.

Variables are listed in section A5-4.
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A5-1 General

Many pore gas mixtures are possible, depending on the ceramic
materials/processing system, the press dles and the furnace
atmosphere and schedule (App. 4). Consequently, choosing a
general form for a P"“ which includes both trapped-gas and
gas-generating reaction components, and estimating pore pressures
during final-stage hot-pressing and swelling, are complicated by,

for example:

1) Dopants and Impurities segregating to grain boundaries
and pore surfaces (Bennison and Harmer, 1985a).

2) Pore atmospheres after pore closure and In the
as-received material serving as oxygen reservoirs —
perhaps of limited capacity — and so permitting large
pore pressures to develop independently of the furnace
atmosphere.

3) Internal gas generating reactlons occurring not only
during swelling, but also during final-stage hot-pressing
(such that (P’VVJOZ 0.01).

4) Kinetics of diffusional mass transport to and from pores
invalidating equilibrium pressure calculations.

5) Gas-forming reactions and diffusional mass transport

having different temperature dependencles.
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Given such uncertainties, we choose an internal pore pressure

with the simple form:

. ol gy~ c
PtV TH = P V" (T)} + P ATY (1)

where the self-dissipating, lnert trapped gas component (I) is
weakly temperature dependent (App. 4) and the component related
to gas-generating-reactions (G) 1is taken as a temperature-
dependent constant. Such a form is flexlible, accommodatling a
range of pore gas mixtures, from limiting ‘inert’ gases (in which
the number of moles of trapped gas remains constant during
swelling; this need not be, for example, N2 or Ar), to those in
which ongoing chemical reactions maintalin a constant internal
pore pressure (e.g. COx or SOZ; Bennison and Harmer, 1985a}. We

discuss it more fully in section 6.1,6.

Numerical swelling calculations for a lﬂnt of this form, with
parameter value sets appropriate to specific materials, will
permit calculating (1) the maximum ant that does no! enhance
swelling rates above those for inert trapped gas, and (2) the

minimum an that will cause rapid swelling to gas release. In

t
Chs.S and 6, we compare such predicted transitional partial pore
pressures with equilibrium pore pressures predicted here for

specific gas-generating reactions. Of the range of potential

calculations for equilibrium pore pressures implied by the above,
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we will discuss twe limiting casozz'.s:l

1. Case: Minimum equllibrium pore pressures: pores are
mechanically and chemically closed. Gas-solld equilibria
within pores — such as MgO and Al 0, dissociating, and
the 02 liberated reacting with dissolved carbon to form
CO and Cl'.l2 —- are Independent of the external furnace

environment.

2. Case: Maximum equllibrium pore pressures: pores are
mechanically closed (re. diffusional loss of oxidation
product gases; Coble, 1962), but chemically open (re.
oxygen grain boundary diffusion; Coble, 1962). Gas-solid
reactlons within pores — such as disselved C and S
reacting to generate CO, CO2 and S{)2 (Bennison and
Harmer, 1985a) — are equilibrated with the pO2 in the

external furnace atmosphere.

A5-2 Minimum pore pressure case

For (l‘lgO)-'MaOS-'[C].2 JANAF free energy functions and standard

''In carrying out these calculations, we have conslidered Pasco's
(1980) work on Al-O-C equilibria. Throughout the SEM and TEM
for this work, we detected no Al‘Ca or A140‘C.

2 We use round brackets to denote a dopant {(e.g. (MgO)-Alzoa).
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formation enthalpies can be used, in conjunction with an
elemental mass balance for the dominant gas phase specles, to
calculate equilibrium partial and total pore pressures (JANAF,

1974; Lupls, 1983, p.130-32).

AS5-2.1 System: A1203-[C1

This system 1s presented for comparison with MgO-doped cases
(below).3 We can write a reaction equation set based on

co(g),with temperature-dependent equllibrium constants of

standard form:

1 3 _ a

3 A1203 + 3 cC = Al{g) + 3 Co(g) Kal (2)
larto +3c = 1lalotg) +cotg) K (3)
2 "2ty 2 2 2 a2

A1203 + C = 2Al0(g) + co(g) Kaz (4)
2C0(g) = Clgr) + COz(g) Kco (5)

1 —
Cigr) + 3 Oz(g) = CO{(g) Keo (6)

A gas-phase mass balance for the elemental Al and O liberated by

and square brackets to denote a dissolved impurity (e.g.
Alzoa-[C]).

3 Similar calculations could be done for oxldation of S, instead
of C.
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A1203 dissociation is:

(el)

2 (e}
Al ,gas 5 n (7)

In terms of all gas phase components, thls ls:

+ + = 8
nAl(q) nAIO(q) znAIZO(q) (8)

2
< + +n + +
3 [ aotg) T Mot T Teote) zncoa(q: Znoth) ]

Taking Al, A120 and CO as the dominant gas phase components.4 and
for ldeal gas behavior at the low pore pressures calculated, Eq.

{8) can be written as:

4 2
+ 2 - 2 = 0 9
Paw 7 3 pAlzotq) 3 Peotg) (9)

Substituting for p, and p from K and X _, from Egs. (2) and
Al A1,0 a1 a2

(3):
as2 2
% 4 % 2
Ka | — *3lKeT | T 3P © (10
Peo Peo
or a-pcz + b-pc:,’2 +c = 0 (11)

where, at a glven temperature and carbon activity:

% Assumed on a trial basis, and verified by the numerical results
(Fig. AS-1; Lupls, 1983: p.130-32).
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a a 2/3 (12a)
/2
b K., 2 {12b)
4,2 _2
and c 3 Kaz a, {12¢)

The equilibrium constants are calculated from JANAF data. For any

chemical reaction:

o o
AG{T} = T-Afefzgafr) + Aangs {13a)
1]
and K{T} = exp [ - AGiTh ] (130L)
RT

where Afefzgs{T} is the reaction's free energy function
difference, and AH:293 is its standard formation enthalpy

difference, both referred to 298 K (Gaskell, 1973, p.452-56).

Given a carbon activity, a, (Table AS5-1), the coefflcients a, b
and ¢ are fixed, and Eq. (11) can be solved numerically for Peo
over the temperature range 1000 - 2000 K. Egs. (2) - (6) then can

be used to calculate the remalning partial pressures.

A5-2.2 System: (Mg0) - AL O, - (C]

To the above system of reactlion equations (1-5) we add:

MgO(c) + Clgr) = Mg(g) + g co(g) K (14)

The elemental gas-phase mass balance must now include the oxygen
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liberated by MgO dissociation:

{el) {al} 3 _(el}
= + -
0,gas Mg,gas 2 n (15)

That is:

]

2 (16)

+ 2n + +
noth) zcoth) Reotq) nAlzo(q)

3
+ 32 + +
Tatg) T 2 [nAl(q) znuzo:q) M0t ]

For Mg, CO, Al and Alzo dominant In the zas phase.5 and for ideal

gas behavior, the dominant mass balance can be written as:

-2p = 0 (17)

Substituting from Eqs. (2-6) and (14), this is equivalent to:

3 + @ 172

ot PPt € * d = 0 (18)

a'p

In which the temperature-dependent constants are:

a = 1.0 (19a)
b = «K-+a -a (19b)
m MHg0 C
- _3 -7
c = 5 KM a, (19¢)
d = -2 (K_+a)® (19d)
a2 C

, so a simpler mass

5 -]
The results show pHg~ pc0> P> pAle

balance could have been used.
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The results are shown in Fig. A15-1, and are discussed below, in

section A15-2,4,

A5-2.3 System: (Mg0 - Y203) - A1203 - [C]

Thermochemical data over a wide temperature range were located
only for Y and Y’203 (Barin and Knacke, 1973); only 298 K data
were avallable for Yz(g). YO(g), Yzo(g) and Yaoa(g) (Wagman et
al., 1971). However, we can estimate whether Y-bearing speccies
should give signiflicant partial pressures in closed pores. The
Ellingham Y—O-Yao3 reaction is about 40 kcal/mol 02 more negative
than that for AlLO, (Barin and Knacke, 1973). Further, Y.0,
activities are low in the HPAs studled (Table A5-1), and
equllibrium partial pressures of Y-bearing gas mixture components
will be proportional to some positive power of these ‘{20:I
actlvities. So, we anticipate negliglble changes 1n predicted
total pore pressures, relative to the above calculations without

YéOa.

Ad-2.4 Results

Numerical results for the (MgO)-Alzoa-[C] case described in

section A5-2.2 are shown in Fig. AS5-1.



315

Total pore pressures for ARCO (heavy dashed lines) and AVCO
(heavy solid lines) are rather similar, despite the differences
in MgO and C concentratlions. The upper line for each corresponds
to estimated (high) segregated concentrations; the lower lines to
bulk concentratlons (1000 times lower; see text accompanying
Table AS5-1). In the temperature range for swelling, total pore

“® MPa, increasing with

pressures were between 10°° and 10
temperature. The partlal pressures of the components of the gas
mixture are small {the light lines are for the bulk concentration

case).

Mg0 is more volatlile than Alzoa (Sata and Sasamoto's (1984) Fig.
9; Lou et al.'s (1985) Figs. 6 and 10). ARCO contalns 200 ppm
Mg0; AVCO 3000. AVCO's total pore pressures being higher than
ARCO's In Fig. A5-1 Indicates the extent to which Mg0 doping

increases pore pressures.

A5-3 Maximum pore pressure case

This case corresponds to C or S oxidation to COx and SOx. in

equilibrium with the external furnace poz

Bennison and Harmer (1985a), wusing Raj's (1982a) activity
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coefficients to correct for nonldeal gas behavlor.6 predict large

pore pressures for C and S oxidation in equilibrium with an

external furnace Py ¢

2
1 3
Ci{gr) + 3 Oztg) = CO{g) Kco (20)
Clgr) + 02(g) = Coztg) Kco (21)
2
and S(e) + Oa(g) = Soa(g) K (22)

For the segregant concentrations they estimate by Auger spectra
on quenched, fractured specimens, their Figs. 9a,b, predlct pore
pressures greater than 100 MPa for CO, and about 1072 for SOY
during swelling 1in alr.” Consistent with these high pore
pressures, thelr Flg. S shows that heavy cavitation develops
rapidly in a surface layer at 1600 C. However, In the lower
temperature results reported here, swelllng was uniform across
internal polish planes of annealed specimens. This observed
uniformity ls Iinconsistent with the oxygen attack described In
thls sectlion, but 1is consistent with trapped pore gases
containing very low pOa. and with gas-generating reactions
maintaining pore pressures not much greater than one atmosphere

during swelling (Chs. 5,6).

® See also Riedel (1987) p.132-35.

7 Similar calculations, not given here, predict pCO2 close to
pCO, depending on the temperature and pOz
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No low—pO2 swelling tests have yet been carried out, to verify

that the uniform swelling is independent of the external furnace

atmosphere.
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Table A5-1: Actlvitlies ranges for C and Mg0

Assuming 1deal solutions, the activity of the Ith component
equals its mole fractlion: as= xl. To convert x ppmw of component

i, whose molecular welght 1s Ml. into xl in Alaos:

1 - . -6
a, Xl (M“lz°§/ M‘) X, 10

Upper and lower limits on the actlivitles of dopants and
impurities active in the swelling cases discussed above were
estimated as follows. For minimum values, the bulk concentratlions

were used (‘Experimental’: Table 2-1b).

For maximum values, Bennison and Harmer's (1985a) Auger data were
applied to the present HPAs. Thelr bulk {(combustion) C levels
wére similar to AVCO's, at about 120 ppm, with C segregating to
grain boundaries by a factor of about 100. Bulk S levels were
four times those reported here by XRF, at about 60 ppm, and the
segregated grain boundary C:S concentration ratio was reported as
on the order of 10:1. Applying these ratios to our bulk C and S

values ylelds the maximum values in the table below.

(continued on next page)
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Table AS-1 {(continued)

i ALO, MgO Y0, C s
M, 102. 40.3 226 12. 32,1
x, (ARCO) * rem 200 800 250 16
x, (avco)® rem 3000 10 140 17
a‘:'“(ARCOJ 1. 0.5-107% 4-107* =% 2.107 s5-107°
aT‘“(AVCO) 1, 7.6-107° 5.10"° =~ 1.107 5-107°
a‘:“"(ARCO) 1. % 0.2 1073
a:‘“(Avcm 1. % 0.1 1073

See ‘Experimental’, Table 2-1b for a more complete chemical
analysis.
+ Minimum and maximum values correspond to bulk and (hlgher)

segregated concentrations, as described above.

