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ABSTRACT

Studies reporting surface diffusivities for A1203 materials are ex-
tensively reviewed, including the measurement tehchniques, data analysis,
experimental procedures, and sample purity levels. The preferred techniques
are either thermal grooving or multiple scratch smoothing. For

1600-T<1800°C, a ranking of these results suggests that purer samples have

lower surface diffusivities.

Surface diffusivities for A1203 were determined by studying the
thermal grooving of grain boundaries on LucaloX~"and three different grades
of high purity materials. Most samples were embedded in powder of nominal-
ly the same composition and annealed in air and in vacuum at temperatures

between 900 and 1840°C for times ranging from 1 to 5496 hours.

The calculated surface diffusivities are non-Arrhenius. For T<1300°C,
the implied surface diffusivities for the pure and Lucalox materials are
similar in magnitude and variability, and adequately described by an
activation energy of v65 kcal/mole. For T>1400°C, the surface diffusivities
for the pure and Lucalox materials are described by lines with activation
energies of 125 kcal/mole ard "165 kcal/mole, respectively. Implied

surface diffusivities are lower for the purer materials at T>1600°C.

Variable thermal grooving rates were observed for ail samples.
Although impurities are also important, the variability is primarily
attributed to the orientation dependencies of the surface diffusivity and
surface energy. More variability was found for the lower temperature

anneals.
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Surface diffusivities calculated from the grooving data vary widely,
Most of the variability results from using models which assume that the
surface energy (y) and surface diffusivities (mnq) are isotropic. It is
shown that the coefficient in the thermal grooving model depends on the
anisotropv in both ¢ and ;Ds. Consequent v, the absolute variability in

wDS cannot be determined from thermal grooving data.

Faceting is found on most samples. A discussion of the importance of
this with respect to the measurement of the thermal groove widths and its
influence on the grooving kinetics is presented. Where extensive faceting
developed on pure alumina samples, at 1600°C, the thermal grooving kinetics
did not indicate control by surface or lattice diffusion (i.e., d log W/d log
t<<1/4 or 1/3, respectively). Slow diffusion on the facet planes or slow
facet translation (adding layers to or subtracting lavers from the facet

plane) are postulated as rate controlling steps.

The development and types of faceting depend on the purity of the
alumina material, and on the annealing temperature. Evidence suggests that
the amount of faceting is reduced by preventing the loss of Mg( from samples
deliberatelv doped with magnesia (Lucalox materials). Calcia and silica
impurities must also be present for MgO to be effective in reducing the
amount of faceting, as deduced from comparisons of *he Lucalox materials

with pure and MgO-doped pure materials.

Initial stage sintering mechanisms are considered using the surface
diffusivities from this study and literature values for boundary and lattice
diffusion coefficients. Boundary diffusion is the dominant mass transport
mechanism. Surface redistribution of mass (tramsported by boundary
diffusion) could control sintering for orientations or sample compositions

with low surface diffusivity.

Thesis Supervisors: Robert L. Coble
Title: Professor of Ceramics

Rowland M. Caunon
Title: Associate Professor of Ceramics




Chapter
1
11

TABLE OF CONTENTS

TITLE PAGE

ABSTRACT

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

ACKNOWLEDGEMENTS

INTRODUCTION

LITERATURE REVIEW

A. Models, Assumptions and Data Analysis

1.

Driving Forces

Thermal Grooving

Multiple Scratch Smoorthing

Single Scratch Smoothing

Cylindrical Void Instability

Sintering by Surface Diffusion

The Growth of an Isolated Linear Facet

Errors Associated with the Analysis of Thermal
Grooving

B. Studies Reporting Surface Diffusion Coefficients

Thermal Grooving

Multiple Scratch Smoothing
Single Scratch Smoothing
Cylindrical Void Instability
Sintering

Summary of the Literature Review

Page

o

10

11

12

13

13

13

16

20

22

24

26

27

38

38

47

51

56

59



Chapter
I11

v

Vi

TABLE OF CONTENTS (Cont'd.)

GOALS OF THIS THESIS RESEARCH
EXPERIMENTAL PROCEDURES
A. Sample Preparation

1. Materials

2. Polishing

3. Acid Washings

4. Specimen Configuration and Anneals
B. Measurement of Groove Width and Depth

RESULTS
ANALYSIS GOF RESULTS
A. Microstructure Characterization
1. Composition
(a) Auger Electron Spectroscopy Results
(b) Second Phases
2. Surface Morphology

(a) Factors Affecting the Measurement and
Variability of Thermal Groove Widths

(b) Observations on Faceting

(¢) Simultaneous Free Evaporation
B. Time Dependence
C. Dihedral Angle Determinations

D. Diffusion Coefficients

2l
.

Page
63

64
64
64

66

73

73
75

80
93
93
93
93
95
98

98

107
120
120
133

135




TABLE OF CONTENTS (Cont'd.)

Chapter Page
VII DISCUSSION 141
A. Variability in the Thermal Groove Widths 141

1. Groove Width Variability Due to Grain Boundary 141

Migration

2. Groove Width Variability Due to an lnitial 142
Thermal Groove Width

3. Effects of Faceting on the Thermal Grooving 143
Process
(a) Altered Geometry Considering Volume 143

Conservation in 2-d

(b) Effect of Faceting or Mass Transport in 144
2-d
4, Variability in the Groove Width Due Only to 151
Anisotropy in Surface Diffusion
5. Impurity Effects on the Surface Tension and 153
Diffusivities
B. Dihedral Angles 155
C. Interpretation of Grooving Behavior for 155

Temperature >1500°C

D. Interpretation of Grooving Behavior for 159
Temperatures <1500°C

E. Summary of Surface Diffusivities 161
F. Dependence of Faceting on Impurities 163
G. The Role of Surface Diffusion in Initial 165

State Sintering
VIII CONCLUSIONS 169

IX SUGGESTIONS FOR FUTURE WORK 171

X REFERENCES 172




Chapter

APPENDIX 1

APPENDIX I1

APPENDIX II1I

APPENDIX IV

BIOGRAPHICAL NOTE

TABLE OF CONTENTS (Cont'd.)

Mechanisms of Atom Transport During Initial
Stage Sintering

Correction for the Specimen Tilt in the SEM

Comparison of Thermal Groove Widths Measured by
the SEM-Technique with Two-Beam Interferometry

Correction for the Temperature Drift in
Experiments GBG27 and GBG29

Page
175

190

192

193

1385




LIST OF FIGURES

Figure Page
1 Log wDS versus 1/T 14
2 Schematic of Thermal Grooving 17
3 Schematic of Multiple Scratch Smoothing 21
4 Sclematic of Single Scratch Smcothing 23
5 Linear Faceting Geometry 28
6 Linear Faceting Geometry and Chemical Potentials 28
7 K* for Linear Faceting 30
8 Errors in Analyzing Thermal Grooving Data 33
9 Sample Configuration 74

10 SEM Correction Geometry 77
11 Limit of Resolution for the SEM-Technique 81
12 Near Limit of Resolution for the SEM-Technique 81
13 Second Phase on Sample GBG27 96
14 Second Phase on Sample GBG24 96
15 Thermal Grooving on Sample GBG1ll 99
16 Thermal Grooving on Sample GBG12 100
17 Thermal Grooving, Interferogram, Schematic Facet Profile 101
18 Thermal Grooving on Sample GBG15 104
19 Thermal Grooving on Sample GBG16 105
20 Thermal Grooving on Sample GBG27 106
21 Interferograms on Sample GBG27 108
22 Thermal Grooving on Sample GBG17 112
23 Thermal Grooving on Sample GBG29 113
24 Thermal Grooving on Sample GBG28 115

25 Thermal Grooving on Sample GBG6 117




26
27
28
29
30
31
32
33
34
35
36
37

38

39

40

LIST OF FIGURES (Cont'd.)

Thermal Grooving

Thermal Grooving

Thermal Grooving

Log
Log
Log
Log
Log

Log

w/wiso

W versus

W versus

W versus

W versus

Log
Log
Log

Log

on Sample GBG1ll

on Sample GBG12

on Sample GBG25

time for

time for

time for

time for

st versus 1/T

D. versus 1/T

L

versus o

1300°C Annealings
950°C Annealings
Specific Boundaries, GBG27

Specific Boundaries, GBG29

Single Facet on a Thermal Groove Profilie

Multiple Faceted Thermal Groove

Log mDS versus 1/T, estimates of lines representing
data

Log mDs versus 1/T, boundary versus surface
diffusion controlled sintering

Log 6D

b

versus 1/T

Page
118

118
119
122
123
124
128
137
138
145
147
148

162

166

168




Table

11

III

IV

Vi

VII

VIII

Al

A2

LIST OF TABLES

Literature Data Ranked by Decreasing Magnitude of wD
for Temperatures of 1500 to 1800°C

Samples Used in Thermal Grooving Experiments
Experimental Procedures

Thermal Groove Width for Individual Boundaries as a
Function of Time for the LD Material GBG27

Thermal Groove Width of Individual Boundaries
as a Function of Time for ADL, GBG29

Summary of Grain Boundary Groocving Results
Measured and Calculated Dihedral Angles
Auger Results

Comparison of Thermal Groove Widths Measured by the
SEM-Technique with Two-Beam Interferometry

Ratios Showing the Increased Thermal Groove Width
Due to a Step Increase of 15°C for a Surface or
Lattice Diffusion Process Assuming Plausible
Activation Energies

10.

65
67

83

85

86

91

92

192

194




11

ACKNOWLEDGEMENTS

I wish to thank Professors R. L. Coble and R. M. Cannon for their
continued support during the course of this work and for the exposure
to a broad range of materials problems not related to this thesis.

The assistance of my friends during the battle to finish this work
is gratefully acknowledged here. Special thanks go Pat Kearney for
shooting the slides and micrographs, to Carol Handwerker, Elaine
Rothman, and John Blendell for proofreading and keeping my sanity,
to Tom Coyle for drafting, and to Linda Sayegh for her skillful typing
of this manuscript. My managers at IBM, Rao Tummala and Charles Perry,
are also thanked for their understanding and allowing time to finish
this manuscript.

I also wish to thank a number of friends for the times of fun and
also for numerous enlightening discussions, including Mike Barsoum,
Bill Coblenz, Dave Cranmer, Todd Gattuso, Andy Glaeser, Tom Ketcham,
Rico, Rock, Ellen Tormey, Bill Tasker, Yo Tajima and those I have failed
to mention.

Finally, and most importantly, I wish to extend my deepest
appreciation to my wife, Shelley, for her patience and encouragement
during this work.

This research was funded by the Department of Energy.




12.

I. INTRODUCTION

Many sintering studies have been conducted on alumina over the last
twenty years. Although the sintering of alumina is generally thought
to occur by solid state diffusion over most of the conditions of interest,
there is no consensus regarding the dominant or rate controlling trans-
port path. Furthermore, there are no adequate explanations for the
effects of additives, such as MgO, on the sintering behavior of A1203.
There are several reasons for this state of affairs: (1) disagreement
has existed as to the '"proper" sintering model for each transport path,
(2) the data base for the mass transport coefficients is incomplete and
unreliable, and (3) complications from size distribution effects, packing
irregularities, and particle rearrangement make interpretation of
sintering behavior of powder compacts difficult. Further discussion
of these is included in Appendix I.

Within the data base on aluminum oxide, surface diffusion is the
most poorly understood. For this reason, this thesis critically reviews
existing data, presents the results of a series of experiments which |
define limits on the values for surface diffusion over a broad tem-
perature range, and discusses the problems and uncertainties inherent

for this material and for the type of experiments used.
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ITI. LITERATURE REVIEW

A. Models, Assumptions and Data Analysis

There are two principal methods for determining surface diffusion
coefficients: measurement of the spreading of tracer atoms along a sur-
face or by measurement of the mass transport for a process where sur-
face diffusion is responsible. The diffusivity of a specific element
results from tracer studies while the latter methods determine a pheno-
menological diffusion coefficient. Only mass transport methods have
been investigated on alumina. The processes from which surface dif-
fusivities have been deduced include: thermal grooving, multiple
scratch smoothing, single scratch decay, the breakup of cylindrical
voids, and sintering kinetics.

Those results do not present a clear indication of the value of
the surface diffusivity over any temperature range, see Figure 1.

There are many reasons for these disagreements including samples of
varying purities, anisotropy in the surface energy or faceting, vari-
ance due to a wide range of experimenta._ procedures and enviromments.
and in some cases misinterpretation of data. For these reasons, a
brief description of driving forces, model assumptions and data analysis
is presented prior to a detailed review of all reported studies on sur-
face diffusion on alumina. A review of the linear faceting process is

also included as it is important in data interpretation.

l. Driving Forces

The mass transport processes of interest are caused by capillarity

forces or surface excess free energy, commonly referred to as surface
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tension. Herring (1951) has shown that the chemical potential of sur-

face atoms is related to the surface tension and surface curvature:

2 2
u-ph—uo=sz|:[y+9—32f—)l<l+ (Y+a—’2’)1<2] (1)
anx Bny

where yu, Mo and M, are the chemical potentials of atoms, vacancy type
defects, and atoms on a flat surface, respectively; Q is a molar volume,
vy is the local surface tension; ng is the component in the i-direction
of a unit normal vector; and Ki is the curvature with respect to the
i-direction where K > 0 for a convex surface, K = 0 for a flat surface,
and K < 0 for a concave surface. This equation is valid for a omne
component, stress free solid in equilibrium with its vapor. Note,
however, that chemical potential is not defined by this equation for
flat surfaces at which there are cusps in y-plots.

The flux of surface atoms is related to the gradient in K along
the surface by the Nernst-Einstein equation; where there is only 1
component of curvature or y" = 0, then,after Mullins (1957, 1963):

Dy +y")am

J = T VSK . (2)

Here Ds is the surface diffusion coefficient, n_ the number of diffusing
atoms per unit area, and kT has its usual meaning. By multiplying the
divergence of the surface flux by @, the governing differential equa-
tion relating the velocity of the surface element along its normal to

the surface diffusion coefficient results:

= 2
v BV2K (3)
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where
" 2. "
_ D_(y+y )Q n Ds(y+'y )Q

B = KT = KT : S

2/3

Conventionally, n, is taken as @ which is not necessarily true. In

this thesis, the quantity  is used as an effective surface thickness,

_ . S1/3
w= nSQ zQ

» which is treated as unseparable from the calculated sur-
face diffusion coefficients; the quantity st is therefore often
referred to as the surface diffusivity instead of the surface width-
diffusivity product. Many surface diffusion controlled mass transport
processes have been solved by applying the appropriate boundary condi-
tions and geometrical expressions to Equation (3). Where the problems

are sufficiently well prescribed and the solutions sufficiently accur-

ate, the kinetics of these processes may be used to determine mDs.

2. Thermal Grooving

Thermal or grain boundary grooving is a mass transport process
that is initiated by the requirement that all surface tensions and
associated torque terms balance along a common line of intersection, as
shown by Herring (1951)

3 A ~

izl(yiti + ayi/ati) = 0 . (5)
Here Y4 is the surface or grain boundary tension and ti a unit tangent
vector for the i-surface at the line of intersection. This expression
is greatly simplified for the case of a grain boundary normal to an

isotropic surface:

Yy, = 2y sing = 2yscose/2 ’ (6)
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where Y and Y, are the grain boundary and solid-vapor surface tensions;
B is the angle between the flat grain surface and the surface tangent
at the groove root, and 6 is the dihedral angle. Equation (6) defines
a boundary condition for the solution to the thermal grooving problem,
(Mullins (1957, 1963)). The process occurs in the following manner.
Where a grain boundary intersects a flat free surface (as shown in
Figure 2), an imbalance in the surface tensions occurs, and atoms mig-
rate from this region in order to satisfy this inequality. Consequent-
ly, ridges or humps with positive curvature form on both sides of the
boundary. These ridges flatten out in response to the surface curva-
ture gradient, thereby tending to upset the equilibrium at the groove
root. Thus, mass continually diffuses from the groove root area
towards the flat surface resulting in a self-sustaining process.