AS5-4 Varlables and contractions

a,b,c,d constants In equations (10) and (17).

a activity of solution component i; [-]
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ppmW
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free energy function; [j/mol-degl ?

standard Gibbs energy difference; {J/mol]

standard formation enthalpy: [J/mol]

equilibrium constant of jth chemical reaction; [-)
molecular weight of solution component I; [g/mol]
number of moles of component k in pore gas mixture,
partial pressure of component k Iin pore gas mixture;
[N/m°]

parts per million by welight; [-]

remalnder

concentratlon of solutlon component {; [ppmw]

mole fraction of solution component {; [-]



tog P(Xx0y) [MPa)

Flg. AS-1:
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T [C]
1000 1200 1400 1600
0 T T LN LA R I T 6
2 2 9
-2 I:,mcm,min min -
tot x,o,
ARCO =———
<4 AvCo |,
-6 - nc_
3
-8 - 3
=
a
-10 - g
=12 =
-1
1000 1200 1400 1600 1800
0 L
T (K] Y/
Minimum equilibrium pore  pressures {i.e. for

disssociation of doped HPA and oxidation of dissolved
C by the 02 liberated}. Calculated partial and total
pore pressures as functions of temperature, for the
system (MgO)-Alzoa-[Cl. Minimum and maximum total
pressures shown here correspond to bulk and segregated
C levels, and are discussed in the text accompanying
Table AS-1.



Appendix 6

Estimating microstructural parameters from experimental data

In this section we show how to calculate r, Nv' N, fa’ b, ¢ and 3
from stereological and density data, App. 7 deals with
calculating volume fraction porosity (Vv) from density change
data. Uncertainties In raw data, and error propagation (after
Bevington, 1969, Ch. 4) are discussed in App. 14. Varlables are

listed in section A6-3.

A6-1 Basic microstructural relatlons

The speclific graln boundary area in any polycrystal is {(DeHoff

and Rhines, 1968, p.79):

) = 2/L (1)

and convex, second phase ‘particles’ particles are cut by a

polish plane so that (DeHoff and Rhines, 1968, p.131):

N = N -D (2a}

322
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where, for spherical pores, the mean tangent dlameter is:?

D = 2r (2b)

_ . [4m] .3
= NV [-j—] r (3)

We assume an ldealized, truncated-octahedral microstructure, in
which Sv is equal to that of the real polycrystal (App. 1), and
pores occur only at four-grain jJunctions. From Eqs. (2) and (3),

the mean pore size lis:

Substituting Eq. (3) Into Eq. (2}, the number of pores per unit

volume porous sollid is:

x) 172 NA3/2
Ny = [3] y 172 (5)

If all pores are attached to grain boundaries, the area number

' This appendix assumes spherical pores. We assume throughout
that practical ﬁv are simllar for spherlical and
sphertcal-tetrahedral pores of equal volume (App. 3). See App.
13 for the stereology of mixed sphere/cylinder pore
populations.



324

density of pores ls:

N = _! (6)
Sy
So, from Egs. (1) and (6):
NA:VZ )
N = 0,362 "v-vz L2 (7)
v

The volume number density of pores, Nv' in terms of the fraction

of four-graln junctions cavitated, f, is (App. 1):

(8a)

where c

2.557 (8b)
From Eqs. (5) and (8), the fractlon of four-grain junctions

with pores ls:

v

1 (m) M2 N‘\:V2 Eza
fa = % [3] 172 (9)
v

A6-2 The spherical shell

For the representative, spherical, porous material element

(Wilkinson, 1978, p.61-3) the relative density is:

p = 1-YV (10a)
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3
= 1 - [g] (10b)

The volume of the spherical solid shell which surrounds an

average pore, in terms of the shell radius, b, ls:
4] .3 -
[3_] B o= 1/ (11)

Substituting Nv’ from Eq. (S5), the shell radius can be written

as:
1/3
_ 3 -1/3
b = [E] NV (123)
12 1/6
_9] [ Yy ] (12b)
2n 172
Nv

The dimensionless ratio of grain boundary area in the spherical
shell of radius b, in the ideal polycrystal, to the area of the
single flat boundary plane in the model spherical shell, is:

A
gb/c
(13)

14 b2

In deriving an expression for B in terms of stereological
parameters, we ignore the grain boundary area occluded by a pore,
on the grounds that pore volume fractions in the current data are

low:

3
From Eq. (10), [5] = v, (14a)
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Vv =1/3

b
g0 T =V, (14b)

Current Vv{t} data give minimum values of:

b b
[F]ARCO 2 5 [F]Avco = 4 (15)

That is, in Eq. (13), we can neglect the ( - nr?) correction to

both numerator and denominator of the RHS.

Inverting Eq. (6), the graln boundary area per spherical shell of

radius b; l.e. per average attached pore, ls:

Sv
A [ — (163)
gb/c N
v
2
or, from Eq. (1): = — {16b)
N, L
v 2
6 1/2 VWV2
From Eq. (5): Ahb/c{t} = 2 [E] — {16c)
N L
A 2
The spherical shell’s volume is:
- _ 4,0
Vshell = 1/ Nv = 3 n b (17a)
3 w2 v 176
from which b = [ >n ] ;172 (17b)

Given the ratio between the length of a facet edge in the equl-Sv
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tdeal graln, ¢, and the mean linear intercept (App. 1):

] = 0.592 Ez (18)

then, from Eqs. (17b} and (18):
176

v

b _ v
N'4T
A 2

Substituting Eqs. (16c) and (17b) into Eq. (13), and as long as

bz &
vvlfﬁ
B = 1.843 __ET (20a)
N2
A 2
and from Eq. (19): = 1.579 [ 2 ] (20b)

However, for small (bs/f), Eq. (20) does not hold. At an ldeal,
truncated-octahedral four-grain junction, six boundary facets
converge. Four are corners of hexagonal facets, and two are
corners of square facets. So, for b less than 2.2

A = [ % + % ] ab® (21a)

u

1.83 nd° (21b)

As a result, for b s {, B has a constant value of = 1.83. From

Eq. (21b), this value of B corresponds to (b/¢) = 1.14. For all

2 Budworth (1970) shows that S‘lr for ideal truncated-octahedral

and mlnlmum-sv tetrakaldecahedral polycrystals are very close.
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(bsl) smaller than this, Eq. (20a) cannot be used to calculate B.

A6-3

Varlables

A
gb/c

graln boundary area in the representative spherlical
shell of radlus b, in the ldeal polycrystal; (m®)
radius of representative spherical shell in diffusional
pore growth model; [m]

dimensionless ratlo of the graln boundary area |in
polycrystal, per pore, to the area of the single grain
boundary plane in the representative spherical shell of
radius b; set at 1.8.; (-]

constant deflined in Eq. (7b); [-]

mean tangent intercept for a dispersed second phase;
[m]

fraction of four-grain Junctions cavitated 1in idecal
microstructure; [-]

facet edge length in the ideal grain {App. 1); I[ml

mean linear intercept on a random polish plane in a
real microstructure; [(m]

number density of pores attached to grain boundarles;
[m"?)

number denslity of pores on an internal polish plane;

(m™2]

number of pores per unit volume solid; [m™)
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radius of average spherical pore; [m]
relative density; [-]

speciflic graln boundary area; [mz/mnl

volume of an average (spherical) pore; (m®]
volume of the representative material shell;

volume fraction of pores; [-]

(m°]



Appendix 7

Calculating Vv from Archimedes' density change data

In this section we develop formulae for calculating the volume
fraction porosity during swelling, from denslty-change data
(Ratcliffe, 1965), for purposes of testing a speciflc swelling
model. We treat polycrystals with intergranular and intragranular
as-received porosity differently. variables are llsted in sectlon

AT-3.

A7-1 Porosity as a function of denslty change.

The experimental density change data (Tables 4-1,-2) are of the

form (Fig. A7-1; Ratcliffe, 1965):

Ap{t} P p
—n = .—o - .—1 (13)
po pD D
o 1
where Ap{t} = p{t} - P, (1b)

These data are ‘buffered’', in that the dummy specimens (pn Py )

o 1

330
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correct for uncertainties 1in, for example, the temperature
dependence of the density of the immersion lliquid, and drift in

the balance between ‘before’ and ‘after’ weighlng sessions.

However, as discussed below, the absolute density of the
immersion liquid must be determined accurately in order to
calculate an as-recelved specimen density, by which density

change data are converted to Vv' This step has no such bufferlng.
Density changes reflect whatever fraction of the poroslty Is in

fact active in swelling. Inter and intragranular porosity must be

handled differently.

A7-1.1 Case: Dominant inittal porosity is intergranular

For the simple case of a polycrystal such as AVCO HPA, which has
negligible lintragranular porosity (Fig. A7-1a) and no pore
separation during swelling, we transform this data into the

volume fractlon of active pores as follows:

v {t} = 1 - pit} (2a)
P

= 1-—= (2b)
fol

The left-hand side of Eq. (1) is:
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Ap{t} p-p
. 2t (3a)
pﬂ po
)
= 1-= (3b)
po
Rearranging Eq. (3):
P, Ap{t}
— = 1- (4a)
P, P,
Ap{t}
S0 p, = P, 1 - 5 (4b)
o
d Sty m ot
an pit} = —
Pin
P, dp{t}
= - 1 - (Ac)
pth pn
Then, from Eg. (2b):
P, dpit} )
Vv{t} = 1 - = 1 - (5a)
pt.h po ]
. ap{t} )
= 1 - p° 1 - D (5b)
o s

From Eq. (5), calculated {volume fraction - time} trajectorles
are sensitive to uncertainties in as-received relative density
(Eo); that 1s, to errors in both absolute as-received and

theoretical densities (Bevington, 1969; see also App. 14).
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A7-1.2 Case: Dominant initial porosity is intragranular

The above analysis must be modified for polycrystals which have
significant intragranular porosity, as does as-received ARCO HPA
(Figs. A7-1b, 4-1.2j and 4-2). Such poroslty is present in the
ag-received material, when pores separate from sweeping grain
boundaries durlng sintering. Durlng subsequent anneals, under
conditions In which SDB controls the diffuslional component of
pore growth (the case for the tests reported here: App. 16) a
pore's potential Perr-driven contribution to swelling |Is
expressed only If It contacts, or is very close to a grain
boundary. (The coalescence component of pore growth rate, as

modeled in the current work, also requires intergranular pores.)

At present, we have no data on how ARCO's as-recelved
intragranular pores were distributed over its grain size range.
SEM data showed that ARCO's pores rather gquickly became
intergranular (Table 4-2's Note 2). However, currently we lack
TEM data showing how this occurs. In principle, pores which
separated as a result of normal graln growth may continue to
participate perlodically in swelling, as sweeplng boundaries pass
them by. They also may remaln attached when swept up, as the
boundary driving pressure falls with grain growth. Pores present
in the largest as-received grains, perticularly if separated by
discontlnuous grain  growth, ve regard as permanently

nonparticipatory.
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ARCO requires that the analysis be performed for a time- and
temperature-dependent fraction of intragranular pores, l.e. p,,
(p°< PSPy Fig. A7-1b}. Pending TEM data for its
microstructural evolution during swelllng, we do not, at thils
time, apply the model to this HPA. (AVCO is treated as p, = Py

that 1s, as all its pores participate in swelling; Flg. A7-la).

A7-2. Inltial volume fractlon porosity, Vv

Eq. (5) shows that, in order to calculate Vv{t} from buffered
density change data, the Ratcliffe analysis requlres an accurate
absolute relative density for a specimen (Bo; Fig. A7-1).

Accurate P, and P, vere required,

The ‘Experimental’ section describes how absolute densities of
the immersion liquid were determined. These were required for

calculating P,

The theoretical densities of the impure, doped alumlnas, P

were estimated as follows.