Mullins has solved for the geometry and kinetics of thermal groove
formation due to surface diffusion at constant temperature. The results
show that the profile shape remains constant with the equilibrium value
of B maintained at the intersection of the grain boundary with the free

surface, Figure 2. The width and depth, defined in Figure 2, grow as:

W o= 4.6 (Br)t/% 7

d

0.973m (Bt)/% (8)

where W is the thermal groove width defined by the distance between the
groove hump maxima; d is the groove depth and m=tan 8. These deriva-

tions assume a small slope at the groove root, m < 0.3, and that (y+y")
is a smoothly varying, continuous function over the exposed surface.

Robertson (1971) has reported values for the numerical coefficients
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in equations (7) and (8) for 0 < m < 4.0. These calculations show that
the groove width is relatively insensitive to the dihedral angle; the
error in using equation (7) is <5% for m 5_4.0 and <2% for m §_0.7. The
grocve depth, however, is quite dependent on the dihedral angle; errors of
510% result from using equation (8) to predict the depth for m > 0.7.%
Therefore, the use of equation (7) to calculate st values is justifi-
able over a broad range of dihedral angles while equation (8) should be
used with caution. Additionally, dihedral angles calculated from the
combination of equations (7) and (8) are incorrect for large m; they
are larger than the true values. For instance, the calculated angle is
approximately 5° larger than a true value of 110°; for dihedral angles
of 150°, the difference is less than 1°.

Solutions for thermal grooving by volume diffusion, DL’ have also
been derived by Mullins (1960). The profile shape is nearly identical

to that formed by surface diffusion and:

w = 5.0 @cnt/3 (9)
d = 1.0lm (Ct:)lll3 (10)
where
DLW+WWQ
C = _—_kT —— . (11)

Thermal grooving experiments typically involve polishing a bicrys-
tal or polycrystalline sample to a flat surface, followed by isothermal
annealings. Groove widths and depths are measured at specific times
between or during the anneals. Data analysis involves plotting log(W

or d) versus log t where the slope on this plot, dlog(W or d) /dlogt,

* For m = 0.7, the dihedral angle, ¢, is 110°; for m = 0.5, ¢ = 127°.
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indicates the appropriate diffusion mechanism. Alternatively, linear

1/n

plots of W or d against t may be used; if a single mechanism is
operative over the entire time interval, a straight line representing
the data should pass through the origin. Negative intercepts may be
attained using n=4 when volume diffusion is contributing significantly

to the grooving process; likewise, positive intercepts may result for

n= 3 where surface diffusion is an important mechanism.

3. Multiple Scratch Smoothing

Multiple scratch smoothing (MSS) involves measuring the amplitude
decay of a sinusoidal profile etched into the surface of a single crys-
tal, Figure 3. Again, Mullins (1963) described the physics of the

process. The time dependent amplitude is

= —(Buw* 3 = k'
A(t) Ao exp[(Bms + Cms)tZl Ao exp-k't (12)

where w, = 2n/2; A, is the initial amplitude; A, the wavelength of the
sinusoidal profile; and k', a kinetic coefficient. This solution, as
in thermal grooving, is valid only for small slopes of the surface,
i.e., Aw << 1. Note also that amplitude growth occurs for (y+y'") < O,
amplitude decay results when (y+y'") > 0, and that the shape remains
sinusoidal only if y" is constant which usually means y" = 0.

In multiple scratch smoothing experiments, the periodic profiles
are usually produced by masking and etching techniques. Since the re-
sulting profile is nonsinusoidal (Figure 3) a smoothing heat treatment
is required. Further annealing results in continued amplitude change.

Data analysis may be performed by calculating k' from the variation of
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1n A/Ao with time, then determining the dependence of k' on A. Alter-
natively, a slope-intercept analysis may be done using:

~d 1n A/Ao

= —  ° = 4 3
S dt Bws + Cws . (13)

Here S/ug is plotted against wg3 B is the slope and C the intercept.

In principle, both B and C can be determined from these kinetic measure-
ments. However, in practice, a limited range of profile wavelengths or
scatter in the data may necessitate knowledge of either B or C so that

the other may be determined.

4. Single Scratch Smoothing (SSS)

Surface or lattice diffusion coefficients may be deduced from the
"healing" of a single, symmetric scratch (Figure 4). As in multiple
scratch smoothing, annealing is required in order to form a standardized
profile, i.e., one where the small slope approximation is valid and
where the shape remains constant. Further annealing results in growth
of the distance between the maxima and decay of scratch depth. The
equations describing the changes in these dimensions resulting from

surface diffusion are:

w = 7.0 Bt")/4 (14)
d = 0.08 (t") /4 (15)

and by volume diffusion:

W o= 6.22 (ct")/3 (16)

d 0.082 (ctH™ ! , (17)

after King and Mullins (1962) and Mullins (1963). Here t' = to + texpt
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where texpt is the experimental time and to is the fictitious time re-
quired for the scratch to decay from a delta-function profile to the
experimentally observed profile. The term t is deduced, in principle,
from taking the ratio of any two data points if it is known or assumed
that either a surface or volume diffusion mechanism is controlling.

For instance, if the smoothing process is controlled by surface diffu-
sion, the ratio of any pair of data points using equation (14) or (15)
should give only one value for - A plot of log W against log t'
would then have g%Eﬁ?%T = 1/4. 1If the data show that t, is not a
constant, nonconformity with the model assumptions or mixed surface and

lattice diffusion kinetics may be indicated. For further discussion of

this latter situation, see King and Mullins (1962).

5. Cylindrical Void Instability

A cylindrical void in asolid is unstable. Nichols (1976) has shown
that a finite cylinder with hemispherical ends will form a single
spherical pore when the length/diameter (L/D) ratio is <7.2; for
L/D > 7.2, the cylindrical void breaks up into a string of "egg-shaped"
pores which then spheroidize. This is termed ovulation when the
break-up occurs successively from the ends. However, long cylindrical
voids may also break up from longitudinal perturbations. Nichols and
Mullins (1965b) have determined the wavelength at which the perturba-
tion growth rate is maximum, Am’ for an infinite cylinder, Am==8.89ro
= 4.73r; for surface diffusion, and A = 12.96ro = 6.07r; for volume
diffusion, where T, is the unperturbed cylindrical radius, and r;, the

spherical pore radius. The relation between r and r; results if the
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spacing of the resulting spherical pores, A, is equal to Am as may be
anticipated if the cylinders are initially relatively perfect. TFor
break-up of a semi~-infinite cylinder by ovulation, A = 8.17ro = 4.41r,
for surface diffusion, after Nichols and Mullins (1965a). A similar
analysis for volume diffusion was not done. However, a coefficient in
the A—ro relationship slightly <12.96 would be expected based on close
agre~uent found for the two processes involving surface diffusion. The
time intervals for the ovulation by surface diffusion were also evalua-
ted and found to be nearly equal for two different end conditions: a
hemisphere and the '"as-ovulated" geometry. The time for each ovulation

even on a semi-infinite cylinder is:

4415 Moy ?
5 (1) - (18)

Nichols (1976) has shown that the numerical coefficient in this expres-
sion is dependent on the L/D ratio. Nichols' results indicate that use
of equation (18) is inappropriate when L/D < 13, but is reasonably
accurate for larger L/D values. The ovulation time for a volume diffu-
sion controlled process was not solved.

A cylindrical void is also unstabie to shrinkage. The above solu-
tions assume that this process is negligible and that void volume is
conserved. It also neglects void coarsening. These processes may
occur by lattice diffusion or by boundary diffusion when the cylindrical
void is intersected by a grain boundary. However, shrinkage and coar-
sening are probably relatively slow compared to spheroidization due to
the longer diffusion distances involved. For Al,03, these processes

would be negligible if either process depended on oxygen lattice diffu-
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sion. Additionally, the presence of a grain boundary may significanly
change the characteristic pore spacings since spherical pores would not
be stable for dihedral angles less than 180°. Furthermore, the observed
pore spacings will be larger than those predicted, as based on the
radius of the apparent cylindrical void, because the cross-section of
all pores is lenticular in shape; the lenticular pore radius is larger
than the apparent radius. This has the effect of increasing the implied

surface diffusivities since uwD  « (X or r)4.

6. Sintering by Surface Diffusion

Where surface diffusion is the primary mode of mass transport
during sintering, only neck growth between particles in contact occurs
initially; as time progresses, particle disappearance caused by the
sintering of small, loosely coordinated particles onto larger ones, and
coarsening of the pore and particle networks successively become impor-
tant. As no shrinkage occurs, this entire process is termed coarsening.
Shrinkage due to the approach of the centers of particles occurs when
boundary or lattice diffusion are important mechanisms. Therefore, the
surface area reduction kinetics (without shrinkage) are potentially
capable of providing a measure of the surface diffusion coefficient.
The initial stage models are simple; the best choice of the many repor-
ted models on neck growth by surface diffusion, as discussed by Coblenz
et al. (1979), is that due to Nichols and Mullins (1965a). The neck
growth has been related to the surface area reduction by Prochazka and
Coble (1970):

1/3
AS -c (25Bt
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where AS and So are the changes in and the initial value of the surface
area; c is the coordination number; and a is the radius of the spheri-
cal, mono-sized particles assumed in the models. However, nature is
rarely so kind as to give spherical, mono-sized particles which can be
packed with a constant coordination number. Wide distributions in
particle sizes and shapes commonly characterize the typical powder.
Powders with these characteristics often cannot be packed uniformly.
Consequently, the poorly prescribed geometry, and rapid sintering of
the fines usually preclude an independent determination of the surface

diffusivity by this technique.

7. The Growth of an Isolated Linear Facet

Thermal faceting is a mass transport process that is likely to
evolve for any material with an anisotropic surface tension. Where
thermal grooving and faceting develop concurrently, considerably more
complicated geometries may be formed (as observed in this study). The
only treatment of a faceting process, the growth of a linear facet by
Mullins (1961), is therefore reviewed.

Mullins' model assumes two half thermal grooves separated by a
facet plane as shown in figure 5. For this geometry a fixed coordinate
system is defined with its origin at the center of the facet plane.
This requires that no mass be added to or subtracted from this plane;
growth of the plane occurs by adding mass to the edge of the facet at
P and by taking atoms away from the intersection of the facet and com-
plex surface at Q. )

The distance X* is a measure of the scale of the facet; o is the



Figure 5 - The Linear Faceting Geometry [Mullins (1961)]
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Figure 6 - The Linear Faceting Geometry and the
Corresponding Chemical Potentials [Mullins (1961)]

28.
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angle between the facet plane and the sample surface. The angle B
depends on the surface tensions of the facet and cémplex surfaces, yg
and yg respectively, and the torque term associated with the facet
plane, h%/3¢

Y, cos (@+p) = \7" (20)

Y, sin (a+B) j_ayf/8¢ . (21)

Growth of this facet proceeds on a time scale analogous to the thermal

grooving process:

x* = K*(Bt)lM . (22)

The coefficient B is defined previously using the diffusivity on the
unfaceted surface, which is assumed to be constant for all orienta-
tions. The values of K* and the evolving profile shapes depend on the
ratio m/n = tan B/tan o and on the ratio of the surface diffusion

coefficients on the facet and complex surfaces

D
= _f
A =3
Cc

(23)

see Figures 6 and 7. This latter term has a significant influence on
the direction of mass transport as depicted in the form of the chemical
potentials plotted as a function of position along the surface for the
limiting cases of A, see Figure 6. The values of p are fixed by the
curvature of the complex surfaces immediately adjacent to P and Q by
equation (1) and the curvature is controlled by DS; p is not defined
along a faceted surface by this equation. Where there is no diffusion
across the facet plane (A = 0), mass flow across points P and Q must

equal zero demanding that 3u/d9x = 0 at these locations on the complex
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surface. Matter flows down the chemical potential gradients towards
point P and away from point Q resulting in growth of the facet in both
the positive and negative x-direction. The profile on either side of
the facet has the character of a thermal groove profile formed by sur-
face diffusion.

When Df is finite (A > 0), some mass flows from the region of
positive curvature on the right of Q across the facet to the surface
with negative curvature adjacent to point P. Consequently, the profile
shape and the corresponding form of the chemical potential are changed.
The rate of facet growth increases and the humps in the profile shapes
contain considerably less mass than the amount removed from the region
adjacent to the facet at Q. In the limit when diffusion on the facet
is very rapid, the facet plane acts as a "short circuit" unable to sup-
port a chemical potential gradient, requiring u = u, at P and Q. Most
of the mass transported during the faceting process diffuses across the
facet rather than along the complex surface. The rate of facet growth
increases but only by a factor of 2 to 3, Figure 7; faster rates do not
occur because diffusion across the facet becomes limited by the redis-
tribution of matter by DS on either side of the facet.

The solution to the linear faceting problem assumes that a neglig-
ible time is necessary for the characteristic shape to evolve, i.e., a
zero incubation time. In practice, however, a range of incubation times
is expected; no nucleation is requifed for a surface parallel to a facet plane.
Consequently, scratches or the evolving grain boundary groove profile

are regions where early facet nucleation is probable. Once nucleated,
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facets grow according to the kinetics described by equation (22) until
the facets interact. For a perfectly spaced and sized array of facets,
the process ceases. Otherwise, the relatively slower process of
Ostwald ripening (coarsening) ensues. No 3-dimensional treatment of
faceting has been reported in the literature, although it is expected

that similar growth and interaction steps occur.

8. Errors Associated with the Analysis of Thermal Grooving

Several conditions can influence the time dependent behavior of
thermal grooving data plotted in log-log plots. Assuming an isotropic
surface energy, the situations of interest are:

1. a transition from surface to lattice diffusion controlled

thermal grooving,

2. as in #1, only with variable surface diffusivities,

3. the influence of an initial thermal groove width,

4. the influence of an error in the starting time, as would

result from boundary migration.

Case 1 is depicted in Figure 8a. Here the expression for the
groove width resulting from contributions of both surface and volume

diffusion is

(@) - 2?2 + F(eW)® - In(L+aW) = 7 o 4.6%Bt (24)

where it is assumed that the profile is the same for either independent

mechanism, and

C
¢ = 398 ° (25)

after Mullins and Shewmon (1959). Four orders of magnitude in time are
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Figure 8(a) - Transition from surface to lattice diffusion controlled

thermal grooving for log (width) versus log (time) plots. Four
decades in time are necessary for complete transition.

‘Figure 8(b) Same as (a), only showing the effect of a 10X change

(1) ”
in the surface diffu:;vi;géx gg:et;:: c;ggggBOVEf point is altered
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Figure 8(c) - Influence of an initial groove width (Wb) on data plotted
as log(width) versus log (time), Wsn > k'(t-to)

Figure 8(d) - Influence of an error in the starting time (to),
W< k't
- o o
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required for a complete transition from surface to lattice diffusion
controlled kinetics, although most of the change in slope, dlogW/dlogt,
occurs over two orders of magnitude. Obviously, groove width data over
a broad time range is essential in order to see such a transition.

Case 2 is similar to case 1, only the effect of lowering the sur-
face diffusion coefficient by a factor of 10x is shown, Figure 8b. This
change lowers the thermal groove width values by 101/4 in the regime
where surface diffusion is the dominant transport mechanism. More im-
portantly, the point in time where surface and lattice diffusion have
equal contributions to the thermal grooving process (tx—over) is
decreased by three decades in time. Remembering that these transitions
are gradual, as in Case 1, the need for thermal grooving data on many
individual boundaries over a broad time span is obviously necessary if
any variability in Dg is anticipated. If lattice diffusion is also
variable by a factor of 10x, a band of curved lines, with
1/4 < dlogW/dlogt < 1/3, representing the various combinations of
surface and lattice diffusion to the thermal grooving process is expec-
ted for data on different boundaries.

Cases 3 and 4 consider the errors that result from measuring the
slope on log-log plots owing to the presence of an initial thermal
groove width or errors in the starting time, respectively. The general-

ized form of the equation that corrects for these according to Feingold

and Li (1968) is:
Wt - W= k(-
W k'(t-t) . (26)

The slope of a line defined by equation (26) when plotted as log W
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versus log t is:

dlogW _ 1 kt (27)
- - 9
B

where n is the characteristic exponent for surface or lattice diffusion,
4 and 3 respectively; W is the thermal groove width; W, is the thermal
groove width at time to; k' is the kinetic constant; and t is the ex-—
perimental time. In essence, all data are compared to the first datum
point assuming constant temperature. For cases 3 and 4, the limiting
conditions defined in Figures 8c and 8d are incorporated into equations
(26) and (27). These can be used to illustrate the possible errors
resulting from plotting log W versus log t when kt, # Wg; here the
initial thermal groove width is W, and the altered starting time is t,-

Case 3 demonstrates that the presence of an initial grain boundary
groove may decrease the time dependence as judged from d logW/d log t,
Figure 8c. For instance, an actual lattice diffusion controlled process
may appear to be controlled by surface diffusion when a limited number
of observations over a narrow time span are made, the frequent experi-
mental procedure. With a sufficient number of accurate observations
over a time span greater than 10x, an upward curvature to the log W
versus log t curve results. An important point with respect to this
error is that W, is insignificant unless it is greater than 1/3-1/2 the
first experimentally determined grain boundary groove width depencing
on whether n=3 or 4.

Case 4 portrays a situation where the time dependence may be in-

creased due to an error in the starting time. For instance, a grain
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boundary may breakaway from its thermal groove and rapidly migrate to a
new position. If the time expired during migration is negligible with
respect to the thermal grooving process, a "normal" grooving process
then begins at the instant the boundary stops migrating, time t . The
effect of this is rapidly damped out in time, however, as shown in
Figure 8d. At a time equal to 3t,, the error in the actual thermal
groove width as compared to one that grew from time zero is less than
1C%Z; at lOto, the error is less than 3%.

If thermal grooving data exhibit features noted in cases 3 and 4,
equation (26) may be used for correction; 1og(w“-w2) is plotted
against log(t—to) where W, and t, are now the first datum point. For
surface diffusion controlled thermal grooving, a straight line of
slope =1 results when n=4. Note that dlogW/dlogt = 1/4 would be
found on a plot of log W versus log t only if Wg = kt, or if Wg << kt,
indicating surface diffusion. An analogous set of curves can be
generated for lattice diffusion kinetics. For thermal grooving by con-
tributions from both surface and lattice diffusion, a downward curvature
with the slope <1 results for n=4; an upward curvature with the slope
>1 characterizes a plot where n=3. The point to be emphasized is that
"good" data over a broad time span are essential.

McAllister and Cutler (1970, 1972a) have reported that the best
method of data analysis is to use the intercept on plots of W against
tlln as an indication of the diffusion process. The basic contention

is that negative intercepts are unphysical instead of realizing that

this feature could result from a change in mechianism, as pointed out by
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Gjostein (1970); again, a limited number of available data points over

a short time span was used as a motivation for this analysis. McAllis-
ter and Cutler further claim that positive intercepts are then an indi-
cation of the presence of more rapid growth of an initial grain boun-
dary groove width; hence, equation (26) evolved as a method for correct-
ing for an initial groove width. However, this correction carries the
implicit assumption that the thermal groove profile at the first obser--
vatiorn. in time is that characteristic of a surface or lattice diffusion
process. A remnant groove resulting from insufficient polishing or from
an interval of chemical etching or vapor transport controlled thermal
grooving is not appropriately treated by equation (26). The level of
error depends on the magnitude of the altered starting profile relative

to the profile being measured.

B. Studies Reporting Surface Diffusion Coefficients

1. Thermal Grooving

The first reported value of a surface diffusion coefficient for
alumina was deduced from the thermal grooving of a Morganite alumina
materials by Robertson and Chang (1966). After washing with acetone,
samples were annealed in air in a covered "high purity" alumina crucible
at temperatures ( + 20°C) within a broad range, 1100-1720°C. Three to
nine time intervals within a span of one to two orders of magnitude were
investigated at each temperature up to 1600°C; only one measurement was
made at 1720°C. The average thermnl groove width for each experiment
was determined from the symmetric grooves on at least four interference

micrographs. By the method of least squares, values of d logW/dlogt
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were found to vary from 0.20-0.28; these results were used to conclude
that surface diffusion is the dominant transport path. No systematic
trend between dlogW/d logt and temperature was found, although the
data contain considerable scatter.

The observed thermal grooving rates for this material are larger
than those found on other alumina materials, see below. Relatively

high concentrations of Si and Ca are known to be present in this mate-

rial* which is consistent with the observation of second phases in the
micrographs of Robe.rtson and Chang (1966). As this material is relatively
impure, the line 6 representing the surface diffusivities determined
from the thermal grooving behavior is dashed in Figure 1. Interesting-
ly, little faceting was observed in this study which may be associated
with the impurity levels in these materials.

Shackelford and Scott (1968) measured the thermal groove widths as
a function of time and the dihedral angle on fabricated bicrystals with
symnetric [1100] tilt-boundaries; the amount of tilt (4°, 6°, and 61°),
twist and rotation between grains was also documented but not correlated
to the grooving process due to the large amount of scatter in the data.
Experiments were conducted in vacuum (5x 1076 torr) at only two tempera-
tures, 1540° and 1800°C, with the samples contained in an inductively
heated tungsten crucible. A variability of '91.5x in the groove widths
was recorded for all three samples at each of the three time invervals
used; only a 10x difference in time was investigated. By the method of

least squares, d logW/d logt was found to vary between 1/5 and 1/6.

* For instance, based on the high creep rates of furnace tubes of this
material and the contamination of samples fired in these tubes.
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However, given the scatter in the data a line with dlogW/dlogt = 1/4
adequately represented the data; the best line with a slope of 1/4
defines the wDg values, line 3 plotted in Figure 1.

Unfortunately, several experimental details are omitted from this
paper, including: the source or purity of the sapphire, the cleaning
procedures, the temperature control, and whether a covered crucible or
any alumina source was included near the sample during the annealings.
No observations regarding surface faceting were mentioned although
faceted pores did develop along grain boundaries during bicrystal fab-
rication. Additionally, the groove profile shown is slightly asymmetric.

Robertson and Ekstrom {1969) conducted a comparative study on the
thermal grooving of three alumina materials and documented impurity
levels by "spectroscopic analysis'. The three materials were: Morgan-
ite ARR!ﬁ‘, Lucalox'gﬁ, and Linde % sapphire containing a few lineage
boundaries. For sapphire, the angle between the c-axis and the normal
to the sample surface is approximately 55°, probably the (1123) plane.
All experimental procedures are the same as those listed by Robertson
and Chang, only with +2°C temperature control.

The Lucalox and Linde samples were found to have consistently
slower rates of thermal grooving than the Morganite material; the data
for the Morganite samples were those reported by Robertson and Chang
plus four new data points at 1500°C. Lines 4 and 5 represent the
results for the Linde and Lucalox samples, respectively. The similar
grooving rates noted on the Lucalox and Linde specimens were regarded as

very interesting in light of the fact that the impurity levels were
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similar for the Lucalox and Morganite samples. A higher concentration
of Mg and a lower concentration of Ca in the Lucalox samples were the
only significant differences between the two materials; other impuri-
ties, K, Na, etc., were detected at nearly identical concentration.
However, these data do not indicate the concentrations on the surfaces.
Some boundaries in the Morganite material had significantly smaller
groove widths than the average. A considerable number of asymmetric
groove profiles and a few boundaries with narrow groove widths were
also found on Lucalox specimens. Some of these latter boundaries were
associated with migration but many appeared to be stationary. It was
not stated whether these smaller widths are included in the averages.
No comments on the profiles for the Linde material or with regard to
faceting on any of the samples were included.

In an attempt to sort out the effects of surface contaminants, the
following powders were sprinkled onto the éurface of the Linde material:
$i0,, Na,0, 70% Si0,-30% Na,0, and 60% Si0,-40% CaO. All additions
formed second phase particles on the surface at 1500°C. Little effect
on the grooving rate occurred for the Na,0 and/or Si0, additions. For
the Si0,-Ca0 additions, wide grooves were found in areas where liquid
phase had formed. In other areas, the additions had no measurable
effect or a slight enhancement of the grooving rate. No correlation
between the local impurity concentration on the surface and the grooving
rate could be ascertained. However, these results indicate the Ca0-§i0,
additions to the surface may increase the surface diffusion coefficient.

Achutaramayya (1972) has measured the thermal groove widths on the

(1010) surface for boundaries associated with both the growth twins in
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Linde sapphire and the deformation twins introduced in Verneuil grown
crystals during bicrystal fabrication by his thesis advisor, W. D.
Scott.* Samples were washed with soap and water f{ol’-~wed by several
rinses with hot water, then isopropyl alcohol. Anneals were carried
out in sapphire crucibles with tightly fitted lids in a vacuum induction
furnace using a tungsten susceptor at pressures of 2:{10_5torr and
temperatures ( * 5°C) ranging from 1500-2000°C. Four time intervals
were investigated within a period less than a decade of total experimen-
tal time for all but one temperature; at 1800°C, nine time intervals
were examined over one and a half decades in time. The thermal groove
widths have an 'uncertainty of 1/2uym", as determined by interferometry.
Data from the samples with growth twins were averaged to designate one
set of points while the average from the sample with deformation twins
defined a second set of points. Some scatter in the averaged data w
present but it was adequately fit by a single, straight line. Values
of dlogW/dlogt, determined by the least squares method, range from
0.210 to 0.296; no systematic trend with temperature was noted. The
groove profiles shown are usually asymmetric, though little if any
faceting appears to be present. The (1010) plane is noted to be one
where thermal faceting is minimal; however, no reference to the source
of this information is given. The results** of this study are repre-
sented by line 14, Figure 1.

McAllister and Cutler (1972b) studied the thermal groove develop-

* Hence, these may be the same samples investigated by Shackelford and

Scott (1968).
** The pre-expotential factor in equation (28) of Achutaramayya is a
factor of 1.72x too large.
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ment as a function of time for pure alumina and samples doped with vary-
ing amounts of Fe and Mn. Lucalox and Ti doped samples were also used
in experiments where the samples were annealed only once. The sources
of material included samples from the thesis work of others, a commer-
cial product, pure samples made from unknown starting materials, and
unspecified small grain size samples that were fused with a carbon-arc
torch on a pure graphite pedestal. All samples were washed with acetone
except for the Lucalox samples which were boiled in aqua regia for one
hour; this acid mixture dissolves the MgAl,0, spinel included in these
samples. Polished faces of the samples were placed against one another
and the samples were buried in powder of a similar composition in a
covered, "high-purity" alumina crucible. Samples were annealed in
alumina furnace tubes with an H,-protected Mo-winding. Although unre-
ported, the annealing atmosphere is assumed to be air, except where
experiments involved the changing of oxidation states. Groov~ widths
were primarily determined by interferometry and Nomarski interference
contrast on plastic replicas which facilitated retracing only the
"jdeal" thermal grooves. Four time intervals were investigated over a
period of approximately 1-1/2 decades in time at temperatires of 1400,
1500 and 1600°C.

1/3

The data for pure samples, reported as W versus t , are not

quantitatively represented by srraight lines due to scatter. It is not

stated whether these data are averages for several boundaries or for
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*
one specific boundary. In all cases a positive intercept on the W-axis

1/4

resulted; however, replotting the data as W versus t results in an
intercept that is much closer to zero and sometimes slightly negative.
In spite of these trends, McAllister and Cutler assert that the data
fit only lattice diffusion kinetics. Interpreting the grooving rates
in terms of lattice diffusion kinetics results in implied diffusivi-
ties that are approximately 10-20x larger than those deduced from creep
data on pure alumina (by Hollenberg and Gordon (1973) and Lessing and
Gordon (1977)). Re-interpreting these results in terms of surface
diffusion gives diffusivities that are best represented by line 7 in
Figure 1.

The thermal grooving data from doped samples presents some in-
teresting and inconsistent trends. At 1400°C, the grooving rates were
negligibly different for the pure samples and those doped with up to
10"/0 Fe,03. This result suggests that iron~doping has no significant
effect on the surface Qiffusivity, and that the lattice diffusion
coefficient is not enhanced to a level sufficient for it to contribute.
At higher temperatures, grooving rates were enhanced indicating that
either the surface and/or lattice diffusivity are enhanced by Fe-addi-
tions. The calculated lattice diffusivities are in fair agreement with

those deduced from creep data for similarly doped samples (after Gordon

and co-workers).

* Furthermore, most of the grooving data for pure samples at 1500°C,
Figure 3(B) of McAllister and Cutler, are reported to be from one of
Robertson's papers; but, no data corresponding to those plotted could
be found in Robertson's papers! It is therefore difficult to judge
the merit of McAllister and Cutler's contentions since many rely on
comparisons to this data.
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For Mn-doped samples at 1500°C, the grooving rate increased with
the dopant level and the slopes of the lines characterizing the data

1/3

increase with time on the W versus t plots. This latter behavior
does not indicate a surface to lattice diffusion transition in kinetics;
however, it could be caused by the presence of an initial groove width,
wo, or could be due to equilibration of the doped samples during
annealing. No equilibration anneals were mentioned in the paper. 1In
additional experiments, samples doped with varying Mn-concentrations
were buried in powder doped with a higher Mn-level than any of the
samples. The grooving rate was unchanged as compared to the samples
buried in powder of the same composition.

The effects of changing P02 for Ti and Fe-doped samples were also
investigated at 1500°C. The grooving rate decreased for the Ti-doped
specimens upon going from an oxygen to a tank hydrogen atmosphere;
this trend is consistent with the behavior in creep samples where the
kinetics are controlled by lattice diffusion (Gordon and co-workers).
The grooving rates decreased on the Fe-doped samples in going from
oxidizing to reducing conditions, opposite to the effect found on creep
rates (Gordon and co-workers). This ambiguity was blamed on the preci-
pitation of Fe-rich phases as the P02 was lowered.

In summary, the implied surface diffusivities from McAllister and
Cutler's grooving results on undoped samples are in good agreement with
those determined in other studies. Iron-doping at higher temperatures,
Ti-doping for high P02, and Mn-doping seem to enhance the lattice diffu-

sion contribution to thermal grooving, as based on similar trends ob-
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served in steady state creep behavior; steady state creep has no contri-
butions from surface diffusion. Limited evidence (Fe-doping at 1400°C,
and experiments adding extra Mn suggests that the surface diffusivity

is relatively insensitive to changes in the dopant concentration at
these relatively high levels of doping.

Henrichsen (1973) studied the thermal grooving of low angle boun-
daries on Linde sapphire plaques which were determined to be within 3°
of the (1123) plane using the Laue back reflection method; these are
the standard Linde sapphire wafers specified as having the angle bet-
ween the surface normal and the c-axis equal to 60°. Specimens were
rinsed with acetone, ethanol, and distilled water prior to annealing in
an open Morganite ARR R crucible in a vacuum of 10-6torr. The furnace
used a tungsten heater and tantalum heat shields. Four to seven
measurements over one and a Lalf decades in time were made at tempera-
tures of 1600, 1700, and 1800°C. A marked difference in the grooving
rate was found between top and bottom faces of the samples. Symmetric
thermal grooves were found on the top side while much larger,
"irregular" groove widths and surface deposits characterized the bottom
face. Only the top side groove widths were recorded, although the
number of grooves or measurements is not stated. The deposits were
later reported to contain Ca, 3i and Ta by Huang, Henrichsen and Li
(1975); the degree to which the grooving rate was enhanced, however,
was not documented. As 0.22 < dlogW/dlogt < 0.25, it was concluded
that surface diffusion controlled thermal grooving. No estimate of the

uncertainty or variability in the width measurements is given. The
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surface diffusion coefficients calculated from the grooving behavior,
line 10, Figure 1, were approximately 3x larger than those deduced from
the multiple scratch smoothing technique; this difference was thought
to be at least partially due to an "impurity atmosphere" caused by the

Morganite crucible. No mention of faceting was made.