We calculated the theoretical density of single crystal A1203
from the unit cell volume, after Dorre and Hubner (1984: thelr

p. 11), with atomic weights from Weast et al. (1985: thelir
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p. B-2,3), and Avogadro’s number from Cohen and Taylor (1986:

thetr p. 18):1+2

P, (ALO) ® 3.9874(4)  0.00016 [Mg/n’] (6)

No correction was made for grain boundaries lowering the
theoretical density of a polycrystal relative to that of a single

crystal of the same composition.

Approximate corrections to this theoretical density were made for
dominant dopants and impurities, based on the XRF analysls (Table
2~1b). For MgO0 and S10,, the data of Rasmunssen and Kingery
(1970) was used. For Mg0Q, the V;.llne of their Fig. 1c was used;
for 5102. the V;;' line of thelr Fig. 1d. In both cases, the
oxlide dopant was converted first to elemental or atomic ppm (ppm
Aaob — ppm A). An approximate solld seolution correction for
yttrium (as Y:l) was made, using the difference in atomic weights
of Y and Al (Weast et al., 1985), and assuming the lattice

parameter remalned constant despite the solld solution. The

corrections, Apth. and the final estimates for the two p:[:A were:

Table 2.1 of Dorre and Hubner (1984) gives a slightly different
value. Averaging the three most recent entrlies, the theoretical
density of single crystal Alzo3 is about 3.986(1) * 0.001
Mg/ma.

Digits in brackets are ©being carried against future

calculations.
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AVCO: pPm A0 ppm A bp,, (Mg/m’)
S10, 140 65.5 -0.66(107%)
MgO 3000 1809 -27.1(107)
Y0, — 10 +0.28(107%)
p,, (Mg/m’) 3.9846(9) * 0.0002

ARCO: ppm Aaob ppm A Apth (Mg/ma)
si0, 200 93.5 -0.94(10™")
MgO 200 121 -1.81(107")
Y0, — 800 +22.8(107%)
Py (Mg/m°) 3.9874(4) * 0.0002

No other corrections were made to P The uncertainties in the
above theoretical densities are root mean square propagatlons
from reported uncertainties in physical data (Bevington, 1969],
conservatively increased by about one-half, to allow for, for
example, impurities for which no density corrections were

avalilable.
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Experimental data for absolute and relative, as-received HPA
densities, and the corresponding calculated initial porosities,

V:. are summarized in the following table:

ARCO AVCO

aba

pe (Mg/m®)  3.9844(0)£0.0002  3.9818(4)%0.0004

p (~) 0.9987(5)+0. 0002 0.9992(9)*0. 0001

o

v (=) (1.2520.21)107° (0.71£0.11)1072

A7-3 Variables

p. o absolute density; [Mg/m’]
P density relative to theoretical; (-]
- ] 3
pn"l p at t=0 or to. tx' [Mg/m™]
P absolute density or as-received material; [Mg/mal
Py p of a dummy specimen at t=t°. tx; [Mg/m3]
o,1
P, p at t=t; i.e, p{t}; [Mg/m3]
P, theoretical density; {Mg/m3]
P, border between porosity fractions which are actlive

{intergranular) and nonactive (intragranular) in

swelling, on a {p-t} Ratcliffe swelling plot
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(Fig. A7-1); [Mg/n’)
volume fractlon porosity; [-]

initial volume fractlion poroslity; [-]
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ARCO
th

Aly04
Rh

| /

10

:

[y ]

Fig. A7-1: Models for density changes and porosity in swelling,
for ACVO and ARCO HPA (schemetic). The hatched band,
in each case, is intragranular porosity which Iis

inactive in swelling.

a) AVCO
b) ARCO
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Calculating P;rr{t} and Plnt{t} from experimental data

In this section, we rearrange the swelling model (Ch.3) to give
expressions by which the effective pore pressure, Pm?' and lts
internal component, Pxnt' can be estimated from experimental Vw

NA and Ez data. Variables are listed in section AB-2.

A8~1 Analysis

For spherical pores, the volume fraction porosity Is:
V{t} = N{thsmr{t) (1)
v v 3

As developed in the swelling model, the overall pore growth rate
includes pressure-driven {'P'} and coalescence (‘L’) components

{section 3.2):

r = r +T (2)

in which (Ch.3’s Eq. 31):

340
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. Ea
r = =X ro— (3a)
2
Case Parameter
held xl
(L) constant
1 Nv 0
2 N 1/3 (3b)
3 f 1

Differentiating Eq. (1) with respect to time:

-

<< .

- (4)

+

L) e
S e

~
N
v

<

Y

Substituting Eq. (2) Into Eq. (4), we can separate the overall

swelling rate into two components — VVP, which includes only the

pressure-driven pore growth rate, o and VVL. which

includes only rates related to pore coalescence:

. r N o
Vv = Vv [ L. [ St ] (5a)
3r N 3r
r N r
=vv[—"]+vv[-—"+—‘-' (5b)
ar N 3r
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= VVP + VVL {(Sc)

The coalescence component of the overall swelling rate, VVL. can
be simplified for the three limiting microstructural
trajectorles: constant Nv’ N and f:;' To do thls, we substitute

Eq. (3) and the results of App. 2 into Eq. (6):

AB-1.1 For a constant-Nv trajectory:

r = 0and N s 0 {74,b)
L v
so, from Eq. (6): VVL =0 (8}
A8B-1.2 For constant N (N = N.):
. r Ez
From Eq. (3): roo= 3 — {(9)
L
2
from App. 2's Eq. (9):
o _ -1
Nv = 2N L2 (10)
from which:
y « -T2
N = ~2N L L (11)
v 2 2
vw. 8 ]:2
so, from Eq. (6): — = -F= (12)
v L

-
N
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This term 1is negative, because, 1in equation (5}, (NV/NV) is

negative and larger than (F'L/:)r).

A8-1.3 For constant f3 (f3 = fah

[
From Eq. (3): r, =T _—2 (13)
Lz
From App. 2's Eq. (12}):
. _ =3
Nv = clfa L2 (14)
from which:
L] _‘ L ]
[ _J— -
Nv = -3 lea L2 L2 (15)
VVL 8 Ez
so, from Eq. (6): — = -~z — (16)
3 —
v L
v 2
Following Eq. (3}, we can summarize Eqs. (8), (12) and (16) as:
' C
AL v, - (17)
v L
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Case Parameter
held Y,
(L) constant
1 Nv 0
2 N - B/9
3 fa - 8/3

The coalescence component of the swelling rate is never positive

and nonzero.

We will now use these results to develop -equatlons for
calculating Pefr and P‘nt from experlimental data. From the
swelling model (sectlon 3.3), the pressure-driven component of

the pore growth rate ls:

. 800
r = B B{v} P (18}
P anc2ky 3 Y eff
in which:
2u(1-vv2’3)
B {v.} = {19)
3 Y (1+Vv2/3} ln(Vv'V:') _ (I_VVZ/J)

Rearranging Eq. (16), and using Eqs. (4) and (6):°

! While we develop only the case n=1, in r o DF', the

relations readily can be modified for general n (Hsu and
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amkT % |
P = r (20a)
efl [
BSD_? B_{V,}
12nkT re .
= Voo (20b)
88D V, 'B_(V,)
12nkT rd . L,
= Vv + |yl| — (20c)
8SD.Q V, ‘B {V ) L,

The mean pore radius can be calculated from experimental data by

{App. 6, Eq.4):
172 1/2
Vv
r = [%E] [ - ] (21)
N
A

When this is substituted into Eg. (20c):

172 .
Vv ’ Lz
et ¢1' 372 Ve * Iyl] E' (22a)
B_{V }:N 2
3 vy a
6 172 kT
where ¢l = 9[-] (22b)
BGDBQ

Of the experimental parameters required, all but NA{t} are smooth

and monotonic (Chs. 4,5). The area number density, NA. on the

Solomon, 19831}.
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other hand, increases sharply early in swelllng, passes through a
maximum, then decreases more slowly (Flgs. 4-6,5-5). So, early in

swelllng, NA and Perr will be uncertaln.

The internal pore pressure, P‘nl {rather than the effective

pressure, P.rr) can be calculated from (section 3.3):

P = P -P -P (23}

in which, for spherical-tetrahedral pores, from App. 3 and

Eq. (21):
1.
P =2 gly} — (24a)
cap r
or 1/2 NA 12
. 2[3—] gwr 7, | 2 (24b)
v

Papp is a known, applied external pressure.

A8-2 Varlables

All variables are defined in sectlon 3.7, except for the

following:

¢l Constant introduced to simplify Eq. (20).

Y, Dimenslionless, trajectory-specific multipller: [-1



Appendix 9

Grain boundary mobility

In this section we relate ‘intrinslic’ grain boundary mobility,
Ma' in the swelling model's phenomenclogical grain growth
equations, to experimental grain growth klnetles., Varlables are

listed in sectlion A9-2.

A9-1 Analysls

Phenomenological pore drag medels Include an effective boundary

mobility, M'* (e.g. Yan et al.’s (1977) Eq. 22; Ch.3):

The boundary mobility of the pore-free matrix, Ma' can be

eliminated by assuming pore drag control (pdc; e.g. Yan et al.,

1980, p.6):"

! We retained M8 and the potential for mixed control of grain
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of
Ma (pdc) = MP/N (2)

Such an assumption permits an anmalytic sclution to be generated
for the two differential equatlons for mlicrostructural evelution

— pore and grain growth rates.

In the current swelling model, however, we retain mixed control,

and so retain Ma in M;fr.

{The system evolved towards pore drag
control, but we did not impose that control.) For the general
case of nonparabolic grain growth for the pore-free matrix

(App. 8, Table A8-1), MB is deflined 2s the ratiec of mean boundary

velocity to global driving pressure (Yan et al., 1977):

|

(2)

ol
@

It Is not constant, but depends on grain size, as follows. For
grain growth kinetics based on the mean linear Intercept:

A s L -1L° {3a)
L 2 2

growth in order to develop a general numerical model which
could be applied in ongoling research programs. For example, 1f
independent control of porosity and grain size s sought by
pressure anneals (Ch.7)}, the polycrystal may spend extended
perliods under HB control at high temperature. In such cases,
predictions of microstructural evolution may be lnaccurate 1f
graln growth rates are assumed to be controlled by pore drag
(Fig. 5-2).
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= KL{m} ¢t (3b)

the experimental rate constant KL{m} and exponent m are
determined by a linear regressjion of A: agalnst time. Yan et al.
(1977) deflne boundary mobllity for such general kinetlcs as: 2>

KL{m}
M . —_— (4)

The form of the right hand side of Eq. (4) arises from Yan et
al.'s (1977) Egs. (39, 30, 31, and 34), as follows. Substitute,
into the right hand side of Eq. (2), the corresponding

expressions from the swelling model (Ch.3):*

 We have written this equation in terms of Ez' instead of the G

which they used,
7 e distinguish graln size defined as mean linear intercept, Ez'
Ls L,
(Fullman, 1953; Yan et al., 1977), because many of the

from the corresponding ‘spherical’ measure, G

parameters used In this section have values specific to the

ax. &a ; x=Lor G, I=1,2. The

Bx' Ix
exponent m» and activation energy Q‘ (below) are independent of

the basis.

graln size basls: Kx{m}. M

4

From G = 1.5 fé. the values of a, a and a, for different

1 2x
graln size bases (Ez or G; x = L or G) are related:

= 1.5a , i= 1,2 (fla)

(1.5) - a (fi1b)
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v = L/ a (s)

and P m a_ y /L (6)

We discuss the proportionality constants aiLand a, in App. 10.

With this substitution, Eg. (2) becomes:

M =L

5 zoLa/ a ¥ {7a)

LB

in which a2 2 a +a (7Tb)

When a = 1, then by setting Eq. (4) equal to Eq. (7a), we

recover Eq. (3).

Yan et al. (1977, p.292-4) use G as the grain size, set a_ =1,
and then omit that factor in their subsequent discusslon.
However, because a (x = L,G) need not in general have this valuc

(App. 10),s we retain it explicitly, and redefine (comparc to

Eq. 4):6

While the range of possible values for the geometrical
parameter a, is limited, a ~can be reduced to very small
values by narrowing the size distribution in the polycrystal

(e.g. by sintering a monodisperse powder compact).

In their review, Yan et al. (1977) glve more compllicated forms
for different Ma mechanisms. Yan et al. (1983} and Handwerker

et al. (1984) work with a more complicated expression for
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KL{m}
M E — (8)
BL amy -L-I-Z
L s T2
For arbltrary a, we set Eq. (8) equal to Eq. (7a) to recover

Eq. (3).

From Eqs. (4) and (8), MBx (x = L,G) is independent of grain size
only vhen m = 2.7 In typlical engineering materials, this ls not
the case {(Brook, 1976). In such materlals, m > 2, and, for a

glven set of {Ea-t} or {G-t} grain growth data, M, wlll decrease

as graln growth proceeds.8

When temperature-dependent values of HB are sought for a system

or compositlon for which no grain growth data are available (for

impurity drag controlled MB.

7 Using a graln size~independent Max{T}:

- ° . -
Msx{T} = Nax exp { -Q/RT } (f2a)
0 2 o
with HBG = (1.5) - MBL (f2b)

is equlvalent to assuming m =2 for the pore-free matrix
(App. B}.

® Mean graln slizes increase by factors of three to four in
typlcal grain growth experiments (Mocellin and Kingery, 1973;
Bennison and Harmer, 1985b); for an m of three, MB would

decrease by corresponding factors in such experiments.
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the pore-free matrix) Yan et al.'s (1977) normalized Fig. 8°
could be used to estimate the pre-exponential and activation

energy in a Kx (x = L,G) for Eq. (8), In which: '°
o
KL{m.T} . KL{m}'exp{ -Q‘/RT } (9)

However, in order to do this, we need to deal with their a. g
and G normallzations. From the intercept and slope of an ﬁnc line

in their figure, we can convert back to an approximate K:{m.T):

MBG{T} = M- exp{ -QK/RT } (10)
K:{m}
1 | ————,| expt -Q/RT } (11)
am ¥y (G)

Their normalizing parameters have the values a; =1, 73. = 0.3

J/m? and G = 90 um). Their flgure includes no m information — a
reasonable value will have to be estimated. However, Q‘ can be
estimated from that figure, and should be consistent with the
activation energy of the original grain growth data, because Yan

et al. (1977) normalize by a temperature-independent G.

° See App. 15's Fig. A15-1d.

10 Kx’s temperature dependence is far more significant than 78'5
(Davidge, 1979, p.77), Also, from G = 1.5 Ei

0 - -' o
Kim} = (1.5) - K{m} (£3)
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When possible, however, it is best to use original At{T} grain
growth data, to get m, Kx{m.T} and Q. If m and Kx{m.T} are
avallable, but the actlvation energy, Qu’ is not, it can be
estimated (as we did in this work) from theoretical arguments for
mechanisms implied by experimental m, using corresponding
diffusion data (Ch. 4 and Apps. 8,15). Alternatively, if Yan et
al.'s (1977) Fig. 8 contains data for a similar material tc the
ocne ln question, QK can be calculated from that flgure. Desplte
the comment In the previous paragraph, however, some of the
plotted data are for systems with second phase (e.g. pore) drag,
and the actlvation energles in such cases cannot be asssumed to

apply to the pore-free matrix.

A9-2 Varlables

a (i =1,2, x = L,G) proportionality constants; {-]
57  differential grain size; [m'/s]

G equivalent ‘spherical’ grain diameter; [m]

¥, mean energy of grain boundarles; (J/m?)

K experimental rate constant for graln growth; [mm/s]
L mean linear intercept on a random polish plane; [m]
m graln growth exponent; [-]

M intrinsic graln boundary mobility; [m3/N-s)

M effective boundary mobility; [m°/N-s]
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N area number density of pores on grain boundaries; [m‘al
P mean boundary driving pressure; [N/m°)

Q actlvation energy for the graln growth rate constant, K#

[J/mol-deg]

v global boundary velocity; [m/s)

Sub/Superscripts:

x L or G, denoting grain size as Ea or as G = 1.5w

o pre-exponentlial or initlal value

. normalizing parameters in Yan et al.'s (1977) Fig. 8.

~ normalized parameter



Appendix 10

Boundary driving pressure, ﬁa' as a function of grain size, Ez

In this section we establish an approximate value for FB for
normal grain growth, in terms of the mean linear intercept grain

slze (Eé). Variables are listed in section A10-2.

Al10-1 Analysis

The simplest possible relation for the global boundary pressure
which drives normal grain growth (Ashby, 1980), expresses it in

terms of the mean grain slze (Yan et al., 1977, Eq. 34):

PB = PB{La} (1)

The graln size dispersion, which also should be a factor,
effectively is Included in Eq. (1), in an approximate way, by
assuming a stationary grain size distribution typical of normal

graln growth (Hillert, 1965)}.

Hillert’s (1965} rate equation for steady state, normal grain
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growth is:

d 2
at (Rcr ) = (a/2) Ty MB (2)
where 73 is the mean grain boundary energy, and Ms is the mean

grain boundary mebility, and for a three dimenslonal

microstructure:

R = (9/8) R (3)
cr

Rcr is the (equivalent spherical) graln size for which Eqn. the
average curvature per graln which is avallable to drive grain

growth (Srolovitz et al., 1984) is zero.®

From Eqs. (1) and (2), using an intrinsic boundary mobllity for

' The dimenslonless parameter a arises when Hillert (1965)
chooses the simplest possible form for an expresslon for the
product, g-Eqn. This value Is difficult to estimate for a real
microstructure: averaged over all grains In the slze class of
radius R:

g{R}-x_{R} = « (1/R_ - 1/R) (f1a)
gn cr
where g, deflned by:
R = g-v {R} (fib}
gn

relates B;n{R}' the grain boundary velocity averaged around a
gralr of the size class R, to the rate of graln growth for that
class.



357

the single-phage polycrystal, Ha:

R = (a/2) {M 7 /2R ) {4)
cr B B cr

= 2 .
R = (8/9)"(a/4) 7y MB /R

Using a value for a« of 1, for a three-dimenslional mlcrostructure

{Hillert, 1965):

R = 0.20 . MB/ R (S)

We convert Eq. (5) to an equatlon based on Ez In two ways. For
the first, we use the ldeal, equi-Sv microstructure described In
App. 1. The \ldeal graln size, Ro. glving Ideal and real

microstructures the same speciflic graln boundary area ls:

R = Ezf 1.379 (6)

We take R to be the radius of the sphere whose volume is equal to
that of the unit grain in the ldeal mlcrostructure, r_ {App. 1:

Hillert, 1965):

i
"
-

= 1.137 R (7
-]

From Egs. (6) and (7):

o]
]

1.137 ( Ez / 1.379 )

n

0.825 Ea (8)

Substltuting Eq. (8) into Eq. (5):
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ot 4

= 0,29 7 Ha / Ez (9)

Referring to Eqs. {39) to Eq. (43} in the swelling model:

L2 = a7, Ms / L2 (10)

from which, from Eq.(9), the proportionlalty constant, a is:

a = 0.3 (11)

For comparison, we generate a second estimate for a by following
Yan et al. (1977, p. 292), and substituting G = 2‘R Inlo Eq. (5),

rather than the r. used above;
G = 0.79 7y Ma /G (12}

the proportionality constant, a., has a value somewhat less than
the a, = 1 given, with no .derlvation, by Yan et al. (1977, Eq.
34). If we then substitute the standard G = 1.5 L, (Fullman,
1953; Yan et al., 1977, p.292) Into Eq. (12), we get (compare
2

with Eq. 11):

a = 0.35 (13)

The proportionality factor a {(x = L,G) is the product of two

2 Effectively, instead of Eq. (8), we've substituted:

R = Gr2 = 0.75 Ea (£2)
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geparate factors (Ch.3, Eq. 40), the values of which depend on

the grain size basis (G or Eé: App. 9). For E; as the grain size:

a ® a -a, (14)

If we accept Yan et al.'s (1977: Eq. 30) a. = 2, and use the a
relations glven in App. 9, we get aa_s 1.33. Then, from Egs.

{11, 13 and 14), we calculate:

a, = aL/azL (15a)

]

{0.3 to 0.35}/1.33

0.23 to 0.26 (15b)

u

Yan et al.’'s (1977) a of 0.44 is equivalent to an a, of Q.33.

Yan et al. (1977) note that the density of grain boundary energy

is:

P = y+85 (16a)

2 15/ Ez (16b)

From Eqgs. (15b) and (16b), about one eighth of the boundary
energy density is avallable to drive normal grain growth. Yan et

al. (1977) estimate a factor of one sixth.

The global driving pressure should depend on the grain size
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dispersion, as well as on the mean graln slze. Zhao and Harmer

(1988a,b) estimate such a relation as:

P, =—_—‘[1-2] (17)
g G

For normal graln growth, ¢ = 1.25 (Yan et al., 1977), and for a

steady state grain size distributlon (Hillert, 1965):

~
—

R/R = 0,56 (18)

Substituting Eq. (18), (G/G) for (R/R), and © = 1.5 Ez Into

Eq. (17) glves:

_ 1.25 73
PB T e [ 1 - 0.56 ] {19a)
1.5 L2
0.37 7y
8 — (19b)
L
2
from which:
a = 0,37 (21)
1L

This value 1is somewhat larger than the range of 0.23-0.26
estimated previously, but is closer to Yan et al.’s 0.33. When
grain growth is controlled largely by pore drag, uncertainties of
thls order 1in a will be outweighed by uncertainties In st.
(Particularly when accurate grain growth data are avallable for
the pore-free matrix (App. 9), the surface diffusion coefflclent
will be the parameter whose value is most directly affected;

Ch.6, App. 17).
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Global mean curvatures of a three-dimensional structure — such
as a graln boundary network — can be determined directly from
experimental polish plane data (DeHoff and Rhines, 1968, Ch. 10:
esp. pp.322-3). It now should be possible to determine
experimentally the boundary driving pressures in polycrystals,

using image analysis systems.

The numerical results in Ch.5 were generated wlth an a value of

0.3, as in Eq. (11), above (Table 5-1).

Al0-2 Variables

a , (i =1,2;: x =1,G) proportionality constants; [-}

o dimenslonless parameter in Hillert (1965); [-]

€ proportlonality factor:; [-]

¥, mean erergy of grain boundaries; [J/m?]

g dimensionless parameter In Hillert (1965): [-}

G equivalent 'spherical’ grain diameter; [m]

& maximum grain size; [m]

E;n mean boundary curvzture of a grain; [m 'l

E2 mean linear intercept on a random polish plane; [m]
My Intrinslic grain boundary mobility; (m?/N-s)

ﬁa mean boundary driving pressure; [N/m°)

P boundary driving pressure density; [N/m°]
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D = B ]

X

Je2

equivalent spherical grain radlius; [ml]

maximum grain size; [m]

R for whlch E;n ~> 0 (Hillert, 1965); [ml

grain size in the ideal, truncated~octahedral micrestructure
(App. 1.1); [m]

radius of spherical grain with same volume as ldeal grain;
[m]

specific graln boundary area; (m%/m°}



Appendix 11

Phenomenological pore drag and separation

Phenomenological drag analyses in sintering typically mark, on a
graln size/pore size diagram, a fleld within which pores should
separate from sweeping grain boundaries {e.g. Carpay, 1977). Pore
drag control often ls assumed, and limliting-case coalescence

rates (unsupported by experlimental data, e.g. f3 = 1).

In this sectlon, we extend graln size/pore size dlagrams for
phenomenclogical drag by developing equations for arbitrary
contours for two summary descriptors of an evolving porous
microstructure. These are (1) ;P, the pore velocity, normalized

by the veloclty at separation.1 and (2) ﬁ;rr. the effective

-~

' In App. 12, we develop expressions for v

P’ the non-
phenomenological pore velocity at separation. It is normalized
by the phenomenological separation velocity of a (spherical)
pore of the same volume, and can take values greater than one.
The normalized pore veloclity developed in this appendix, Gp. is
the phenomenological pore veloclity divided by the

phenomenological separation velocity.
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boundary mobility, normallzed by the intrinsic boundary moblility,
MB (App. 9.2

At separation, BP has a value of one. However, the
phenomenological analysis is approximate, and, based on work In
App. 12, we permit 3P to take values greater than one. In this
section, we show that ﬁ;rr is equal to 5;rr. the normallzed
boundary driving pressure; that is, that this parameter is a

general pore drag ilndex.