2. Multiple Scratch Smoothing

Huang, Henrichsen and Li (1975) measured the decay of '"mearly sinu-
soidal" gratings as a function of the profile wavelength, 7 to 12.7um,
for the (0001) and (1120) planes of Linde sapphire at temperatures
ranging from 1500 to 1750°C; the (1123) plane was only annealed at
1600°C. Four sets of profiles were etched into each plague, each in
the sequence rotated by 45°. Profile etching was accomplished by either
ion-milling or by chemical means. Diffusion coefficients were reported
only for data taken on ion-milled profiles. 1In his thesie, Henrichsen
(1973) reports similar data from gratings that were chemically etched
using molten KOH. These specimens were then subjec;ed to a K3Fe(CH)g-
KOH bath to remove the Cr-mask used in the profile productién, soaked
ir aqua regia for 4-5 hours, followed by a series of rinses in trichlo-
roethylene, acetone and finally, ethyl alcohol. Samples were contained
in a crucible with a 1id, both fabricated from Linde sapphire. Anneal-
ings were done in an ion-pumped vacuum chamber using a tungsten heater
and tantalum heat shields at a pressure of m10-6torr.

A number of interesting and other beguiling features resulted from
this study. Faceting or profile distortion due to surface anisotropy

was commonly a problem depending on the orientation of the grating on
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the surface. It was reported that these problems were minimized by
orienting the grating in a direction parallel to a line connecting the
pole of the surface with the pole of the nearest low index plane.
Using this criterion, it was concluded that a cusp in the surface
energy/orientation plot exists for the (0001) plane. However, the
interference micrographs and corresponding pole plots do not clearly
support this contention. It appears as though another plane has low
surface energy. Further information with respect to faceting cannot be
extracted from these interferographs on the four grating orientations
unless a crystallographic direction along the surface is known. Facet-
ing was not reported for the other two surface orientations, although
asymmetric profiles did evolve on the (1120) plane for all four grating
directions; the (1123) plane was shown to develop rather perfect sinu-
soidal profiles presumably indicating less anisotropy on this surface.
A large variability in the decay rate, S, was noted for each wave-
length grating in both reports. In Huang et al., positive decay rates
are shown for all wavelength gratings that were etched by ion-milling.
Most of the data, regardless of the etching technique, are characterized
by markedly sharp decreases in the decay rate with increasing wavelength;
the longer wavelength profiles reported in Henrichsen's thesis, often
grew in amplitude over the entire 250 hours of annealing at 1600°C.
The shorter wavelength gratings were found to grow initially then decay.
No record of annealings prior to the data acquisition nor micrographs
showing the profile morphology at the various states of decay were

included in Henrichsen's thesis. Comsequently, it is not known whether
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the amplitude growth of the profile is related to the initial smoothing
of the rough, "as-etched" gratings. No acknowledgement of these prob-
lems nor further experimental detail are given in Huang et al.

The straight lines representing the data plotted as S/w3 agains::
w often have negative intercepts inferring that C < 0, and therefore
DL < 0. Since this is physically unrealistic, positive c-values were
assigned using a DL based on the observed thermal grooving rates. This
DL is less than the Al-lattice diffusivity in Al,03, after Paladino and
Kingery (1962)f

These data are interesting in spite of the uncertainties and ex-
perimental problems. The best estimates of the surface diffusivities
on the (0001)** and (1120) planes represent a lower bound of all the
values plotted in Figure 1, lines 8 and 9, respectively. However, the
profiles from which these implied diffusivities were deduced are either
faceted or asymmetric; the quantitative influence on the smoothing rates
caused by these geometric changes is not known. Interestingly, an even
lower surface diffusivity, by “3x, is implied by the smoothing data from
the (1123) plane on which the grating developed a markedly sinusoidal
profile. Although the results are limited, some anisotropy in the pro~-
duct of the surface energy-surface diffusivity 1s suggested.

Kitazawa et al. (1979) studied the decay of periodic gratirngs for

wavelengths of 6.3 to 17.4um on the (1102) plane of Linde sapphire at

temperatures ranging from 1530°C to 1770°C. These experiments were

* Assuming the transport were entirely due to surface diffusion, i.e.
C=0, would only increase tne reported surface diffusivities by
less than 20%.

** The pre-expotential of. the equation summarizing the diffusivity on
the (0001) plane is 10x too large in Huang et al,
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conducted in air in an alumina tube furnace with an H, protected Mo-
winding. In general, little experimental detail is given; it was not
stated whether samples were contained in a crucible or exposed to the
furnace atmosphere. Gratings were etched by RF sputtering with Ar/1%

0, or by a H43P0,-H,S80, solution; no difference in results was found.

The profiles developed with an asymmetric character but decayed exponen-
tially with time; considerable variability in the decay rate was present.
However, the average decay rate was found to depend on the inverse wave-
length to approximately the fourth power indicating that surface diffu-
sion was the primary mode of mass transport. This surface diffusivity,
line 7, Figure 1, is approximately 8x larger than that deduced from the
results of Huang et al. for the (0001) and (1120) planes. However, it
is not known whether to attribute this enhancement to anisotropy in the
YmDs product, to the air rather than vacuum environment, or to contam-
ination which could result if the gratings were not adequately shielded
from exposure to the general furnace atmosphere. Kitazawa et al. also
reported that preliminary experiments on the (0001) plane were
hampered by streong anisotropy effects, and therefore efforts on speci-
mens with this orientation were abandoned.

Recently, Monty and Duigou (1981) have reported results on the
decay of 10um wavelength gratings parallel to the [0110] direction on
the (0001) plane of pure and 1000 ppm MgO-doped sapphire in air. A
factor of v6x smaller decay rate, and therefore implied surface diffu-
sivity, was reported for the MgO-doped sample annealed at 1650°C. At

1700°C, the pure and doped specimens decayed at the same rate. Surface
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diffusivities calculated from these rates, Figure 1, are open to ques-
tion since substantial faceting and asymmetry of the grating profile
developed simultaneously. For the pure specimen at 1650°C, the profile
resembles a square wave while the doped sample was characterized by a
small amount of distortion and the evolution of pits on the surface.
The profiles on both the pure and doped material evolved into facets
with a sawtooth character. The decay rates on the pure samples are
approximately 20 to 60x larger than those pbserved in a vacuum environ-
ment by Huang et al. A further enhancement of 2x was found using an Ar
atmosphere. Monty and Duigou report that these larger decay rates in
air and argon are indicative of enhanced vapor transport in a dense
atmosphere. This reasoning is incorrect and in no way supported by

thermochemical data.

3. Single Scratch Smoothing

Achutaramayya (1972) has also investigated scratch smoothing on
the (1010) plane of sapphire. After scratching the surface parallel to
the twin boundary grooves, specimens were annealed at 1800°C to smooth
out the irregular profile. Samples were then heat treated at only one
annealing temperature, 1600°C, under conditions discussed previously.
The hump spacing, W, was measured at four time intervals within a 24
hour period. The profile shapes that developed are quite asymmetric
although apparently not faceted. From the analysis of the data, the
interpreted t, value was claimed to be consistent with a surface diffu-
sion mechanism and the implied mDs values were noted to be in good

agreement with those deduced from thermal grooving. However, a compa-
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rison of all combinations of pairs of data points yields widely vary-
ing values of to. Consequently, it is concluded that the data do not
confirm either surface or lattice diffusion kinetics.

Maruyama and Komatsu (1975) studied scratch smoothing on the (0001)
plane of Nakazumi sapphire at temperatures from 1430 to 1700°C. The
samples were wrapped in platinum foil and air annealed in a Mo-resis-
tance furnace. The samples were cleaned after the heat treatments; the
reasons for this prqcedure were not explained. Neither surface or
lattice diffusion control of the kinetics can be justified since only
calculated surface diffusivities were presented. A micrograph included
in this paper shows the profiles to be faceted and asymmetric;
therefore, these results are judged to be unreliable, and the line

representing the data is dashed in Figure 1, line 13.

4. Cylindrical Void Instebility

Yen and Coble (1972) studied the spheroidization of tubular voids
in sapphire annealed over the temperature range of 1650 to 1810°C
(+10°C). 1In these experiments, parallel cylindrical voids originated
during the "healing" of cracks (initiated in polished sapphire discs
using a WC-scribe); the healing period was a 10 hour anneal at the
experimental temperature. Prior to the introduction of the cracks,
care was taken to first wash the samples with soap, water, and a series
of organic solvents. A series of annealings in air was performed in an
alumina tube furnace with the specimens held in polycrystalline alumina
boats. Two sources of sapphire were used, Lexington Laboratory CVD and

Linde Verneuil sapphire. Both materials gave equivalent results.
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The changes in morphology of selected pores were recorded at the
end of each time interval. By noting the progress of individual ovu-
lation events, T was estimated. For the specific pores, the relation-
ship of the void spacings to the initial cylindrical pore radius and
to the resulting spherical pore radius were also determined,

X = (9.075 + 0.446)ry = (4.74 * 0.784)r;. These A-r relationships were
interpreted as an indication of a surface diffusion controlled process.
Line 11, Figure 1, represents these results.

In addition to the voids that broke up in a manner prescribed by
Nichols and Mullins, several unexplained complex shape changes were
noted. These pore morphologies were thought to be amanifestation of
impurity effects, as was surface etching. One of the complicated pore
shapes was a ''dumbbell with a long connecting stringer which did not
pinch off." 1In at least one instance, a dumbbell-shaped void spheroid-
ized into a single pore, as depicted in Figure 3 of Yen and Coble. The
simultaneous formation of several spherical voids also occurred, as in
the break up of an infinite cylinder; this is not surprising consider-
ing that longitudinal undulations are probable when the two '"rough"
fracture surfaces are joined. In a related area, it is not known
whether a grain boundary has been formed. The presence of a grain
boundary would be consistent with the larger coefficient in the observed
A-r relationship. The possible contributions by volume diffusion are
estimated to be negligible based on the Al-lattice diffusivity
measured by Palodino and Kingery (1962). Judging from the persistance

and stability of the "spheroidized" voids on further annealing, no
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measurable amount of either shrinkage or coarsening occurred.

Gupta (1978) has also studied the instability of cylindrical voids,
only in a polycrystalline alumina material, Lucalox. The cracks were
formed by thermal shock from dropping hot samples into cold water.
These specimens were then annealed in the range of 1500 to 1700°C for
varying lengths of time in a vacuum of approximately 5 torr. The type
of furnace was not mentioned.

The evolution of individual voids could not be followed in these
experiments because the samples are not transparent. However, the
fracture surfaces of these specimens depict a number of approximately
tubular voids. Some of these cylindrical pores had broken up into rows
of approximately equisized, equispaced 'spherical" voids, while the
spacings and sizes of other voids varied considerably. Many of the
voids were faceted, but treated as spherical in the analysis. Hence,
the uniformly spaced and sized sets of pores were analyzed in the
following manner. The number of voids (Nv) is related to the number
of ovulations (Nov) by Nv = Nov + 1, for the break up of a cylinder by
ovulation. Based on the predicted recession of the cylinder length for
each ovulation event, Nov = (1/3.35)L/D, where L/D is the length/
diameter ratio for the cylinder and D is related to the spherical pore
radius, r;, D = r1/0.92. Using these relationships, the actual number
of pores (NA) was determined to be 0.5 to 0.6 N,. It was concluded
from these results that both ovulation and "spheroidization", as in
that noted by Nichols (1976) for L/D < 7.2, develop simultaneously,

with ovulation being the dominant process. It is not clear, however,
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how or if this '"spheroidization' process occurs for cylinders where
L/D > 7.2. The published photomicrographs show that some of the long
cylinders have roughly periodic undulations along their length. This
presumably indicates that the cylinder is breaking up by an instability
analogous to that of an infinite cylinder, as well as by ovulation at
the ends. However, the occurrence of both modes of break up does not

explain why N, < N,, because the A-r; relationships are probably not

A
significantly different.

The data were also plotted as the void spacing against the appar-
ent spherical void diameter. These results are characterized by a
considerable amount of scatter although the agreement with a surface
diffusion controlled process is better than for lattice diffusion.
This agreement seems to be inconsistent with the fact that NA < Nv'
The inconsistency is presumably related to the assumption that perfect
spheres and cylinders are present rather than the polyhedra or other
complex shapes shown in the photomicrographs. Furthermore, the
presence of a grain boundary is likely, given the material is polycrys-
talline and often characterized by intergranular fracture. Consequent-
ly, pore coarsening and sintering are probably occurring and complex
geometries are expected even if faceting is not. Finally, the reported
void spacings and diameters may be less than their actual values since
data were extracted from SEM micrographs; distances may appear to be
shortened using SEM micrographs due to the specimen tilt. (see

Experimental Procedures),

The agreement in the comparison of the pore sizes and spacings was
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thought to be an adequate indication of a surface diffusion controlled
process. Consequently, wDS values, line 12 of Figure 1, were estimated
using equation (18) assuming that the ovulation time was approximately
experimental time for the rows of pores and for isolated "unduloids"
about to pinch off. Here it is not stated explicitly that the experi-
mental time is divided by the apparent number of ovulation events;
however, it is assumed that this method was used. Either way the ovul-
ation time is overestimated, so the implied wDS values are low. In the
case of the "unduloids", the wD_ values are also reported to be less
than the actual values because the estimated spherical pore radius is
probably toc small. Unfortunately, a more quantitative treatment of
these complexities in geometry and detailed corrections for experimen-
tal problems are not available. Therefore, it is difficult to assess
the level of error in these results as reported, but most of the sys-

tematic error would cause the estimated mDS values to be low.

5. Sintering

Prochazka and Coble (1970) deduced the amount of surface area re-
duction in powder compacts by measuring the changes in gas permeability
resulting from air annealings for various lengths of time in the temp-
erature range 750 to 900°C. No shrinkage was observed. Two different
alum-derived powders from Union Carbide Corporation were studied; the
Linde A powder 1is a mixture of y and c~alumina where the y-phase is a
fine, high surface area, metastable phase and the oa-phase is character-
ized by particle sizes in the 0.1 to 0.3m range and "wormlike" agglo-

merates composed of a few to many particles; the Linde C powder is 100%
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a-alumina where the a-characteristics are similar to that in Linde A,
but the particle sizes are coarser,0.5-1.0um. These powders were ball-
milled in order to break down the agglomerate structure as much as pos-
sible, and die-pressed to a relative density of 0.5 to 0.6.

The implied surface area reduction kinetics for the two powders
were significantly different as depicted by the 50x difference in the
mDs values deduced from these measurements, lines 1 and 2 in Figure 1.
Most of this variance probably arises from complex packing and geomet-
ric constraints which are not accounted for in the simple models that
relate the geometry to the gas permeability of the powder compact. As
a consequence of these uncertainties, neither the magnitude nor the
activation energies of the implied wDg values can be regarded as being
reliable. Therefore, lines 1 and 2 are dashed in Figure 1.

Rao and Cutler (1972) measured the amount of neck growth between
particles, 4 to 10ym in diameter, after sintering for 50 hours at 1200°C
in air. The approximately spherical and probably polycrystalline powder
was formed by passing Alcoa A-14 alumina powder through an oxygen-
acetylene flame. The relative neck sizes shown in the photomicrographs
fall into two size ranges: one range is approximately 0.1, and the
other about 0.3. The larger necks were reportedly formed during the
spheroidization process, although no micrographs showing the initial
powder were included. No shrinkage measurements were made so some
contribution to the neck growth by boundary diffusion is anticipated.
If boundary diffusion were contributing to neck growth, larger implied

surface diffusivities should result by neglecting it. By assigning
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all the growth for the smaller necks to surface diffusion, a range of
wD values was calculated, as shown in Figure 1. Very small values of
wDS relative to those of Prochazka and Coble are implied. The implied
st value would be increased by 1000x if growth of the larger neck from
zero time were considered. These considerations illustrate the level
of error that many accompany the "determination'" of diffusivities from
sintering data.

Komatsu et al. (1977) have measured the surface area reduction
kinetics of a noncompacted, 99.997, a—alumina powder in air over the
temperature range 1035 to 1250°C. The powder was fabricated by calcin-
ing a Shinkosha y-alumina powder and then classified into a narrow size
distribution, 0.2 to O.4um, with an average particle size of 0.28um;
the equivalent spherical diameter as indicated by the initial surface
area was 0.24um. Shrinkage kinetics of compacts formed from this powder
were later measured by Moriyoshi and Komatsu (1978) for temperatures
from 1180 to 1260°C. Hence, a shrinkage mechanism, probably boundary
diffusion, is also contributing to the surface area reduction; although
no confirming microstructural evidence was offered. The reduction in
surface area is greater than the amount that would necessarily accompany
shrinkage. The results of this work represent the only known surface
area reduction study on a narrow size distribution powder of c-alumina.
Consequently, these data have been reanalyzed and the behavior found to

be in accordance with that predicted by equation (19).* The estimated

* Except for a factor of 8, the initital stage surface area reduction
due to boundary diffusion would have the same kinetics as equation
(19). The implied values of wDg result from (incorrectly) assuming
all neck growth was due to surface diffusion.
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wDS-values are reported as a range which encompasses the uncertainties
with respect to size and coordination number, see Figure 1.

Other studies on sintering kinetics have been used to estimate
values for the surface diffusion coefficient: Moriyoshi and Komatsu
(1973,1976,1978) and Moon et al. (1977). These references are included
here only for the sake of completeness. A detailed review of these
studies is omitted because a) shrinkage kinetics were interpreted in
terms of surface diffusion only, or surface and volume diffusion
(neglecting boundary diffusion), and/or b) broad size distribution pow-
ders were used in experiments. To justify serious consideration of such
studies, both surface area reduction and shrinkage must be measured on

monosized powder.

6. Summary of the Literature Review

In general, the results of the studies reporting surface diffusion
coefficients indicate a) that there are no reliable surface diffusion
coefficients below a temperature of 1500°C, and b) above 1500°C,
different techniques and materials result in a broad range of implied
surface diffusion coefficients.

There is no clear trend in reviewing these studies indicating
that one technique yields consistently high or low surface diffusivi-
ties, see Table I. Such a trend is unlikely because all methods are
not ideal and due to the wide range of experimental techniques, mat-
erials and variables. Consequently, these studies should tedivided
into two categories. For those in which the geometry is sufficiently

well prescribed and the analyses accurate, the measurements can be



60.

SSKH (1103407 v ) unndea  TTEM PTOD pesoro ‘aaryddes asaruyddes *Ie 33 Sueny (€2TT)
SSH (1103,_0Tv) wnnoea  TTBM PTOD pasold ‘aaryddes aatyddeg *Ie 39 Sueng 628
IA (2103 ¢~ ) unnoea i : xoTean| e3dny 71
33095 ®
049 (1103._0T > ) unndea  TTBM PT0D (9/0 ‘ualsdunjy, sxryddeg pIojToyoeys €
RIR) Auu0uwloa)gv wunndea  TTBM PT9D uado ‘s3tuedaol  aaryddeg *Te 39 Sueny o1
33005 ®
949 (1103,_0TXZ) wnndea  [TEM PTOD paso1o ‘oatyddes axfyddeg edLeweaelnyoy 1
wox3syyd »
949 Ity Eol1V pesol> ‘@jtuedaol aaryddeg uos3jxaqoy ]
wox3IsNE N
949 ATy €0ty pasoT2 ¢ajruedaol XOTBeOn] uosjxaqoy o
SSH ITY €01y i aarydies Te 32 emeze3lTy L
SSH iy/aty €01y ¢ aatyddegs no3rng R AJuol
3ueyy ®»
949 arty Eolty pesol2 ‘93Tuediop 9ITUBIICH uosjaaqoy 9
1A Ity Eolty uado ‘3jeoq-fpl1y  eatyddey 97qQ0) ¥ uax 11
(8urddeam T1O3-34) nsjeswoy %
SSS ity Eociv ;=9Tqronid  aaryddeg eweAniey €T
anbTuyod9], axsydsouly aodruIng I19pTOH oTdwes [EBLA9iBW 20anog auT
/2T1qronaj
*D,008T ©3 00ST JO seanjexadwsa] 103 Sqm O opn3Tudely Jurseaxoaq Aq posjuey ejeq sanjexslrl I 9Tqel



61.

regarded as determinations of the surface diffusion coefficients. Only
grain boundary grooving and multiple scratch smoothing seem to fit in
this category, even there anisotropy causes significant errors. The
problems with most of the other techniques are so complex that the cal-
culations of surface diffusivity serves as a check on the quality of
the simple modeling of a complex problem; these results should not be
regarded as independent measurements of wDS. The results from sinter-
ing experiments are included here in this spirit and because of the
interest in determining the importance of surface diffusion in sintering.
The results of these studies on surface diffusion present an
approximate trend with respect to sample purity and experimental clean-
liness if the following set of presumptions is made:
1) An open crucible in a vacuum system allows impurity
evaporation and therefore results in cleaner experi-
ments; a closed crucible has less impurity evapora-
tion; in air, little impurity evaporation takes
place; impurity transfer will occur from Morganite
or similar commercial Al,03 crucibles to cieaner samples.
2) Cold wall furnaces favor the evaporation of impurties
while alumina tube furnaces ten” to transfer impuri-
ties to the sample unless the sample is protected.
3) Sapphire materials are cleaner than Lucalox materials
which are cleaner than Morganite or other alumina
materials.

4) Those studies where details are not explicitly recorded
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are down rated, i.e., assumed to be less pure.

Using these criteria on the experimental conditions listed in Table I,
the literature data support the contention that the higher purity

samples have lower surface diffusivities for all but perhaps 1 or 2 of

the 13 values listed. The results are tabulated in the order of the

ranking of the diffusivities at 1600-1700°C.
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III. GOALS OF THIS THESIS RESEARCH

The primary goals of this research are a) to determine reliable
surface diffusion coefficients for temperatures lower than the avail-
able literature data because a considerable amount of sintering occurs
in this temperature regime, b) to compare the results with those in the
literature, and c) to determine the effects of impurities on the surface
diffusivity, especially the effect of Mg0.

The technique chosen for the measurement of the surface diffusion
coefficient is grain boundary grooving. Of the available techniques,
thermal grooving offers the advantages of relatively easy sample pre-
paration. Because of the small thermal groove widths resulting from
the lower temperature amnealings, the use of the scanning electron
microscope is necessary. Air is the preferred atmosphere because this
is the ambient for much of the available sintering data. Also, vapor
transport of impurities is significantly reduced in air. Further
steps taken to prevent the transport of impurities include wrapping the
samples in platinum foils, embedding these in a powder of nominally the
same composition as the samples, and containing this arrangement in

closed crucibles.
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IVv. EXPERIMENTAL PROCEDURES

A. Sample Preparation

1. Materials

Four types of A1203 were used in experiments on thermal grooving; the
specific materials are listed in Table II. Most study involved a com-
mercially available material, Lucalox R, General Electric Company's trans-
lucent alumina which contains Mg-doping above its solubility limit.

Three subgroups of these samples are distinguished: (1) lamp tubes precut
to a convenient length (- 3mm) and heat-treated in vacuum at 1875°C as
noted in Table III, (2) as-received lamp tubes cut to a similar size, and
(3) as-received rod sliced into discs of 1.5 mm thickness.

The three other types of A1203 were nominally pure. One of these was
a high-purity, polycrystalline material produced by W.H. Rhodes. Thermal
grooving samples were cut from as-received bend-bars which had originally
been sliced from hot pressed billets. Sapphire tubes that contain
several grains per sample were also investigated. Specimens with lengths
of 3mm were cut from these tubes. Some of this material was doped
with magnesia by embedding specimens in a two-phase mixture of alumina
and spinel (7:3 molar ratio A1203: MgO) and annealing at 1605°C for
7 days.

Finally, pure samples were fabricated from four grades of Baikowski
powders: CR1, CR15, CR30, and AS4. The CR-grades are deagglomerated,
jet-milled mixtures of Yy and a—A1203, where the number indicates the
specific surface area in mz/gm. The AS4 is an Y-powder derived from an

alum recrystallized four-times; the specific surface area is >100 mz/g.

Processing included loading powder under a laminar flow hood into methanol-
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TABLE II. Samples Used in Thermal Grooving Experiments

RLC - Sample W2 is from R. L. Coble [discussed in Coble (1961)]; 0.3 um
Linde A alumina powder milled with 0.25 w/o MgO, pressed at 10 TSI,
sintered at 1675°C for 104 minutes in air.

LTVA — Lucalox R * lamp tubes (9mm 0.D. x 0.8 mm wall thickness); vacuum
heat-treatments by J. E. Blendell [discussed in Blendell (1979) 1]
as noted in Table III by # hours at 1875°C/# cooling rate
I-sec-l to 1100°C then furnace cool to R.T.; grain sizes, 40-100+
um.

3

LTAR- As-received Lucaloxh, commercial lamp tubes; grain sizes 10-40 um.

LD - Lucalox R Discs cut from 8 mm rod, sample # 35-2-4 from R. J.
Charles**, grain sizes 10-30 um.

BK - Baikowski*** deagglomerated powders, nominally 99.997% Al.0,;
number on CR-grade in specific surface area; samples fabricated
by isostatically pressing at 50 KSI, vacuum (<107° torr) fired
at 1550°C for 95 hours; relative density 99.6%, grain sizes
5-100 pm.

ADL - A.D. Little+ sapphire tubes (7 mm 0.D. x 0.8 mm wall thickness);
float zone crystal growth using a laser heat source; feed stock
is alum derived powder, v 99.98% purett; several large grainms
(>100 um) per tube.

RHP - Samples hot pressed from high purity powder by W.H. Rhodes while
at Avcot*t [discussed in Rhodes and Cannon (1969) and Cannon
et al. (1980)]; typical impurity levels by mass spectrographic
analysis gave 80 ppm cation and 140 ppm anion; grain size
< 10 pm, most 1-2 um.

*
General Electric, Cleveland, OH, commercial product.

*%
General Electric Research Laboratory, Schenectady, NY.

kK
Baikowski International Corp., Charlotte, N.C.

+A.D. Little Co., Cambridge, MA.

++J. Haggerty, MIT, private communication.

+++AVCO Corp., Lowell, MA.
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cleaned, standard, black, isostatic press bags. Excess air was evacuated
and the sample were isostatically pressed at 50 KSI. Preheating samples
at ~200°C in air for four hours was done prior to vacuum firing+ at a
total pressure <2x10-_5 torr. The powder compacts were held in an open
Mo-crucible; the heater and heat shields are made of tungsten. Sintering
times of 1, 12 and 95 hours were used at a temperature of 1550°C. An
immersion density of each sample was measured at the end of each time
interval. The CR-grade materials attained a final relative density of
99.6% while the AS4 sample reached 97.4% relative density. The AS4
material was not used in thermal grooving experiments because of its low
relative density.
2. Polishing

Samples were polished with a series of diamond pastes ranging from a
maximum size of 15 um (usually 5 um) down to 1/4 um as the final size.
Most of the LTVA sémples were polished prior to heat-treatment so typically
less material needed to be removed. However, samples were polished in
groups of four or more so it is unlikely that less than an average grain
thickness was polished off every sample, given the slight sampie height
variations. Therefore, all samples probably started with grain boundaries
that were inclined with respect to the polished surface.

One sample from experiment GBG27, on which the thermal groove width
was measured as a function of time, was repolished taking off only enough
material (v 0.5 pm) to reflatten the surface. This sample was then

annealed under similar condition to GBG27, see Table III.

+Richard D. Brew Co., Model 1968 Vacuum Furnace, Concord, NH.
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The quality of the polish was tested at random intervals during the
final lapping with (a) optical microscopy using 100-400 times magnific-
ation, (b) two-beam interference microscopy at 250 times magnification,
and/or (c) most thoroughly using SEM with magnitications up to 100,000
times, after the entire cleaning procedure noted below.

3. Acid Washings

The various acid washings and rinsing procedures used are listed in
Table III. In all cases the samples were handled with cleaned plastic
or stainless steel tweezers while wearing talc-free plastic gloves.

4. Specimen Configuration and Anneals

For air fired samples, the samples were wrapped in a platinum foil
and buried in A1203 powder; the powder compositions and sources are
noted in Table III. After cleaning the samples (and platinum foils),
pairs were placed with polished faces abutted and wrapped as tightly as
possible in the foil in order to keep powder off the polished surfaces.
This sample arrangement was contained by an alumina crucible within a
crucible,* as shown in Figure 9. Anneals were carried out in alumina
tube furnaces. The temperature was measured by a Pt/Pt-10% Rh thermo-
couple equipped with a standard ice-point apparatus. The temperature was
recorded at intervals which depended on the length of the experiment and
the stability of the particular furnace setup. In some cases, chart
recorders were used for the entire run; in others only the stability over
a 24-48 time period was recorded. The temperature was controlled to
within 1°C (except as noted) and the actual value known within + 5°C due

to thermocouple uncertainty.

*
Coors Alumina.
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Samples from which multiple time data were measured were treated as
though each interval were a separate experiment; washing and packing were
conducted as noted above.

Three different experimental conditions were used for the vacuum
fired samples. The freely evaporating samples were placed on the bottom
of an open tungsten crucible with the polished surface exposed to the
vacuum. In the second configuration, the specimens were sandwiched between
pre-fired, very low-density compacts as a simulation of the powder bed
incorporated above. This sample arrangement was contained within a covered
tungsten crucible. Lastly, three pure alumina materials were contained
within a high-purity alumina crucible* with a tightly-fitted 1lid. No
powder was used in this experiment. Anneals were carried out in a Brew
vacuum furnace equipped with a tungsten heater and tungsten heat shields.
The temperature was measured with a series of optical pyrometers** on
flat surfaces and from black-body radiation holes drilled in tungsten
bodies. Comparisons were made with a Pt/Pt-10% Rh thermocouple over the

appropriate temperature ranges. A confidence interval of + 10-15°C was

reached, with the greatest uncertainty at the lowest temperatures.

B . Measurement of Groove Width and Depth

Two-beam interference microscopy was used to measure the width and
depth of the thermal groove when the width was greater than 1.0 um. This
width is the practical resolution limit for the 250X magnification photo-
micrograph. Most groove widths and depths were measured using a

machinist's ruler under a stereo microscope using 10-20X magnification.

*
Union Carbide Crystal Products Division, San Diego, CA.

**(1) Coloratio Pyrometer
(2) Leeds and Northrup
(3) Pyro Micro-Optical Pyrometer
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The scanning electron microscope* (SEM) was used to determine the
majority of thermal groove widths in this study. Conductive coatings are
required for these samples. Au/Pd films with a thickness of 100-300 ;
were applied using an Ar-sputter coat:er.Mc An alternative method consisted
of evaporating 50-100 ; of carbon followed by 100-150 ; of 60Au/40Pd using
a rotating-tilting stage to expose all segments of the surface to direct
coating. Either preparation technique gave useful resolution on the
order of 100 Z.

The use of stereo pairs to determine the thermal groove width was
investigated early in this study. However, the apparent groove widath was
primarily influenced by the brightness:darkness contrast in the photo-
micrograph due to the orientation of the surface. The use of stereo pairs
was therefore discontinued. Using more sample tilt and electronically
adjusting the output signals on the scanning electron microscope were
steps taken to maximize contrast in the SEM micrographs. Minimum groove
widths were approximately 600 Z.