The equations we develop for these two famllies of contours are
for the current swellling analysis, for a general
experimentally-determined boundary mobility, MB. and for both
constant-N and constant-f3 paths. (A porous microstructure would
have a constant-Nv path only if 1little or no grain growth

occurred, so drag and separation are not issues for such a path.)

We do not plot the results at this time. However, the analysis
given here leads to plots in which both families of contours are
drawn on diagrams with grain slize vs pore size axes, and

experimental swelling (or pressure sintering) paths for real

2 A third set of contours would be potentially useful: those for

M "} the ratio of M°ff
2 B

for pore drag control, to that for mixed MB/pore drag control

for a microstructure at a given time,

(see Flg. 5-6). This ratio relates to whether pore drag control

can be assumed.
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materials are superimposed. Such plets would permit testing
whether, 1in real microstructures, Gp exceed values of one.
Diagrams with famllies of contours would give better bases for
evaluating how closely a glven sintering or heat treatlng

schedule approaches separation, and why, than current dlagrams.3

Varlables are listed In section A11-5.

All-1 Pore drag, as a function of normallized pore velocity

In thls section we develop the baslic equations for the
phenomenoclogical drag formulatlion, explicltly showlng the
relation between pore drag, boundary contact angle, and
normalized pore veloclty. We use many of these relatlons in the
subsequent two sectlons, in which we develop the expressions for
ﬁ:T and ;p contours on swelling or sintering diagrams.
Previously, drag relations have been developed for limited cases

of mlcrostructural eveolution, including constant-Nv (Carpay,

1977) and speciflc constant-f3 cases {Carpay., 1977; Brook, 1976;

? Detailed diagrams have been drawn for more complicated forms
for MB. and for distributions in pore and grain size (Yan et
al., 1983: Handwerker et al., 1984; Zhao and Harmer, 1988a).
While promising, these are, as yet, unsupported by experimental
data. The current analysis 1is explicitly framed for the
experimental Ms data which would be the first generated for a

new material.
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Yan et al., 1980).

We use Heuer's {1979) notation for the phenomenoclogical boundary
intersectlon angle 8 (Fig. A11-1), but Ashby's (1980) boundary
driving pressure Fa [N/m°] instead of a driving force FB (Nl per
atom or @3 [mzl on the grain boundary, (Carpay, 1977; Heuer,

1979; and Hsueh et al., 1982}.

The phenomenologlical force [N} exerted by the sweeplng graln
boundary on an attached (rlgld, spherical) pore 1s (Heuer’'s

(1979) notation):

pr = 2rr 7,7 cos @-sin @ (1a)

= nr wB-sin{ZB} (1b)

From this, pr = nray, {2)
at 8 = n/4 (radians) (3}

where the ‘hat’ denotes the maximum value; l.e. the value at pore

separation.

Defining mean pore and boundary velocities' as force- and

pressure-mobility products respectively (Carpay, 1977, Brook,

* In the following text, boundary (uB) and pore (uP) velocltles
are global means; however, for clarity, for these varlables,

the implied superscript bars are net shown.
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1969);

v = F}x' HP (4)

The global boundary velocity can be expressed as two equivalent
products (Brook, 1976): (1) a driving pressure which is unchanged
by pore drag, times an effective boundary mobility, reduced by
pore drag, or (2) an effective driving pressure, reduced by pore

drag, times a boundary mobillty which is unchanged by pore drag:
M (5]

We write global boundary pressure and velocity for normal grain

growth as (Ch.3; Apps. 9 and 10):°

v = L/ a (6)

(7)

0|
1]
g
~
e

and

The effective boundary mobllity and driving pressure are (Brook,

1976):

M
eff = P

— (8)
N + (MP/MB)

® Values of a, (i=1,2) are specific to Ez as the grain size

measure (see App. 9).
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by ]
|
“ot
]

=
T}

{9)

(10)

where v: is the maximum phenomenological pore velocity (Hsueh et

al,, 1982).

We can regard normalized, effective, boundary driving pressure
and boundary moblility as dimensionless measures of pore drag

(Carpay, 1977):

P, Pe s FB (1)
and ﬁ:" = M;"/MB (12)

in which ?B and HB are the values for the equlvalent pore-free

system. From Egs. (5, 11 and 12), these drag measures are equal:

§ In App. 12, we discuss Hsueh et al.'s (1982) prediction that
Ep > 1 at separation. In the following dlscussion, which s
strictly within the conventional GP = 1 limlt, ilnconsistencles

arise for v, > 1.
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B o= m (13)
For attached pores:7
v - JRY) (14)

Substituting into Eq. (14) from Egqs. (4 and S), and noting that
both the boundary's force on a pore, and the pore drag are
functlions of the pore velocity:

pr{up}- MP = P+ M v} (15)

From Egs. (1b, 7 and 8), this is equivalent to:

2.7 MB
nry, sin {28} = . {16)

L Hp + N-MB

The boundary contact angle, 8, is (Fig. All-1):

6 = 0.5sin" {9} (17)

in which the dimensionless parameter J is given by:

al MB
ﬂ' = . (18)

nrL M+ N-M
2 P B

From Eq. (3), we define a normalized boundary contact angle as:

7 This can be regarded as global or local.
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-~

6 = o6/8 (19a)

sin? {7} (19b)°

rad

2
n

From Eqs. (1b, 2 and 4) the normalized pore velocity is:

e
]

sin {20} T (20)

and so the normalized boundary contact angle is:

sin™  { v} (21)

@t
]
AN

For steady pore velocity; i.e. v_ = O

F = F (22)

so normalized drag force and boundary/pore forces are equal:

FD = e— = Fp (23a)
F
Px
and, from Eqs. (1b, 2):
?n = sin 20 (23b)

From Eqs. (20, 23), the normalized drag force and normallized pore

® For the given (2/mn) factor, the subscript specifies that the
inverse sin return a value in radians. The factor would be

0.011 for a value returned in degrees.
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veloclty are equal:9

Fooo= vy (24)
From Eqs. (6, 9):

eff _ m _ g o

PB = Pn N FDFD {25a)

which, from Eq. (22, 23a) is:

PC = B - N-ED- o (25b)
and, from Egs. (11, 13):
N-F
Ve - LS | -[ "] Y (26)
B B F- P
B

The normalized, effective boundary moblility and driving pressure,
the dimensionless measures of pore drag, are linear in normalized

pore velocity. From Eqs. (2, 7 and 22), the bracketed term in Eq.

(26), i.e. the slope of a plot of ;P vs 5;rr is: 1°
N-F
Slope S e — (27a)
P
=-§-NrE2 (27b)
1L

? See footnote with Eq. (7), concerning GP = 1.

% The slope 1s equal to (-1/Q), where Q Is Brooks's (1969)

parameter.
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The slope was derived without assuming a specific MP mechanism or
form for Mn' It is independent of temperature, even though both

Mn and Mr are temperature-dependent.

At phenomenological pore separation, Sp = 1, and, from Eqs. (26

and 27b):
ﬁ;" — ﬁ;” = 1 - g " NrL (28a)
1L
N-FD
= 1 - - (28b)
P
B
Al11-2 ﬁ;"= 5;" (‘drag') contours on (Ez-r) plots
The normallzed, effective boundary driving pressure, ﬁe”. is

B

relative to the boundary mobllity of the equivalent, pore-free
matrix. It, and the equlivalent normalized, effective boundary
driving pressure, l"";". give dimensionless measures of how
effectively phenomenological pore drag is retarding grain growth.

As such, 1t 1s a useful descriptor of a porous microstructure

undergoing gralin growth.

Al1-2.1 General

Simplifying the notation of Eqs. (8) and (12) for clarity, by

replacing ﬁ;" with M:
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Hooa B o« —T— (28a)
M+ NM_
N-M_ -t
= + 1 (ZSb)
MP
NM_ -
i.e —_— [ M -1 ] (29)
Ml'-'

This is Iindependent of an assumed HP mechanism,

A general matrix boundary mobility, which uses experimental

{t - Ez} grain growth data directly,

_ . 0w
Lty -L = Kim-t (30)

can be defined as (Yan et al., 1977; App. 9):

KL{m}
MB{m} = - — (31a)

L a2

_ 2-m

= po{m}- L2 (31b)

where the parameter M is defined as:

KL{m}

i = (32)

a m
L 78
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Al1-2.2 Case: Constant-N microstructural evolution

From Eq. (29):

Moo= -L[ﬁ"-1] (33)
N-M_

which, for surface diffusion contrelled MP:

uDSQ
M = (34)
P nkTr‘
glves:
stQ 1/4 - 1/4 ) (E%E)
r{m}l__ = —_— [M -1] L, (35)
ML, nkT N H

For m = 2, thls glves vertical (i.e. Ez—lndependent) contours of
M on an ( Ez - r ) plot, which can be summarized as a single
sigmold curve, for a given temperature. However, for m > 2, ME is
graln size dependent. For example, for m =3, and surface

diffusion controlled pore mobllity:

(36)

x?
A
1
-
Sec—
|

M, L

1/4 174 178
wh Q ]
s [
2

r{m=3}|_ _ = R
nkT N K,

Al1-2.3 Case: Constant-f3 microstructural evolution

For attached pores at four grain junctions in an idealized,

equl-Sv microstructure (App. 1):
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N = N (37a)
= N, /S, (37b)
f3
= . e.= 4.694 (37¢,d)
-2 f
c L
f 2

Substituting Eq. (37¢) into (28a):

. £M -
M a M {r} + M {r} (38a)
f r P C-l:a P
2 F2
e ML
- r P 2 _ (38b)"!
fu +c ML 3
J o f P2
Substituting Eqs. (30b, 36c) into Eq. (29) and rearrangling:
1/m -1/m
- f3"0 & =1
L = M -1 (39)
2!~
H,r c M {r}
£p

For surface diffusion controlled MP {Eq. 33), M contour on a

grain size/ pore size plot follows:

1 Two limiting cases exist: MB control, for which:

fu « ecM L, so that M o~ 1 (f1a)
J o f P 2
and pore drag control, for which: R
_nm . CrMP EZ
fu » cM L, sothat M = —m (flb)
3o fr P 2 fu

These relations are independent of an assumed HP mechanlism.
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wa cL" 4
Fl. = e [M“—1] (40)
| kT fa"o

Al11-3 BP contours on (Eé- r) plots

A11-3.1 General

From Eqs. (5-7):

= - efl ™
L2 = aL'arnMB )/ L2 (41)
where a = a -a, (42)

from Eqs. (2, 4, 6, 8, 10, 14, and 41):

a 7 eff
5 = 2B (43a)
P t vo
2 P
_l-m
a pul
= b __°2 (43b)
S _2-m
NpulL + M
o 2 P

which rearranges to give the general equation for an arbitrary GP

contour:

nru ML + mrNp vl - a s = 0 (44)
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A11-3.1.1 Locus for BP =1

The general locus for phenomenclogical pore separation ls at

;P = 1:12
T HP L2 + wrN M, L2 - a, B = 0 (45)
For m = 3, this locus ls:
—2 -—
nr Mp L2 + nrN M L2 - a KH o= 0 (16)

Eq. (44) was derived without assuming elther an Mp mechanism or a
microstructural trajectory. For surface diffusion-controlled pore

mobility, and m = 3:

_ wDSQ _2 -3
[ n N H, L2 ] r-a M * -;;— L2 r =0 (ar)

Al1-3.2 Case: Constant-N microstructural evclutlon

Constant - 59 contours on an ( Ez - r ) plot can be calculated
N

directly from Eq. (44), for an assumed MP mechanism (e.g. for st

control).