The scanning electron microscope introduces distortions on the
recorded image due to the orientation of each surface element with respect
to the electron beam axis (optic axis) and electron detector. The shape
or contour of the surface is also important. Details of geometric
corrections are presented in Appendix II, where it is shown that the
pertinent problem reduces to the projection of a plane with small per-
turbations onto a plane normal to the optic axis. Figure 10 defines the
geometry and correction terms. Grain boundary groove widths were corrected

* JEOL JSM-35

xxAMR 1000A
Hummer III Sputter-Coater
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Piane of sample surface

Photographic plane
WQ,. 70 _ .
efg . Iy, Sample tilt axis
Clor,
Figure 10 The SEM projection geometry
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for this distortion using:

W = W'[cosz¢' C——L;—- - 1) + 1}1/2 .

cos“8’

- (28)

where W is the actual groove width and W' the apparent groove width on
micrograph; 6' is the sample tilt angle and ¢' the angle between the
grain boundary and tilt axis; ana M is the magnification.

Comparisons of the thermal groove widths of specific boundaries as
determined by both the SEM technique and two-beam interferometry were
made in order to test the reliability of these measurements. These results

re included in Appendix III. The agreement was generally within a few
percent.

A calibration check of the AMR 1000 A scanning electron microscope was
accomplished with 1.09 pum latex spheres* coated by the evaporation
technique. For this size sphere, the actual error in calibration depends
on the thickness of the coating. The error is at most 5%, but probably
< 2%. The ranges of observed groove widths on the sane sample in both SEM
microscopes gave nearly identical results.

Surface chemistry was documented for a few specimens with Scanning

*%
Auger Spectroscopy. Semiquantitative analysis was performed using the
procedures recommended in the Physical Electronics Handbook (1976).

The grain boﬁndary groove profiles were investigated using two-beam
interferographs. The most convenient method involved making a 35 mm slide
and projecting the image onto a flat surface normal to the projection
direction. Another 20-40X magnification was gained by tracing interference

lines onto paper held against the flat surface. In this manner the

*
Ernest Fullam Co.

*k
Physical Electronics



symmetry of the thermal groove, and the dihedral angle could be inves-

tigated.
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V. RESULTS

The use of the scanning electron microscope to quantitatively measure
thermal groove widths is not a standard technique. It is of interest to
note the resolution capabilities. The absolute minimum width measured
in this study was 0.06 + 0.02 um, Figure 11. A more typical '"near"
minimum thermal groove width is 0.30 + 0.03 um, Figure 12.

The thermal grooving rates and profile shapes are quite variable
from boundary to boundary on any given sample and are variable along
the length of some individual boundaries. These results are tabulated
in Tables IV to VI. The measured dihedral angles were also found to be
variable, as shown in Table VII. For all optical measurements and most
SEM measurements, the variability in the groove widths is larger than
the uncertainty in the measurement of any one thermal groove width. The
development of faceting is at least partially responsible for the scatter.

Various degrees and types of faceting develop simultaneously with
the thermal grooving process. The types of surface texture include
"choppy facet networks", linear faceting, and “smooth" surfaces i.e.,
those with no detectable facets using magnifications up to 20,000X
in the SEM. Pure alumina samples always developed facets for the
experimental conditicns used in this study, while Lucalox specimens
exhibited the entire range of surface features. The development of
facets was not as severe on the Lucalox surfaces where MgO had been
added to the embedding powder; however, a degree of faceting still evolves
on most specimens. Generally, the degree of faceting depends on both
the temperature and the sample impurity levels.

Various impurities were found to be inhomogeneously distributed on

all four alumina materials using Auger spectroscopy, see Table VIII.




Figure 11 - The limit of resolution using the SEM for
measurement of thermal groove widths (GBG9, LTVA,
905°C, 232 hours, 30° tilt) bar = 0.2 ym.

Figure 12 - Near the limit of resolution using the SEM
for measurement of groove widths (GBG18C, LTAR, 950°C,
229 days, 60° tilt) bar = 0.3 um.

81.




Figure 11 - The limit of resolution using the SEM tor
measurement of thermal groove widths (GBGY, 1LTVA,
905°¢, 232 hours, 30° tilt) bar = 0.2 .m.

Figure 12 - Near the limit of resolution using the SEM
for measurement of groove widths (GBGL8C, LTAR, 950°C,
229 days, 60° tilt) bar = 0.3 um.
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Surface segregation and second phase particles are indicated. Variable
amounts of second phase are also seen in the SEM for the different
types of alumina. The thermal grooving profiles and kinetics are
different for samples with different impurity levels.

The following section presents a detailed evaluation of the groove
formation kinetics and surface characteristics to indicate the sources
of variability and to determine the best estimate of the surface

diffusivity.
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TABLE VII. Measured and Calculated Dihedral Angles

#* Material W (pm) d (um) 6-calc. f-meas.
27-31-1C LD 3.06 0.192, 0.241 147°, 139° 144°
27-31-1D LD 3.44 0.251, 0.289 142°, 137° 155°
27-31-3C LD 3.49 0.270, 0.349 140°, 129° 138°, 123°
27-31-5C LD 2.44 0.242 130° 132°
27-31-8C LD 3.11 0.364 122° 114°
27-3-1C LD 3.33 0.434 117° 118°
27-3-1E 1D 4.22 0.390 133° 150°
27-4-1C LD 3.89 0.330 136° 137°
27~-4-2C LD 3.04 0.203 145° 122°, 133°
27-4-2C LD 2.89 0.214 141° 141°, 136°
27-4-2E LD 3.67 0.277 128° 130°
27-4-3C LD 2.50 0.234, 0.281 132°, 124° 129°
27-4-3E LD 3.17 0.304 131° 139°
27-44-1C 1D 2.56 0.186 142° 148°

25- LD 2.33 0.130 150° 156°

17- LTAR 2.76 0.154 150° 153°
29-2a-E  ADL 2.00 0.133 145° 149°
29-2a-E ADL 2.22 0.149 145° 117°
29-3-D ADL 1.78 0.338, 0.380 96.1°, 89.4° 150°
29-3-D ADL 2.33 0.219 132° 137°

*

First number is thermal groove experiment number
Second number is area of sample
Third number is the boundary number, if necessary

Letter corresponds to the time as noted in Table IV-4

and Table V.
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VI. ANALYSIS OF RESULTS

A. Microstructure Characterization

1. Composition

(a) Auger Electron Spectroscopy Results

Scanning Auger electron spectroscopy (SAS) was used to characterize
the level of surface impurities on a limited number of locations on the
as—annealed surfaces of LTVA, RHP, BK and RHP samples. These data are
reported as peak height ratios, normalized with respect to the charac-
teristic Al-peak at 1378 eV, Table VIII. The actual surface concentra-
tions probably vary considerably from the values listed since elemental
sensitivity factors were omitted from these calculations, and because
carbon, although <10% of the oxygen level, may be present as CO or C02.
Sensitivity factors are neglected because the values reported [Phi Hand-
bock (1976)] are not for an oxide matrix. Determination of these factors
requires fracture surfaces formed under conditions of high vacuum in
order to avoid problems created by preferential loss of one of the
elements while sputter-cleaning. Spectra have been recorded under such
conditions for MgA1204 by Johnson and Stein (1975), and for CaA1204 by
Johnson and Coble (1978). The results suggest that the concentrations
for Mg would be moderately increased and that for Ca significantly
decreased by including sensitivity factors in the scaling of results.
However, similar spectra for the other elements of interest are
unavailable.

The SAS results for the LTVA samples show that the primary surface
impurities are Mg, Si, and Ca. Occasionally, other elements, such as

Na, K and Fe, were detected. The high impurity concentrations noted for
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one area of specimen GBGl6 presumably results from analyzing a second
phase grain. The presence of Mg on the surfaces of these samples,
although not uniformly detected, apparently indicates that the two-
phase embedding powder is useful for preventing the loss of Mg during
the annealings. Although only one 115 um square area was analyzed on
each of the two different samples, a comparison of these results shows
that the Mg and Si surface concentrations decrease and that the Ca
surface concentration increases with increasing annealing temperature.*
This behavior is consistent with an increasing solubility of Mg and
Si with increasing temperature, whereas the solubility of Ca is probably
considerably smaller for all temperatures due to its large ionic size.
The surface chemistry of the LTAR ;nd LD samples was not analyzed;
however, based on the amount of second phase seen in the SEM it is
reasonable to expect similar or higher impurity levels on these samples.
The SAS results for the two RHP samples gave different results. The
sample annealed at the lower temperature showed an appreciable amount
of Sn and Sb on the surface, although this may have been caused by the
sample mounting tabs. The surface of the second specimen, annealed at
a higher temperature, is characterized by a Si concentration similar to
that on the LTVA material. Sodium was also found, but not uniformly
distributed on either sample. The source of these surface impurities is
uncertain. Additional evidence of inhomogeneously distributed impurities
appears in the microstructures of the RHP samples in the form of isolated
patches of large, elongated grains rather than the typical, small

equiaxed grains. This observaticn suggests that impurities are inhomo-

geneously distributed and present in the as-received samples.

*
These samples were cooled to room temperature in a few minutes.
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The surface compositions of the ADL and BK materials were documented
for samples that were vacuum annealed at high temperature. These results
are reported as ranges for each material because the low level impurity
peaks could not be measured accurately; a more accurate measurement is
nossible if the scale factor is increased.

The ADL and BK samples have a significant level of tungsten con-
tamination, presumably resulting from vapor transport during annealing;
the tungsten source is the gray surface skin formed on the BK material
during its previous sintering cycle. Neglecting the tungsten con-
tamination the ADL material is the cleanest, exhibiting small levels of
Ca, Si, and possibly Co contamination. The BK materials contain more Ca,
approximately the same level of Si, and occasional traces of Fe, Ni,
or Mg in localized areas. Both materials appear to be considerably
"cleaner" than the LIVA or RHP samples, although this may be related to
the much higher temperature and vacuum atmosphere used for these ADL

and BK samples.

(b) Second Phases

Second phases are frequently found in the Lucalox material; pre-
sumably, most are magnesium aluminum spinel. The LD samples displayed
more second phase than any of the lamp tubes; the vacuum annealed lamp
tubes (LTVA) contained the least second phase. These observations
were used to assign a relative scale of impurity leYels for the Lucalox
materials, the greater the amcunt of second phase, the higher the
impurity level. An example of the microstructure of an LD specimen is
ghown in Figure 13. The second phases denoted in this micrograph are
primarily composed of Al and Mg, with lesser amounts of Ca and Si, as

determined by energy dispersive X-ray (EDX) analysis. The concentration
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Figure 13 - Second phase, denoted by arrows, on the surface
of LD specimens from which time dependent grooving investi-
gated. (GBG27F, 1602°C, 291 hours, 60° tilt) bar = 10 um.

Figure 14 - Second phase exsolved at the free surface along
grain boundaries of LD material. Electron beam sensitive
area shown by arrow (GBG24, 1092°C, 1163 hrs, 60° tilt)

bar = 10 um.
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of the latter two elements is variable in the second phase grains. These
other phases are usually uniformly distributed throughout the sample.
Occasionally, a greater concentration of second phase particles is
localized within an area several (10-30) grains in diameter.x Secoﬁd
phases were not observed on the ADL and BK samples for the experimental
conditions used, but there were no long time, low temperature anneals

of these.

Second phases, such as shown in Figure 14, were exsolved at the free
surfaces along grain boundaries of "as-received" Lucalox material when
annealed at lower temperatures; again, this was observed more often for
the LD samples, Table VI. This type of precipitation was found in only
one region of an RHP specimen (GBG1l0), and was not seen in the pre-
annealed (LTVA) Lucalox samples after comparable low temperature anneal-
ings. This does not occur homogeneously throughout the sample, nor is
it continuous along all grain boundaries at which the exsolution is
proceeding. No quantitative measure was made of the fraction of the
sample for which this process occurred. Although it varied from sample
to sample, the fraction of boundaries with precipitates was always less
than approximately 25%. Thermal groove widths measured in the proximity
of these second phases are similar to those from areas in which no
precipitation was found. EDX analysis revealed that Al, Ca, Si and Mg
are contained in varying ratios in these second phases. Interestingly,
this material is sensitive to the electron beam. A small bubble arises,
see Figure 14, from the localized area (v 200 Z square region) where the

beam is rastered. ,
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2. Surface Morphology

(a) Factors Affecting the Measurement and Variability of Thermal
Groove Widths

Variability in the thermal groove widths and profile shapes is
characteristic of all four materials studied, for both faceted and smooth
surfaces. Complex profiles occur from a combination of the faceting and
grooving processes. For these geometries, the thermal groove width and
profile are usually clearly defined by the positions of the facet peaks
in the adjacent thermal groove humps, see Figures 15a and 1l6a. In
another example, the geometry observed in the SEM (Figure 17a) is con-
firmed by using interferometry (Figure 17b). The interferogram shows
that the humps associated with the thermal grooving process are distorted
and asymmetric relative to the boundary. These features correspond to
the groove profile found on the SEM micrograph, i.e., the facet peaks
coincide with the thermal groove maxima. A schematic representation
of this profile and Mullins' profile for thermal grooving by surface

diffusion with isotropic surface energy is depicted in Figure 17c.

Occasionally the profile shape is such that it is unclear what to assign

for the groove width, i.e., the maxima (facet peaks) on one or: both

of the humps are not obvious or non-existent. For example, a broad
range rather than a single value (or narrow range) for the thermal
groove width is assigned to the boundary designated in Figure 15a. The
minimum groove width in this range underestimates and the maximum
overestimates a groove width associated with an ideal profile (based
on conservation of volume). This range was compared to all other

grooves on this sample; the extremes in the assignable widths were within



Figure 15 - Typical surfaces of LTVA samples where no MgO

was added to the embedding powder. Higher magnification
of Figure 26 (GBGll, 1296°C, 300 hours, 30° tilt) bar=1.0um.
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(a)

(b)

Figure 16 - Typical surfaces of LTVA samples with MgO added
to the embedding powder. Higher magnification of Figure 27

(GBG12, 1306°C, 111 hours, (a) 30° tilt, (b) 60° tilt)
bar = 1.0 um.
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Figure 17(a) - Thermal groove 2C from an ADL ample from which
time dependent grooving measured. (GBG29F, 1603°C, 283 hours,
45° tilt) bar = 5.0 um.

arrow, bar = 25 um.
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Figure 17(a) - Thermal groove 2C from an ADL sampic from which

time dependent grooving measured. (GBG2917, 1603°C, 283 hours,
45° tilt) bar = 5.0 um.

Figure 17(b)- Interferogram of same area in (a), denoted by
arrow, bar = 25 um.



102.

*37T130oad dT1doijost ue o3l paiedwod se
9A0013 Tewlayl pajade] B JO UOTIBIU3SaIdal OITIRWAYDS

(3)LT @an31g




103.

the range of widths determined from "better defined" profiles.

An example of the extremes in groove width is shown in Figure 18a.
The width for boundary 1 is near the limit of resolution, whereas
boundary 2, although asymmetric, is much wider. Many boundaries with
widths between these extremes are shown in Figure 18b. These examples
illustrate the variability in widths which can result from faceting.

Uncertainty in the thermal groove width may also arise from the
lack of contrast from smooth surfaces using the SEM, as in Figure lé6a.
This uncertainty may be reduced by increasing the specimen tilt.*
Unfortunately, these groove widths are below the detection limit for
optical microscopy, so a comparison of the techniques cannot be made in
these cases.

Changes in the groove width along a curved segment of a boundary are
also exhibited in Figure 17a. This feature was commonly found on ADL
specimens where the boundaries are characterized by many curves and
facets along a length of several hundred microns. The occurrence is
less frequently observed on other materials primarily because the grain
sizes are smaller. One example on the LTVA material is shown for a
segmented boundary, pinned by a pore, in Figure 19. The effects of
impurities and changes in the boundary inclination angle with respect
to the surface are also important, but could not be documented in detail.

Variable thermal grooving rates and profiles shapes were also
found on LD samples which did not develop extensive faceting, e.g.,
Figure 20a and b. These samples were from the series used for measuring

*
Increasing the specimen tilt in the SEM increases the contrast from

nearly smooth surfaces but relocation of the same boundary after such an
operation is difficult.
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(a)

Figure 18 -~ Thermal grooving on the RHP samples, boundaries 1
and 2 show extremes in observed widths. (GBGl5, 1247°C, 394
hours, 60° tilt) bar=>5 um.



(b)

Figure 18 = Thermal
and 2 show extremes

hours, 60° tilt) bar

srooving on the RHP samples, boundarices
in observed widths.,  (GBGIS, 1247°C, 394
=5 .m.
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Figure 19 - surface of an LTVA sample with a faceted girain
Qo

boundary pinned by a pore. (GBGI6, 14857C, 87 hours, 607
tilt) bar = 10 .m.



A

Figure 19 - Surface of an LTVA sample with a faceted grain
boundary pinned by a pore. (GBGl6, 1485°C, 87 hours, 60°
tilt) bar = 10 um.

105.
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(a)

(b)

Figure 20 - Representative surface of an LD specimen on which
time dependent grocoving studied. (GBG27, 1602°C, 291 hours,
60° tilt) (a) bar =50 ym; (b) bar =10 um.
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(a)

(b)

Figure 20 - Representative surface of an LD specimen on which
time dependent grooving studied. (GBG27, 1602°C, 291 hours,
60° tilt) (a) bar =50 um; (b) bar =10 um.
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the time dependence of thermal grooving. A sequence of interference
micrographs following the progression of the thermal grooving process of
ten specific boundaries is shown in Figure 21. The numbers adjacent

to the boundaries are labels which correspond to those in Table IV. Thesc
grain boundaries remained stationary during annealing; others have
migrated. Unexpected height differences between adjacent grains and

some thermal grooves lacking a hump on one side of the boundary have also
developed.

The variable grooving rates on the LD specimens are important; they
indicate that faceting is not the sole cause of the variability in groove
widths, and that the difference in thermal grooving rates is greater than
2x. A notable example of the difference is shown by boundaries numbers
3 and 4 in Figure 21. Both boundaries exist at the first observation

time (B in Table IV) and remain stationary throughout the experiment.

(b) Observations on Faceting

The development of faceting depends on the temperature of the experi-
ment and on the impurity level in the samples. Faceting was observed
in all experiments using the pure materials. For the Lucalox materials,
different behaviors were observed, depending on the experimental con-
ditions. These conditions are divided into three classes: (a) A1203
embedding powder with Mg0 additions, (b) undoped embedding powder, and
(¢) freely evaporating samples. Pure materials were always embedded in
a pure powder. Although different A1203 powders were used for embedding
in experiments, apparently the chemical differences among them are small

and do not influence the results.



108.

Figure 21(a)

Sequence of interferograms on which time
dependent grooving measured (GBG27, LD, 1602°C), (a)

10 hours, (b) 30 hours, (c) 62 hours, (d) 103 hours,
(e) 291 hours, bar = 25 um.
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Figure 21(b) - (GBG27, 30 hours), bar = 25 um.

Figure 21(c) - (GB27, 62 hours), bar = 25 um.
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Where MgO has been added to the A120 embedding powder, the occurrence

3
and degree of faceting on the Lucalox materials decreases as temperature
is increased; however, other impurities remain an important factor in
these observations. For the LD material, surfaces were mostly smooth
with only a few linear facets on samples annealed at the higher experi-
mental temperatures, 1842°C for 39 minutes (GBG 26) and 1602°C for 291
hours (GBG27), Figure 20. The only other successful experiment involving
this material produced samples where second phases were precipitated
at the free surfaces, at a relatively low temperature of 1092°C for
1163 hours (GBG24), Figure 14. Surfaces with developing facets and areas
with similar second phase precipitates were noted on the other "as-
received" Lucalox material, LTAR. These experiments were conducted
at relatively low temperatures, 1192°C for 20 days (GBG22) and 950°C for
up to 229 days (GBG18). At higher temperatures, 1456°C for 286 hours (GBG17)
and 1394°C for 2667 hours (GBG19),the LTAR material exhibited a range of
faceting types, see Figure 22. The choppy facets were less frequent
on samples treated at the higher of the two temperatures; however, this
observation is also consistent with the shorter annealing time'and
smaller average groove width for these samples. For the cleanest Lucalox
material, LTVA, the entire range of facet types and smooth surfaces were
found on all samples, with and without MgO-doped embedding powder.
Faceting on the pure samples was more extreme although there are
fewer observations with respect to the temperature dependence. For the
RHP samples heat-treated at the relatively low temperatures of 1247°C

for 394 hours (GBG15) and for ADL samples annealed at 1602°C for 283 hours

(GBG29), coarse faceting resulted, Figures 18 and 23, respectively. The
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Figure 22 - Thermal grooving on an I. le
(GBG17, 1456°C, 286 hours, 60° tilt) 2 um.



Figure
(GBG17,

9

L4567 ¢

= Thermal grooving on an LTAR sample
, 286 hours, 60" tilt) bar = 5 ..



()

Figure 23 -
160z°C, 283

Thermal grooving on an ADL sample (GBG29,

-

hours, 45° tilt) bar = 5 um.
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(a)

(b)

Figure 23 -~ Thermal grooving on an ADL sample (GBG29,
1603°C, 283 hours, 45° tilt) bar = 5 um.
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conditions for the ADL specimens are comparable to a similar experiment

on the LD material (GBG27) reported above. By comparison of these two
observations, faceting apparently depends either on the level of surface
impurities either segregating from pre-existent levels in the bulk or
boundary phases of the material or on a specific orientation that the

ADL samples exposed. Similar packing powders were used in both experiments,
thus vapor transport of impurities from the powders is not the cause.

A lesser degree of faceting was observed on BK samples annealed at 1602°C
for 1 hour (GBG28) due in part to the shorter heat-treatment, see Figure
24, The BK samples annealed at 1840°C for 6 hours (GBG3l) are charac-
terized by the presence of many grains with linear facets and a consider-
able amount of grain boundary migration and grain growth. The groove
profiles and the grain surfaces of the ADL specimens (GBG3(C), annealed
under these same conditions, also developed facets. A detailed comparison
of the degree of faceting on this specimen with that of samples annealed
at lower temperature (GBG29) could not be made due to the poor resolution
of the facets using optical microscopy.

For the MgO-doped ADL samples, the morphology of some grains is
different than that of the undoped specimens. It is not known whether
this is a result of variable grain structures along the length of the ADL
sapphire tubes, due to the prolonged annealing, or caused by an impurity
effect such as diffusion induced grain boundary migration. The thermal
groove widths were measured on the few boundaries between grains that
resembled those found on undoped ADL samples in a similar experiment
(GBG29). For these boundaries the groove profiles indicated faceting

similar to that in the undoped ADL samples. There were some isolated
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Figure 24 - Typical microstructure of a BK sample (GBG28,
CR1, 1602°C, 1 hour, 60° tilt) bar = 10 pm.



(a,

I
C

igure 24 - Typical microstructure of a BK sample (GBG2Y
RI, 1602°C, 1 hour, 60° tilt) bar = 10 .m.

b
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grains, or fine grain patches for which the boundary grooves had abnormal
profiles and small widths, possibly due to migration; these were not
analyzed.

The degree to which surface faceting features develop on the LTVA
material depends on whether the embedding powders have MgO concentrations
atove the solubility limitf pinning the Mg-activity. Hillocks**, as
in Figure 25, and brightness-darkness contrast from grain-to-grain, as
in Figure 26, are characteristic of samples annealed without MgO
additions to the powder. The latter characteristic results from the
variable orientation of the surface facets with respect to the secondary
electron detector in the SEM. In a similar experiment using 0.5 w/o
magnesia addition to the powder and shorter annealing time, the grain-to-
grain contrast using the SEM is not evident, Figure 27. A comparative
set of micrographs of these two experiments at higher magnification is
presented in Figure 15 and 16. A “smoother'" appearance is found on the
sampie where the embedding powder contained magnesia addition; likewise,
hillocks were not observed on any specimens with magnesia added to the
powder. All of these LTVA samples were boiled in aqua regia (wash 2)
which dissolves MgAlZOA; therefore, surfaces may be depleted of magnesium

The surface resulting from a thermal grooving experiment with
simultaneous free evaporation at 1842°C is shown in Figure 28. Only a
few linear facets and mostly smooth surfaces Lave evolved. This is

surprising because preferential loss of Mg and other impurities is expected.

*
The solubility limit is approximately 84 ppm cation fraction at
1500°C and decreases with decreasing temperature [Roy and Coble (1968)1].

*
* Hillocks refer to the mounds protruding above the faceted grain
surfaces.
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Figure 25 - Hillocks observed on a LTVA sample where
no Mgl was added to embedding powder (GBG6, 1250°C,
33 hours, 20° tilt) bar = 5 um.
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Figure 26 - Grain-to-grain contrast found on a LTVA sample
where no MgO was added to the embedding powder (GBG1ll, 1296°C,
200 hours, 30° tilt) bar = 50 ym.

Figure 27 - Relatively smoother surface where MgU added to
embedding powder, compare with Figure 26. (GBGl2, 1306°C,

111 hours, 30° tilt) bar = 50 pm.
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Figure 28(a) - Typical surface of a freely evaporating sample
(GBG25, 1842°C, 40 min, 60° tilt) bar = 10 um.

Figure 28(b) ~ Interferogram of the same sample as in (a).
bar = 25 um.
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(¢) Simultaneous Free Evaporation

The thermal groove profiles for samples on which simultaneous free
evaporation occurred are characterized by more mass in the humps than
was transported in the '"digging' of the groove, as shown in the inter-
ferograph in Figure 28b for sample GBG25. In some cases the groove root
is above the plane of the grain faces* on either side of the boundary,
i.e., "raised" grain boundary grooves. Differential loss of material
from the grain faces has apparently occurred resulting in height differences
between adjacent grains. Considerable grain boundary migration has also
occurred as indicated by the remnant boundary grooves. However, a
comparative observation from a similar experiment without free evaporation
(GBG26) could not be made since most of the surface was covered with
a '"tungsten oxide" contaminant. The widths on the few exposed thermal
grooves on sample GBG26 are significantly larger than those characteristic
of the freely evaporating sample. The appearance of raised thermal
grooves is consistent with a simple evaporation process or a surface or
lattice diffusion controlled process. This profile may denote a lowering
of the evaporation rate by impurities that were transported to the free
surfaces by boundary diffusion. Alternatively, increased concentrations

of impurities near the grain boundary may affect the diffusion mechanisms.

B. Time Dependence

The variability in the thermal grooving process from boundary to
boundary is so large that the time dependence of the groove formation

cannot. be determined by comparing measurements for different boundaries

*
An estimated loss of 0.1 um in thickness occurs by free evaporation.
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annealed for different lengths of time. This point is illustrated in
Figures 29 and 30 where the groove width ranges are plotted against

time for samples annealed at approximately 950 and 1300°C, respectively.‘
No characteristic time dependence can be assigned due to the large range
in widths. Thus meaningful time dependencies can only be obtained by
monitoring the groove formation for individual boundaries over a range

of times.

Interference optical microscopy was used to determine the time
dependence of groove formation on specific boundaries.** This method
requires larger thermal groove widths. Therefore, experiments were con-
ducted at a higher temperature, 1600°C, yielding measurable thermal
groove widths in realistic times.

The thermal groove widths are tabulated as a function of time for
the LD and ADL specimens in Table IV and V, and plotted Figures 31 and
32 respectively. The widths are reported as a range wrich typically
represents the uncertainty in the positions of the groove hump maxima,
approximately 0.2 uym. Larger differences indicate that the groove
width is variable along the boundary or reflect occasional situations

where the resolution at that boundary was poor. As plotted, the symbols

*

The widths for samples annealed near 950°C are adjusted to com-
pensate the the different temperature assuming surface diffusion with
AH=100 kcal/mole.

*Repeated annealings and measurements could be performed at lower
temperatures only if the groove widths were measured using SEM. This
would require repeated coatings followed by acid etchings to remove
the coatings. Furthermore, it may not provide sufiicient accuracy
due to the ambiguity in the groove width caused by severe faceting, or
the uncertainty in position for smooth samples.
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Figure 29 The groove width versus time for LTVA samples
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are usually large enough to encompass the uncertainty; otherwise the

width ranges are denoted by error bars. The error bars for the annealings
where the temperature drifted, at the longest times, are extended by 7%
compensating for the deviation. (This estimated correction is ration-
alized in Appendix IV.) Solid lines with slopes of 1/3 and 1/4 are
included in the same position in each figure, and serve as reference
markers. The broken lines in these figures represent straight line ap-
proximations for each data set. The LD samples in which height differences
developed or boundary migration occurred are specifically noted in

Table IV.

During the annealings, limited grain growth and rearrangement pro-
ceeded in the LD samples. This is evidenced by the disappearance of
small grains followed by migration of previously stationary boundaries.
Most of the thermal grooving data are from boundaries which did not
migrate, as judged by the straightness of any specific boundary and by
checking its position relative to other boundaries and reference markings,
such as pores and scratches. Migration was detected in only two of the
boundaries being monitored prior to the last time segment; in the final
anneal, migration occurred in 4 of the 20 boundaries investigated.

The results show that the proportional differences in groove widths
among the individual boundaries remained approximately constant throughout
the experiments, Figure 31. For 18 of the 20 boundaries the difference
in groove widths is at most a factor of 2X; for all 20 boundaries, the
difference is a factor of 3X. For most boundaries, a specific straight
line adequately represents the data, i.e., within the error bars. The

data are poorly fit by a straight line in only one case; this boundary,
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2-5, migrated at short and long times. Scatter greater than the average
was found for five other boundaries (2-1, 31-2, 31-7, 31-8, 31-9).
Migration occurred during most of the experiment for boundary 2-1.
Variable groove widths along the boundary and poor resolution on some
micrographs also contribute to the scatter. The boundary with the

slowest rate of groove formation was present during the entire experiment,
and therefore, not the result of a late start due to migration. Tke
groove formation rates for the four boundaries which migrated during

the final annealing did not vary systematically. In fact, she groove

-~
~

widths for these boundaries nearly spanned the range from the largest
to the smallest rate. The repolishing and reannealing experiment (GBG33)
showed the same variability in widths and similar asymmetric profiles.

The results indicate that most of the grooves in the 2 to 3x band
develop in a well behaved manner. The surfaces of these LD specimens
remained relatively smooth, only a few linear facets developed (Figures
13, 20, and 21). Many of the groove profiles are reasonably symmetric
and resemble those expected for an isotropic material. The profile
shapes of most grooves, including asymetric ones, is preserved; only
the scale changes. From these facts, the quantitative use of the surface
grooving models is justified.

Values of d log W/d log t for the 20 boundaries on the LD samples
range from 0.21 to 0.46. For 17 boundaries the range is 0.25 to 0.33
which is consistent with a mixture of surface and lattice diffusion
processes; most of this latter set are characterized by a value closer

to 0.25 than to 0.33. No systematic correlation between the values of

d log W/d log t and the relative magnitudes of the groove widths is
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apparent. The fit of individual lines to the data would be slightly
better for 60% of the boundaries if the line had a slight upward curva-
ture. This is consistent with a transition from surface to lattice
diffusion controlled grooving, as shown previously in Figure 8b;
variable difirusivities are implied. Of the 3 boundaries with d log W/d
log t values outside the range of 0.25 to 0.33, boundary 31-10 has the
fastest rate of groove formation, boundary 31-4 has the slowest rate

of groove formation, and boundary 2-5 has the lowest value of d log W/d
log t and is characterized by migration during the last time period

of this experiment; break away and reformation could account for the
smaller widths and the low value of d log W/d log t in this case.