12 ysueh et al., (1982), for y < m radians, predict steady state,
two-grain facet pore velocities In excess of ;F =1. A
tentative separation fleld boundary may better be placed not at

~

v, = 1, but between ;p =1 - 3 (App. 12).
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A11-3.3 Case: Constant f:! microstructural evolution

Substituting for N from Eq. (37b) into Eq. (44):

nrv ML -a pC +ne £ 4 vr =20 (48)

A11-3.3.1 Locus for GP =1

The general locus for phenomenological pore separatlon is at

~ 13
UP! 1:
nrMPLa-a1Lu°L2+ c—rfapor = 0 (49)
For m = 3, this locus is:
_3 n —
urMPL2+c—f3uorL2-aup.o=0 {50)

For surface diffusion-controlled pore mobility, and m = 3, it is:

wh 2 23 -3
s r +

n —
[c—fsuoLz]r-aleo-r[ = 0 (51)

L
kT °

13 See previous footnote.
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All-4 Summary

1. Equations are developed for plotting, on graln size/pore size
diagrams, famllles of contours at arbltrary values of:
a) ;p' the pore velocity, normalized by the veloclty at
separation (GP = 1 at phenomenological separatlon), and
b) ﬁ;rr = ggrr’ the effective boundary mobllity, normallized
by the intrinslc boundary mobility, ME
2. The equations are developed for constant-N and constant-fﬂ
paths, and for a general, m- and graln size-dependent ME
3. These two famllies of contours describe, In terms of the
phenomenologlical theory of pore drag and separatlon, a porous
microstructure which ls undergolng simultaneous pore and graln
growth, 1n which pore coalescence is occurring at speciflic
rates, with respect to grain size.
4. No diagrams are plotted. When they are, they will permit

experimentally testing phenomenological pore separation

velocitles.

All-5 Variables

e parameters in grain growth model which convert local to

(-1

global parameters; a = a -a,;

c, numerical constant defined in Egs. (22c,d)

D5 surface diffusion coefficient; [mzfs]
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fraction of four-grain Junctions cavitated 1in ideal
microstructure; [-)

phenomenological drag force exerted on sweeping grain
boundary by a pore; [N]

phenomenological force exerted on an attached pore by a
sweeping grain boundary; [N]

mean energy of grain boundarles; [J/m2)

Boltzmann's constant; [1.381E-23 J/atom-K]

contraction of Eé; (-]

mean llinear Intercept on a random polish plane in a real
mlcrostructure; [m]

contraction of ﬁ;rr; [-]

global mobility of pore-free graln boundary (App. 9);
(m/N-s]

phenomenological effective grain boundary mobllity with
attached pores: [ma/N-s} = [(m/s)/ (N/m%))

phenomenological pore mobility; [(m/s)/N)

parameter introduced to simplify equations containing MB;
[metres™ '/N-s]

number density of pores attached to grain boundaries; [m-zl
number of pores per unit volume solid: [m ")

the pore veloclty normalized by the phenomemological pore
velocity at separation; [-]

atomic or molecular volume, or volume of controlling
diffusing specles (App. 15); (m’)

global average curvature pressure driving grain growth;
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[N/m°)
r radius of average spherical pore; [m]
Sv specific grain boundary area; [mz/mal
T dimensionless factor defined in Eq. (5b); [-]

0 pore/boundary intersection angle; [rad] or [deglﬁB global
grain boundary velocity; [m/s)

u pore velocity; [m/s]

v the phenomenological pore velocity divided by the
phenomenological separation velocity; (-]

v phenomenological (spherical) pore velocity; [m/s]

w wldth for surface diffusion; (ml

Diacriticals ~ normalized value

maximum value

- mean value
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Fig. All-1: A phenomenclogical pore attached to a sweeping two-

grain boundary facet.



Appendix 12

Renormalization of the maximum, steady-state, surface diffusion
controlled velocity of a two-grain facet pore with arbltrary

dihedral angle

The approximations which make the phenomenologlcal theory of pore
drag and separation so physically unsatisfying are emphaslized by
Hsueh et al.'s (1982) analysis, In which a two-grain facet pore,
with an arbitrary dihedral angle, distorts when it moves with a
sweeping grain boundary. The analysls indicates that pores with
the low dihedral angles typical of Internal pores in HPA will
remain ‘attached’ to boundaries at velocities up to order of
magnitude greater than the phenomenological separation velocity.
The issue is important, because the phenomenological model
remalns the only drag/separation model globally applicable to
arbitrary porous microstructures, and so generally applicable 1In

sintering and swelling analyses.

In this section, we renormalize Hsueh et al.’s (1982) results, so

that the pore velocity at separation, as a function of dihedral

angle, ¢, relates more directly to experimental data for porous

383
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microstructures. (Instead of normallzing on the basls of a
constant zero-veloclty pore radius on the boundary, we use a
constant pore volume.) In contrast to thelr results, the
renormalized peak pore veloclity is rather Insensitlive to bore
dihedral angle, having values bhetween two and three. This
suggests that the phenomenological separation predictions be

retalned, but extended to such values.

Variables are listed In section Al2-4.

Al2-1 Overview

Hsueh et al. (1982), Spears and Evans (1982) and Hsueh and Evans
(1983) developed specific local models for surface diffusion- and
evaporatlon/condensatlion-controlled motion of pores attached to
sweeping grain boundarles, In these models, the Iinterdependent
pore/boundary distortions predicted are physically more

satisfying than the phenomenological drag formulation.’

! The gap between the phenomenological and such alternative
approaches will be difficult to close. For example, the local
boundary distortion, or change in boundary curvature, due to an
attached pore on a two-grain facet, as calculated by Hsueh et
al. (1982), failed to include how the facet's distortion must
also depend on its being attached to the local gralin boundary
network through its perlipheral three-graln edges, and so being

influenced by the time-dependent, historically-blased processes
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Their results can be related more directly to phenomencloglical
separation than was done in the original papers. As In Hsueh et
al.'s (1982) analysis, and as in the phenomenological approach,
we conslder here time- and travel distance-independent
predictions for a single nonphenomenologlical (i.e. nonspherical)

pore separating from an isolated two-graln facet,

Hsueh et al. (1982) consider a serles of single pores, in which ¢
varies. However, in practice, we will apply pore drag and
separation theory not to single pores, but to porous polycrystals
for which the experimental data avallable are the volume fractlon
porosity, Vv. the grain slze, tz and the area number density of
pores on the polish plane, NA.2 From these data, we wlll
calculate the pore number densitles, Nv and N {App. 6). To refer
the y-sensitivity of the maximum steady state pore veloclty,
demonstrated by Hsueh et al. (1982), to such a microstructure and
data, we need to consider a hypothetical series of
microstructures with constant porosity, grain size and number

densities of pores, in which only ¢ varies. As the following

in the microstructural neighborhood Srolovitz et al, (1984).
(See also Handwerker et al., 1984).

2 It is possible that data for the distribution of y, and of pore
and grain size will be avallable; we do not Include such

distributions in the present argument.
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equations show, thls requires normalizing on the basis of a

constant pore volume,

A12-2 Analysis

Stating first the general stereological relation (DeHoff and
Rhines, 1968, p.131):

Nv = NA/ Dv (1)

For attached pores, the area number density is (DeHoff and

Rhines, 1968, p.79):

= (2)

The mean pore volume is then:

-

Vv =
= — D (3)
N A\

A
If N and Nv are to be independent of pore dihedral angle y, given

constant experimental Vv, NA and [E. then, from Eqs. (1) and



387

(2):°
NAN,B=2rt = Win,5Y) (4a)
N AN B =2ry = NN, DY) (4b)
i.e. ﬁv° = ﬁv"b (8)

But if Eq. {5) holds, then from Eq. (3):

v° = vV (6)

That is, for N and N to be independent of ¢, both ﬁv and V_ must
remaln constant as ¢ varles. We could carry the analysls further,
via Ev' by approximating a two-grain facet y-pore by an oblate,
triaxial elllipscid, for which ﬁv are available (DeHoff and
Rhines, 1968, p.142-7). However, the phenomenclogical drag theory
simplifies the real pore population to average spheres on an
isolated boundary sheet, so Ev - ¢ relations are obscure. It is
easier — and, from Eq. (6), equivalent — to use Raj and Ashby's
(1975) expressions for the volumes of Intergranular pores of

specific location and arbltrary .

3 Where the superscript ‘o' refers to a spherical (l.e.
phenomenological: Hsueh et al., 1982) pore, for which ¢ =n
radians (m-pore), and the superscript ‘Y’ refers to a
nonphenomenological two-grain pore with full ({(not half-)
dihedral angle y < n radians (y-pore).



388

We want a peak veloclity normalized on a constant pore volume
baslis, rather than the constant boundary contact radius

normalization of Hsueh et al. (1982), which was: (7)

max wDS 8. 8. ;P for 2/gn/fct pore with a = af

max wDS u: for spherical, phencmen. pore with r=r v
c

For a spherlcal, phenomenological (m-)pore:
o 4n] 3
VC [—3] r ( 8)

while for a two-grain y¢-pore of the same volume (Raj and Ashby,
1975):

vo_ ‘te n 3
Vc = FV{Z,w} n (9)

where, for constant ¥g o no is the zero-velocity, spherical caps
radius, and the argument ‘2’ notes that Fv Is specific to a

two-graln facet pore.

Setting Eq. (8) equal to Eq. (9):

F 29} 2% = 3%] e
n 1/3
i.e. R [ (An/3) ] (10)

FV{Z:W}

To calculate ", in terms of bo. the zero-velocity y-pore radius
in the graln boundary plane, we use Raj and Ashby's (1975)

Eq. (3c) for the area of this boundary plane, B{y}:
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B{y} = =n sin® (gr2) - nhz

By elementary geometry:

2
By} = n b,

Setting Eq. (11a) equal to Eq. {11b):

b

sin (y/2)

Substituting Eq. (12) into Eq. (10):

__b"___ = [ (4n/3) ] 173
resin (¥/2) J, F {2y}
c
b 1/3
50 [ o ] . (4n/3) sin (y/2)
* Fiziwy '7°

So, for a two-graln

Fv{2:¢}

- 7l

v

c

facet pore (Raj and Ashby, 1975):

(5 {22 ()]

173

2 sin (p/2)

[ 2 - 3cos(y2) + cosa(w/ZJ ]

Riy}

(11a)

(11b)

(12)

{13a)

(13b)

(14)

(15a)

(15a)

R{y} is a dimensionless function of y, decreasing monotonically

from about 1.7 at ¢ = 60° to 1.00 at ¢ = 180°. That is, for N and

Nv independent of §, a y-pore has a larger (zero-velocity) radlus
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in the graln boundary plane than its equivolume phencmenclogical

n-pore.

From Eq. (15b), the renormalized, constant-vc . peak,
steady-state, uDs velocity for a two-graln yY-pore (without Hsueh
et al.'s (1982) (7/7,) factor) is:*

v {16)

-~

-~ w _ .
.P . [ v, {b=r R{y}} ]
u: { n-pore, r=r} /V

For st motion of a (phenomenological) spherical pore of radlius

r (App. 11):
“o -3
v, « T (17)
. . To
- v’ {b} v’ (b} v. {b}
s0 v, ] [ P i ] = P 2. P i (18a)
vy ir} v, ue 1b } vy {r}
~ 4 5
v’ {b}
= ¢ o [ E] (18a)
Wby %
LP¢ b} -3
= ——2_ . R{y} (18c)
“o
v, {bo}

' The initial footnote in App. 11 describes clearly the

difference between the (re)normalized, nonphenomenological
separation velocity developed here, Vo and the normalized,

phenomenological pore veloclity developed in that appendix, GF
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A12-3 Results

In Flg. Al12-1, curves (a) and (b) correspond to Hsueh et al.'s
(1982) strongly y~sensitive normalization. We have truncated the
plot at ¢ =» 150°, which 1is the maximum % for which their
approximate llinear expression — their Eq. 14 — fits thelr
numerical results (their Flg. 7: ;p s (17.9 - 6.2 wrad)' Curve
(a) is their original result. Curve (b) gives the same results,
but, as an alternative normalized veloclity, eliminates the
2-cos(ys2) factor from the RHS of their Eq. (14). [t is less
y-sensitive than (a), but still reaches high normalized

velocities at low y.

Curves (¢) and (d) are for the constant pore volume normalization
calculated in this section, which we generate by dlviding curves
(a) and (b) by R{w}s (Eq. 18: curve (d) corresponds to a
renormalized (a); curve (c) to a renormalized (b)). Regardless of
which original normalization is chosen, both renormalized curves
are insensitive to y, and, over the range ¥ = 60 to 150°, have

normalized peak pore velocities of between one and three,

From these results, we suggest that phenomenclogical separation
predictions be retalned tentatively, but that separation neced not
occur at a normalized peak pore velocity of one. Rather, contours

of two to three times the peak phenomenclogical veloclity should



392

be drawn on plots (of, for example, grain slize vs pore slze;
equatlons are given in App. 11), and the separation value for a
given materlal be determined by experiment. Handwerker et al.

(1984) suggest a similar strategy.

Because we have yet to plot experimental swelllng results with
normalized pore velocity and drag contours (App. 11), at this
peint we cannot say whether AVCO or ARCO exceeded phenomeno-

logical separation velocitles in the current swelling work.

Al2-4 Varliables

a,b radius in the plane of the grain boundary of a non-

phenomenological pore on a two-grain facet; [m]

B area of graln boundary occluded by attached pore; [mzl
D5 surface diffuslion cecefficient; [mz/s]
D mean tangent intercept for a dispersed second phase; [m]

F dimensionless pore volume function defined by Eq. (14); (-]

Ez mean linear intercept on a random polish plane; [m]
N number of attached pores per unit area grain boundary; [m~2)
N number of pores per unit area internal polish plane; [m'zl

N number of pores per unit volume porous polycrystal; [m'al

peak pore velocity, (re)normalized on a constant pore volume
basis; [-]

¢ pore dihedral angle; [rad] or [deg]
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r radius of average spherical pore; [m]

n radius of curvature of two-graln facet pore with ¢ < n rad;
[(m]

R dimensionless function defined in Eq. (15); [-]

Sv specific grain boundary area; [mz/mal

v volume of an average (spherical) pore; (m®]

v volume fraction of pores; (-]

v pore veloclty; (m/s])

w width for surface diffusion; [m]

Diacriticals:

a denotes a mean value

a denotes a maximum value

a denotes a normalized value

Superscripts:

a® denotes a phenomenological value; i.e. for a spherical pore

(p = n).
a¢ denotes a value for a pore with ¢ < n rad.

Subscripts:

a parameter value at zero pore/boundary velocity

rad denotes and angle in radians
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Al2-1:
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Normallized,

peak veloclty of a pore on a

two-grain facet, versus {(full) dihedral angle, .

Curve: a
b =
c"_"
d =

(17.9 - 6.2 wrad)
a/[2 cos(ys2)]
b/R°

asR>

The dimensionless factor R is defined in Eq. (15).
The plot is restricted to the range of ¢ over which

Hsueh et al’'s {1982) linear approximation (in their

Fig. 7) is consistent with their numerical results;
that is, to y < 150°,
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Potential errors in calculated r, "v‘ f3 and N, arising from

non-equiaxed cavities

In the current experimental work, the proportion of nonequlaxed
pores on internal polish planes gradually increased with time and
temperature (Figs. 4-1.1,-1.2). However, for purposes of
calculating microstructural parameters (App. 6), we treated all
pores cut by polish planes as If they were equlaxed. This leads

to errors in calculated r, Nv. N and fi

In this section we show that the observed temperature dependence
of coalescence rates (with respect to graln size; Figs. 4-13,-14)

is unlikely to be an artifact of this treatment.

It is important to demonstrate that the potential stereological
errors are small, because the numerical results show that this
temperature dependence is the only basis for generating distinct
predamaged microstructures in low temperature pressureless

anneals, for subsequent creep fracture studies (see Ch.6).

395
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Variables are listed in section A13-5.

A13-1 General

As HPA swells, an Increasing fraction of grain-boundary pores
seen on lIinternal peolish planes are not equlaxed, but are
elongated, with aspect ratlos (on the plane) in the range of two
to three (Flgs. 4-1.1,-1.2, Al3-1). Both three dimensional,
three-grain-edge (3GE) cyllindrical pores and two-grain-facet
(2GF) disk-shaped cavities could generate such elongated polish
plane pore outlines. Furthermore, even equlaxed pores at polish
plane ‘triple-junctions’ could be elther sections through 3GE
cylinders, or (as we assume) spherical tetrahedra at

four-grain-junctions (4GJ).

Given the area number density of pores on the polish plane, NA.
it 1s possible to calculate the volume number density, Nv' and
from it, given the grain size, the mean pore radius, number of
pores per unlt area grain boundary, N, and number per graln,
(6~f3; Apps. 1,6). The calculation requires assuming a
characterlstlic shape for the average pore (DeHoff and Rhines,
1968, p. 131). Then, the mean tangent diameter of this

representative pore, ﬁv' defines the stereology:

N = N - D (1)
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We treat pores as ldentical, average spheres,1 and so assume
ﬁv = 2r, In calculating r, N, N and f_. Our calculated pore
parameters show progressive temperature-dependent trends in the
rate of coalescence, within the bounds of constant~N and
constant-fa microstructural trajectorles (Figs. 4-13,-14),
Because the swelling model predicts that the coalescence
component of the pore growth rate (FL) — and so, the overall
swelling rate, at long times — depends on the swellling
trajectory, it is important to test whether the variation in

trajectory is real.

Could simplifying to average spheres the observed,
two-dimensional, mixed equiaxed/elongated pore populatlions seen
on polish planes, Iintroduce significant errors Iinto the
calculated, three-dimensional microstructural parameters? Would
constant-N and constant-f3 paths still bound experimental data,

or would all data converge to a common, temperature-independent

path?

Because the fraction of elongated pores increases with time and

! We treat pores (1) as spheres for stereology — assuming that
ﬁv for a spherical tetrahedron (with dihedral angle, ¢, typical
of HPA) are close, In practlce, to Dv = 2r for spheres of the
same volume — but (2) as spherical tetrahedra for P

cap

calculations (App. 3).
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temperature, we risk not offsets at constant slope, but rather
errors in slopes on, for example, {log N - log tz} plots; Figs.

4-13,-14); that 1s, we risk errors in trajectory character.

A13~-2 The ideal mixed pore population

We generate an estimate for the potentlal errors by assuming an
idealized, three-dimensional pore population which is slightly
more compllcated 1in geometry and swelling kinetlcs than one
consisting only of lidentical spheres. The analysis 1s
approximate. It 1s intended to be only a first-order verificatlion
of the calculated trajectories, and a base to be extended when a
physical model for intergranular pore coalescence by graln
growth, supported by data from direct SEM 1mage analysls systems
— or one for swelling to gas release in these systems — becomes
avallable. We apply the analysis only to AVCO's data (Flg.
Al13-1), because currently we are uncertain how to treat ARCO's
initial intragranular porosity. When ARCO's swelling model is
developed, however, this potential error should be tested for

that model and those data.

We assume a uniform mixture of monodisperse spherical and
cylindrical intergranular pore subpopulatlons (Fig. A13-2). The

mixed populatlon of Nv {total) pores per unit volume is described
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by number fractions for spheres and cylinders:2
f +f = 1 (2)

The spherical pore’'s radius 1s equal at all times to the radlus
of the cylindrical pore's cross-section. This common radlus
increases with time and temperature, as the polycrystal swells.
Cylinders are of common length h{t,T}, and are randomly oriented
(on 3GE). As the mlicrostructure evolves, we assume that the
cylinders’ true three-dimensional aspect ratio
Xa ® h{t,T}/2r{t, T} remains constant,” but the fractlon f_ of
such cylinders in the mixed populatlion lncreases llnearly with Ez

(Fig. A13-1),

The maximum two-dimensional pore aspect ratio observed on SEM
micrographs of internal polish planes, Xz. will be close to, and

greater than, the true, three-dimensiocnal Xa.q By elementary

2 The corresponding pollish-plane fractlons will have a higher
apparent f..

The cylinder length, h, should be on the order of the mean
facet edge trace length on the polish plane: h = &{t,T}; le. It
should be linear in Ea (App. 1). The experimental pore radlus
(for a spheres-only analysis) is approximately linear in grain
size (Fig. 5-7).

The real (etched) pore population appears to be more
complicated than just spheres and cylinders — there are, no

doubt, some coin-like, full-facet cavitles as well — so we
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geometry:
172
3 » (art+nd)
2 2r
= (1+x) ' (3)
The maximum value observed, iz' was about three (Figs.

4-1.1,-1.2). The average polish plane aspect ratio, ?2, will be

somewhat less than Xs (DeHoff and Rhines’ (1968) Eq. 5-15}:

ﬁv{cyl} = 2r [ % + 53] (4)
= Dv
Defining X2 5 o (5a)
n Xa
it follows that Xz = £t+3 {5b)

Based on the arguments DeHoff and Rhines (1968, pp.129ff) used to
develop Eq. (1), we assume that a relation of the same form as
Eq. (1) holds for the mixed sphere/cylinder pore population. That

is, we assume:

fstlmate only a rough Xa. For monodisperse cylinders, extreme
Xz. which might be encountered for cylindrical pores in which
h2= h, but r T, wlill seldom be counted, due to practical
aspects of detecting pores by SEM on thermally etched polish
planes. The highest observed aspect ratlos may correspond to

thin, coln-like 2CGF pores which are cut by the polish plane.
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Aymix = Nv.ulx. Dv.lx (6)

where DV.mlx = f'- Dv.’ + fc' Dv,c {7)
The mean tangent diameter for spherical pores is:

D = 2r (8)

V,s

while that for cylindrical pores has been given in Eq. (4).

We now modify previous stereological relations for calculating r,
Nv and f3 for spherical pores (App. 6) to apply to such a mixed
pore population. Then, wusing these mixed relations, for
experimental f_ and 3?2{t.'1'} typical of annealed AVCO HPA (Flg.
Al3-1), we compare the mixed results with pore population
parameters calculated assuming spherical cavities only (Table

4-3).

Al13-3 Stereology of simple mixed sphere/cylinder pore

populations

We simplify the following equatlions by dropping the subscript "3
from the three-dimenslicnal X3 — writing it simply as X. The

subscript ‘m’ denotes a parameter of the mixed pore population.
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From Eqs. (7) to (9), the mean tangent dlameter for the mixed

population is:

= f - +f D (10a)

Ve . Y,s [ v,c

f.- 2r + fc- 2r{n/4 + X/2)

2r [ f' + fc(n/d + X/2) ] (10b)

The volume fractlion porosity can be written:

v\fn = NV; Vsph * NV& v cyl (11a)

ar°N [(4f/3)r+hf ] (11b)
Vm B c

A13~3.1 The mean pore radius for the mixed population, ro

To derive the new, mixed relation for r, substitute Eq. (10b)

inte Eq. (1) and rearrange:

— NA / Dvln (12a)

-1
NA- [ 2r | fs+ fc(n/Q + X/2) ]] (12b)

Substituting Eq. (12b) into Eq. (11b):

N
v = A ¥3 r- o+ fcnhrzl

2r [f'+ fc(n/Q + X/72)]
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i

in 2 ar
f. ] r + fcuhr [i?]
NA

2 £+ fc(n/4 + X72) 1

m(2f/3 ¢ Xf) .
= NA r (13)
f +f (n/& + X/2)
] c
£ +f (w4 ~ x72) Y2 v, 12
r= 2 < — (14)
n(2f/3+X £ ) N
s ¢ A

limit f'—e 1, we have only spherical pores, and this

reduces to the relation derived previously (App. 5's Eq. 5a):

N

v 1/2
rooo= (372m)'"? [-—"] (15)
A

If we simplify this by defining:

£ +f (n/a + x2) Y2
F = d z (16)

n(2f 73 + X )
-] c

we can write Eq. (14) as:

Given experimental Vv and NA. when F ¢ (3/2n)1/2. the r

Z|<
<

»

172
r = F [ ] (17)
m

calculated by assuming spherical pores only will be larger then

the true r of the mixed population.
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We do not glve the results for r, but give Nv's results in the
next sectlon, as it is a parameter more diractly related to the
issue of potentlal errors In coalescence strength. However, for

r, the potential relative error could be estimated by plotting:

172

F = F/ (3/2n) (18)

against Ez. for fc. L, and xa typical of the swelled HPA (such

2!
X2 are given in Figs. Al3-1, 4-1.1). As an extreme example for
AVCO, for fc = 0,2 and Xé = X = 3, F is 0.86; that is, the mixed
r Is 14% smaller than that calculated from the same density and

stereological data, assuming spheres only.

A13-3.2 The volume number density of pores for the mixed

populatlion, NVN

To develop the Nv“ relation, substitute Eq. (16) back into Eq.
(12a):

-1

=
1]

172 n X
Ve NAo [ 2 [ F (VV/NA) ] [ fs + fc( i + 5 ) ] ]

-1
n X as2 172
[ZF[f.+fc(E+§)]] [NA , ]
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Vi L2t/3+%x ¢ 1'V2 N V2
- s c A “9)
20 f +¢ (na+x2)1%2| yi2
s c v
N are
A
Def ine Nv- " G [ ; 73 ] (20)
v

where, from Eq. (19):

Vi (273 +%x¢f Y2
G a s < v (21)
21 +f (na+X2)]

In the limit f.-a 1, we have only spherical pores, and this

reduces to the relation derived previously (App. 6's Eq. 6):

N ar2
N = (we)? | A (22)
8 Vv 1/2

v
For the type of mixed pore populatlons assumed here, the mixed
mean tangent diameter 1s always greater than that for the

spherical pores alone: D

v, mix > Dv.sph‘ So, from Eq. {(1):

172

G 5= (n/6) (23)

Given experimental NA and Vv' the Nvﬂ calculated by Eq. (20) for
the mixed cavity population will be smaller than that calculated

assuming spherical cavities only, using Eq. (22).

For AVCO, we can estimate the potential errors in Nv' and so in
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path character, by plotting (Fig. A13-3):

& = o (we)? s 1 (24)
for f , X and E2 typical of swelled AVCO HPA (Fig. A13-1). As an
extreme example, for fc = 0.2 and Xz = X = 3, G~ 0.93. G is
greater than 0.95‘ior all f: in AVCO's current data. That is, the
true Nv.-lx is smaller than, but withln, say, 104 of the Nv
calculated throughout this report assuming equlaxed pores only,

even In the AVCO samples annealed to the longest time, at the

highest temperature.

A13-3.3 The fractlon of four-grain junctlions cavitated, t‘3

The effect on f, follows dlrectly from Eqs. (20), (22) and {24):

= = G (25)
N
V,sph |t,T
and fa L Nv (26)
so 3_'.“.5 = a (27)

f
3,sph t,T
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Al3-3.4 The area number density of pores, N

Similarly, from Eqs. (20), (22) and (24):

as N = N {28)

S0 mix - E (29)

sph |t,

Al13-4 Comments

Admitting non-equlaxed pores would require changes be made to the
model. For example, parameters such as r and fj. which are
readily defined as long as we lnclude only equiaxed pores at 4GJ,
become physlically messy. N would retaln its meaning, but the
phenomenological pore drag relations of which it is a part would
need modifying (Occhionero and Halloran, 1984). Cylindrical pores
will have to be included in a swelling model capable of handling
swelling sufficlent to generate continuous 3GE pore channels and
gas release; precedents for the required changes are available

for nuclear fuels (e.g. Rest, 1986; Gruber, 1986).

By assuming equiaxed (spherlical) pores, then, {(and keeping the
above comments about physically imprecise parameters in mind) we
are overestimating Nv' N and fa' Pore radius is inverse in Nv. SO

we are underestimating it.
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For AVCO, however, the anticipated corrections are not sufficlent
to compensate for the differences in {log N or log fa vs log Ea}
plots seen at different T (Figs. 4-11,12) — especlally those
between 1350 C and the higher T runs at 1400 and 1450 C. In
particular, we cannot assume a constant f3 for the higher T
anneals in AVCO. That }s, this simple stereological correction
does not eliminate trends in AVCO's trajectory character with

changing anneal temperature.

The uncertainties in calculated r, Nv' N and fa now are larger
than, and more difficult to estimate (or express) than those
shown In Figs. 4-7 to 4-12. However, given the number of
uncertain parameters in the model, and the relatively small
corrections suggested above, we have adjusted neither the plotted
(spherical) experimental data polints, nor their uncertaintles

(App. 14).

Al3-5 Variables

[=]}

mean tangent intercept for a dispersed second phase;

v
(m]}
DV.cyl D“r for cylindrical pores; [m]
ﬁv . ﬁv for mixed sphere/cylinder population; [m)

v.s D, for spherical pores; (m]



4y

I

X

N Nat.t.

Ve, s
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fraction of mixed pore population that ls spherical and
cylindrical, respectively; [~]

fraction of four-grailn Junctions cavitated In \deal
microstructure; (-]

dimensionless ratic defined in Eq. (16); [-]
dimensionless ratlo defined in Eq. (21); [-]

common height (length) of cylindrical pores in assumed
mixed pore population; ([m]

number of four-grain Junctions (3-dimensional vertices)
per unit volume ideal truncated~octahedral
microstructure; [m "]

length of facet edge in ideal, truncated-octahedral
grain; [m]

mean llnear intercept on a random polish plane in a

real microstructure; [m]

L2(t=0); {m]
number density of pores attached to grain boundaries;
[m?]

number density of pores on an internal polish plane;
(m~?)
number of cylindrical and spherical pores per unlt

volume polycrystal in assumed mixed pore populatlion;
m™]

=3

number of pores per unit volume solid; (m~)
radius of average spherical pore; [m]

specific grain boundary area; (me/m’]
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volume of an average (spherical) pore; [m3]

vc

Vv volume fractlion of pores; [-]

X.X3 true aspect ratio of assumed cylindrical pores; [-}

X, apparent (2D) aspect ratio of assumed cylindrical
pores, as seen on polish planes; [-]

Diacriticals:

a denotes mean value

a denotes maximum value

a denotes value normalized by dividing by initlal value.
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AVCO

41450 C

~ 0 1400 &
o 1350

f o1

.8 1.2 1.8 2, 2.4 2.9

Fig. A13-1: Experimental fractlon of pores on SEM pollsh planes
which are «cylindrical, as a functlon of the
normalized grain size (Ez 2 Ea/E:). for AVCO HPA.

a b

jo— 2 r — [u-Zr—*i

g

Fig. Al13-2: The two pore types — (a) cylindrical and
(b) spherical, in the idealized,  mixed pore
population.
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1350 | 1400] 1450

0.5

. A13-3:

e, J.
Ay

2

The ratio of the true Nv for the mixed spherical/
cylindrical pore population, to Nv calculated with
the same experimental data, but assuming only
spherical pores. The maximum iz for each annealing
temperature in the current data are shown. X is the

true aspect ratio for cylindrical pores.



Appendix 14

Uncertainties in experimental swelling data

In thls section we discuss experimental uncertainties in the raw
data. For Vv. we lllustrate how such uncertalntlies propagated,
when mean microstructural parameters were calculated in Apps. 6

and 7. Varlables are listed in Ch.3, section 3.7.

Al4-1 Volume fraction porosity, Vv

Systematic errors in calculated as-received relative densities
(So) will propagate through the entire set of mean porosily
parameters calculated for an HPA — Vv. r, Nv' N and f3
(Apps. 5,6). So, despite the ‘buffering’ built into Ratcliffe's
(1965) technique for determining density changes (see App. 7,
section A7-1), for the work reported here it was important that
an accurate absolute liquid density have been known at all
temperatures for which as-recelved Mzoa densities (po) were

determined. (The pycnometer/hydrometer method used to determine

liquid density was outlined Ch.2.)

413
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It was important also that the absolute, theoretical densitles of
the doped, impure HPAs, P, “ere estimated closely (App. 7).
while corrections to the theoretical densitles of the HPAs were
made for Si and Mg from Rasmunssen and Kingery's (1970) data,
those for other dopants and impurities (e.g. Y} had to be
estimated. The uncertaintles in calculated theoretical densities
due to impurities were small, relative to the calculated V:. No
single/polycrystal density correctlon for graln boundary density

was applled; the anticlpated corrections were small.

Calculated ( Vv- t ) trajectories were sensitive to uncertainties
in the initlial relative densities, Eo; that is, to errors in both
P, and Py {App. 7). These raw uncertaintles propagated as a sum
of squares, to give an absolute uncertainty in Vv {Bevington,
1969, Ch.4):'

2 172

2 2

cof{p } cl{p } c{dp/p }

oV} =V, 2 + thel | ——2 (1)
P, Pin 8p/p

In the current density change data, the uncertainty in density

! In this section, we use c{x} to denote an absolute (as opposed

to relative) uncertainty. In all other sections of this report
(except Tables 4-1 and 4-2), ¢ denotes stress. Uncertaintles
for all calculated parameters were generated by similar root

mean square equations.
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change measurements — calculated by a similar sum of squares -
was far larger than the other two uncertainty components, so

Eq. (1) simplified to:

c{Ap/po}
(2)

Mean pore radii determined by TEM (Figs. 4-13,-14) provided an

independent check on absolute errors in 50 (e.g. Fig. 4-T7).

A systematic error in V:. arising from ;o. via either Py OF Py
(App. 7), would have generated progressively less Iimportant
errors in calculated mlcrostructural parameters as swellling
proceeded, particularly in a material swelling as strongly as
AVCO HPA. Consequently, the apparent common origins for AVCO's N
and fa’ on log-~log plots vs grain size (Figs. 4-13,-14), provided
a check on its estimated V:. For example, AVCO's common inltial N
was about 9(10'%) pores per unit area of graln boundary (Fig.
4-13). With AVCO's initial mean pore radius estimated by TEM as
0.12 pm, this implied a Vj of 0.80(10"%), which was within the
estimated uncertainty for the absolute V: estimate from density
measurements. ARCO's initial porosity was more difflicult to deal

with, within the current model {App. 7, sectn. A7-1.2).°2

2 While current pore size distributions probably are reiliable
(Fig. 4-3), more TEM data are needed for pore number denslitles,
and for the proportion of pores occurring as individual pores

vs clusters.
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Al4-2 Graln size, Ez

Fig. 4-4 shows experimental grain growth kinetics. Systematic
errors in Eé should have been small, because, although no
calibrating microspheres were used (Bennlson and Harmer, 1985b),
the SEM's magnification was verified regularly by the
instrument’s techniclan. More data would resolve whether the
calculated standard deviations reflect primarily the relatively
small number of grains measured (especially at high Ez). or were
characteristic of the grain-growth dependent, grain size
distributions. Both analytic and numerical models for normal
grain growth (Anderson et al., 1986; Srolovitz et al., 1984)
predict time-invarlant normalized grain size distributions, which
requlre raw distribution dispersions to Increase with their
means. Raw uncertalinties were plotted in Fig. 4-4, and were
propagated in calculating normalized grain sizes, fz. Other
porosity parameters which required fz (i.e. N, fa' {b/8) and B)
were calculated with a single, approximate global uncertainty in
Ez for each HPA, estimated from a rough llnear regression over
all experimental uncertaintlies for that material (Tables 4-1,-3).
(The positive slopes for both these regressed lines were

Justiflied by the above references.)3

® At the time the experimental data were generated, we were
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A14-3 The area density of pores on polish planes, NA

Calculated N‘ values should be robust for pores larger than an
minimum size (see ©below), given accurately known SEM
magnifications, and subject to processing sufficient numbers of
micrographs at appropriate magnificatlions. Raw uncertalntles are
plotted in Flg. 4-8; however, an approximate global relative
uncertainty of 0.15 was assigned for both HPAs (Tables 4-1,4-2),
in calculatlions depending on NA {App. 6). This estimate could be

refined by taking more data.®

Etching introduced uncertainties into NA. Thermal etch cycles
(Table 2-5) gradually were optimized to groove boundaries
minimally, though no allowances across sets of specimens were
made for the slower grooving observed in materials anncaled at
high temperatures for long times. The data prescnted here were
taken from specimens etched with mature schedules, which barely

rounded rims of pores cut by the polish plane.5 We measured Vv by

unaware that Kumar and Johnson (1974} discuss experimental
uncertainties in Sv {and so in Ezl. and that Algeltinger and
DeHoff (1970) discuss uncertalnties in Ea and N,.

See footnote for section Al4-2.

This Justifies not having determined pore parameters from

unetched specimens, but graln size from etched specimens.
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immersion densities, not via polish plane area fraction
porosities, so the possiblity that etching enlarged pore cross
sections was not a factor in calculated Vv. nor In the
microstructural parameters calculated with Vv (App. 6). No trials
were made of etched vs unetched polish planes in the same
specimen, or of progressively etched sets on the same specimen.
Errors in NA for small pores were revealed by Inconsistencles in
the calculated early microstructural parameters r, Nv’ N and fg.

relative to trends predicted by the model.

The early pore size data for ARCO were inconsistent with
numerical results for swelling at short times, in directions
implying that the corresponding raw NA values were too low
(Tables 4-2,-4, and their Note 1). We discuss this in Ch.4;
ARCO's inltlial porosit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>