The data for the ADL samples are also from stationary boundaries
as deduced from the straightness of particular boundary segments and
the orientation of various segments with respect to each other. Even
boundaries with considerable curvature did not migrate.

'fhe proportional differences among the groove widths for individual
boundaries on the ADL samples varied throughout the experiment, Figure
32. Presumably, some of the scatter in this data is the result of
variable widths along the boundaries, as repeated measurements on the
exact location are improbable. For short times, the uncertainty in the
measurement is primarily responsible for the larger variability; the
scatter in the data for the long times is not understood. A band
approximately 1.5x in groove width encompasses all but a few short time
data points. This band lies at smaller widths than that noted for the

LD samples. The individual data sets are better represented by specific
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straight lines than by any average line. Many intersections of these
individual lines occur during the annealing time.

Thermal grooves on the ADL samples do not develop in a self-similar
manner. The grain surfaces and the groove profiles are extensively
faceted, as shown in Figures 17 and 23. Detailed characterization of
the faceting as a function of time cannot be made from the interferograms.
Consequently, the stages of evolution for the profile shape are unknown.

Values of d log W/d log t on specific boundaries vary from 0.054
to 0.19. For the entire band of data, d log W/d log t ranges from 0.10
to 0.16. These values are not characteristic of either a surface or

lattice diffusion controlled process.

C. Dihedral Angle Determinations

Dihedral angles were calculated assuming the profile shapes predicted
by Mullins' models and compared to those determined from interference
profiles. From interferometry, the dihedral angle is |after Amelinckx

(1953) ", for discussion, see also Gjostein and Rhinmes (1959):

- -1 2L n
® = 2 tan (AM tan 2) (29)

where L is the interference line spacing; X is the wavelength of the light
source, 5.4 x 10_7 m; M is the magnification; and n is the groove root
angle measured on the interferogram.

For Mullins' model for thermal grooving by surface diffusion, the

dihedral angle is:

d__, (30)

n ° -1
8 = 180° - 2 tan (BTEITWE

where d is the depth of the thermal groove and W the thermal groove

width. This equation is approximate in that the numerical coefficient is

mildly dependent on 6, as discussed previously.
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In general, the dihedral angle is not constant for either the
Lucalox or ADL materials, as determined by either method, see Table VII.
The measured values for the Lucalox materials vary from 114° to 156°;
for the ADL samples, the range is 117° to 150°. Neglecting torque terms,
this variability in the dihedral angle corresponds to ranges in Yb/Ys of
0.42-1.09 and 0.52-1.04, respectively. Asymmetries in some dihedral
angles were noted for both materials. For those specific boundaries
where 6 was measured at two different annealing times, a larger value was
often determined for the observation at longer time. This may result
from a decreasing resolution of the groove root on the interference
micrograph as the groove depth increases. Note that the values of n
range only from 4° to 13°. Accurate measurement of n is most important
at the smaller angles,* where the difficulty in measurement is greatest.
Some variability in the dihedral angle was noted along specific boundaries;
for example, see the results of the ADL samples or for thke LD material,
boundaries 27-31-3c and 27-4-2c.

For the Lucalox samples, the agreement between the calculated and
the measured dihedral angles is reasonably good for approximately 70%
of the values** listed in Table VII. This includes some cases where
faceting, an altered groove profile (freely evaporating sample, GBG25),
or variable groove depth has developed. These results apparently
indicate that the assumptions in the geometry are approximately met on
many of the grooves examined.

. *A typical example is: if n is 11.° + 0.5°, then 6 is 152° + 1°; ifn
1s 6.° + 0.5°, then 6 is 131° + 4°.

**Use of the corrected form of Eqn. (30) would lower 6 by 1 to 4°, as
discussed previously.
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Although the data are limited, the agreement appears to be much
poorer for the ADL samples. These results suggest that when faceting
is severe the ratio of the peak widths to the groove depth is often
significantly different than that expected from thermal grooving of an

isotropic surface.

D. Diffusion Coefficients

In this section, the thermal grooving results are presented and compared
in terms of diffusion coefficients calculated using Egqs. (7) and (9). Both
diffusion mechanisms are considered because the time dependence for the LD
material suggests this, although surface diffusion is favored.

For each of the samples annealed at other temperatures, the thermal
groove widths were measured within a range of uncertainty for a large
number of boundaries. All measurements for each experiment were compared
and an overall range assigned based on the minimum and maximum widths. The
extremes are usually supported by several observations; in a few cases where
a single width was significantly different from all others, it was neglected.
Table VI summarizes the width ranges and other pertinent information
including the number of measurements and comments on microstructural
features. Except where the time dependence was measured, the implied
surface and lattice diffusivities were calculated by attributing all the
grooving to that specific diffusion process. For the LD samples (GBG27),
surface diffusivities were determined for the maximum and minimum grooving
rate where d log W/d log t was approximately equal to 1/4. An analogous
procedure was carried out for lattice diffusivities when d log W/d log t
was approximately 1/3. For the ADL samples (GBG29), only the short time

data are used even though the time dependence does not indicate lattice
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or surface diffusion kinetics. This assumes that thermal grooving develops
in a manner prescribed by Mullins' models. However, results are easily
compared in this form.

The ranges of implied surface and lattice diffusivities are plotted for
comparison with reported values in Figures 33 and 34, respectively; mDS
values are from grooving and MSS experiments only. These comparisons suggest
that both surface and lattice diffusion could contribute to the thermal
grooving at temperatures above 1200°C; only surface diffusion is important
below 1200°C for the smaller groove widths. Generally the implied diffusi-
vity ranges are larger for the lower temperatures. At 1600°C, for
the LD material spans the band of
of st values defined by Lines 7 and 9, Figures 1 and 33. The average*
surface diffusivity value, denoted in Figure 33, is slightly smaller than
that reported for a similar Lucalox material [Robertson and Ekstrom (1969)].
The magnitude of the ranges of mDS for the pure materials at 1600°C, GBG28
and 29, falls at smaller values. The high part of these ranges are similar
to the st values reported for most other undoped material [Shackelford and
Scott (1968), Huang et al. (1975), and Robertson and Fkstrom (1969)]. Inter-
estingly, inclusion of a mDs value for the slowly developing boundary (GBG27-
31-4) would bring the band for the LD material down almost to the bottom of
that for the pure samples. However, if the long time values for the ADL
specimens were used, the apparent diffusivity range for the pure materials
would be decreased by another factor of approximately 3X. However, neither
of these latter examples is obviously diffusion controlled. At 1840°C, the
wDS values for the LD material (GBG26) are considerably larger than those
for the pure materials (GBG30 and 31).

*The average was calculated for 16 of the 20 boundaries for GBG27 where
nv4é for 1/n=d log W/d log t.
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Except at 1840°C, the ranges in calculated lattice diffusivities for
the three materials have similar magnitudes which seems unreasonable at

these temperatures. Further, the magnitudes of D  in these ranges are

L
larger than expected, especially for the pure materials, suggesting that
lattice diffusion does not make the dominant contribution to groove
formation.

At low temperature, the results for the Lucalox samples are quite
different from sample to sample but do not vary systematically with the
anticipated differences in impurity levels. For example, at v1090°C the
results from the relatively purer LTVA samples (GBG5) are equivalent to
the results from LD samples (GBG24) where second phase precipitation along
the free surface was found. In an experiment on similar LTVA samples
(GBG14) at a slightly lower temperature (v 1030°C) the band of surface
diffusivities is shifted up by a factor of 10X and has an even greater
range in values. Overall, relatively similar values are found for the
ranges of implied diffusivities for the pure and Lucalox samples below
1250°C.

Another interesting aspect of the wDS values at low temperatures is
the consistently lower ranges of wDS for widths determined from grooves
approaching the resolution limit using the SEM. This is shown for the
results of GBG18, plotted as log W versus log t in Figure 30, or in the
implied diffusivities in Figures 33 and 34. These results suggest that
d log W/d log t>1/4 or 1/3. Alternatively interpretations are: that the
very smallest groove widths cannot be measured accurately, that impurities
are being exsolved and increase wDS as time progresses, or that faceting

develops later and broadens the range in groove widths, or provides surface
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features which assist in the measurements from the SEM micrographs, i.e.,

more contrast results from faceted rather than smoothly contoured surfaces.
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VII. DISCUSSION

A. Variability in the Thermal Groove Widths

There is significant variability in the grain boundary groove widths
which is much more than the experimental errors in measuring the widths.
These translate into several orders of magnitude variability in the
diffusivities calculated using Mullins' models for isotropic materials
because W'« D. Factors which could contribute to the variability in the
thermal grooving process can be categorized as; (1) grain boundary
migration, (2) the existence of an initial thermal groove width on some
boundaries, (3) faceting or profile distortion due to anisotropy in v,
(4) anisotropy in D, and (5) impurity effects on y, D_, and D,

1. Groove Width Variability Due to Grain Boundary Migration

Some measurements were made on boundaries that migrated during the
time dependence experiments, GBG27. The grooving rates are not categorical-
ly high or low as compared to stationary boundaries. However, the implied
rate was barely positive between sequential measurements in a few cases.
This could indicate that breakaway,migration and groove reformation
occurred; recall that the 'recovery" groove width is nearly equal to the
width for a nonmigrating boundary in 3 to, Figure 8d (As 3x increases in
time were used in these experiments, it is likely that for an occasional
breakaway the width for the recovery boundary would be larger than the
previously observed groove.). However, such breakaway boundaries could
not go undetected, as the remnant or ''ghost' would still be evident.

For a limited number of boundaries that migrated during experiments,
the grooves were checked to compare the profiles and observed rates of

migration with those expected for migration limited by groove drag (after
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Mullins (1958)). In general, the profiles were quite variable. Examples
range from profiles as predicted by Mullins, i.e., an enlarged hump on

the grain that the boundary is migrating towards and absence of a hump

on the backside grain, to cases where the hump is on the wrong side of the
migrating boundary. The migration rates were often too slow to be limited
by groove drag; consistent with the slower migration rate, most of these
groove profiles were characterized by humps on both sides of the boundary.
In only a few cases did the boundary break away from its groove without
being subsequently annihilated. No attempt was made to document the
subsequent thermal grooving behavior as a function of time. It is of
interest to note that apparently stationary boundaries occasionally
exhibited profiles indicative of boundary migration limited by groove drag.
These facts support the contention that boundary migration is not the
primary cause of the variable grooving rates.

For other samples annealed only once, measurements were avoided on
curved boundaries, profiles indicative of boundary migration, and for
boundaries near ghost grooves. Therefore, the previous assessrent is
applicable for these experiments, i.e., boundary migration is not a sig-

nificant cause of the variable grooving rates at any of .the temperatures.

2. Groove Width Variability Due to an Initial Thermal Groove

The existence of an initial groove width (wo) on some boundaries
can, in principle, cause a variability in the observed thermal grooving
rates. There are, however, several reasons why this is not important
here. Firstly, for Wo to be important it must be approximately half the
first groove width observed. This width would be of the order 1/2 um

in the time-dependence experiments, a value which could not go undetected
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using either optical microscopy or the SEM. If there were variable wo

values for the different boundaries (and samples) studied, the band of
groove width values would converge with time. This behavior is not shown
by the data. Finally, no indication of an initial width was found on the

as-polished, acid-washed surfaces.

3. Effect of Faceting on the Thermal Grooving Frocess

(a) Altered Geometry Considering Volume Conservation in 2-d.

In this section the variability in the thermal groove width, as defined
by the facet peaks, is considered from the standpoint of volume conservation.
All matter that is transported from the digging of the thermal groove must
appear in the humps adjacent to the boundary. However, if faceting is
important, the thermal groove profile is segmented. The shape and
position of the peak depends in part on the orientation of the facet planes.
For an equivalent amount of volume transported, the width could be larger
or smaller than that for an isotropic surface. For the example displayed
in Figure 17c, the thermal groove width defined by the two facet peaks is
approximately equal to the width associated with isotropic surface energy.
However, significantly different widths would result for symmetric groove
profiles like either of the two faceted cases shown. For example, there
is a factor of approximately 5X between the half-groove widths shown in
Figure 17c¢, where the groove width for an isotropic surface tension lies
between these extremes. Obviously, no single characteristic geometry exists.

However, the range of orientations for which facet formation is certain
is limited to those exposed by the thermal groove profile. A schematic
showing the form of the relation between the relative gcoove "half-width",

as defined by the facet peaks, and the facet orientation is shown in
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Figure 35, where B is the groove root angle; o is the facet angle, and

1

o', the angle of the tangent at the inflection point of the groove profile;
. * -1 24 ,

all angles are taken with respect to the sample surface; and o = tan W
iso

where d and wiso are the groove depth and width for isotropic surface

energy and diffusivity. This figure clearly shows that a broad range of
thermal groove widths is expected if any faceting is present. The use of
models developed assuming isotropic surfaces would therefore appear to be
inappropriate for interpreting such complex processes. Further, the effects
of faceting on the driving forces and diffusion along the surface must

also be considered.

(b) Effect of Faceting on Mass Transport in Two-Dimensions

Many of the considerations of the effects of faceting on mass transport
during thermal grooving stem from the treatment cf the growth of an existent,
isolated linear facet by Mullins (1961), described earlier. The problem
is more complex when the facet is part of a grain boundary groove than either
of the separate problems. This results because (1) diffusion must occur
across the facet(s) for the groove to deepen and/or, (2) either the facet
plane, the boundary-surface intersection, or both must move parallel to
the surface. Which of these processes occurs depends on the orientation
of the facet(s) with respect to the surface and on the relative surface
diffusivity on the facet plane, A. If there are no additional facets, a
faceted groove profile may grow by surface diffusion through a series of
self-similar shapes with the width proportional to tl/4. However, there
are conditions that may cause significant enhancement or reduction in the

thermal grooving kinetics. and sometimes different time dependencies.
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(b)

Figure 35(a) Schematic half-groove profile defining
the angles
(b) Ratio of the apparent width to the isotropic
groove width versus the facet angle
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For the case where a'<a<B, the facets will be present initially. The
growth rate depends on an effective B-value which reflects an integrated
product of Dc(y+y") and DF(Y+Y") over the exposed surface. Generally,

B will not be equal on both sides of the boundary. Thus, the expression

eff

for W is the sum of two half groove widths:

W= Al(BSE'% /4 4 Az(Béﬁ /4 (31)

where A is a numerical coefficient which depends on Beff and the orientation
of the facet plane; it is expected that Ai may vary by approximately 5x, as
discussed previously.

Five simple cases illustrate most of the different types of behavior
which could be anticipated:

(1) a single facet on each side of a symmetric groove profile, with
rapid diffusion on the facet; the half-groove is shown in Figure 36;

(2) as in Case 1, only with slow diffusion on the facet;

(3) where facet dissolution or translation (adding atom layers to or
subtracting layers from the facet is slow, or the boundary is relative immobile;

(4) as in Case 1, only the originally flat grain surface consists of
a series of periodic linear facets as shown in Figure 37, with fast diffusion
on the facets;

(5) as in Case 4, only slow diffusion on the facets.
These examples are not treated rigorously; they give insight into the
expected kinetics and causes of variability in grooving experiments.

For the geometry depicted in Case 1, 0<a<aﬁ rapid diffusion on the
facet plane (A==) results in 3u/3x=0 between points P' and Q'. Consequently,

the 9pu/9x across region 1 and/or region 3 are increased relative to that for
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(a)

® o |sotropic

©p-p |\ | A=09

@ - g A=0

Figure 36 - A thermal groove profile with a facet:
(a) schematic, and the variation of the chemical potential

for an (b) isotropic surface, (c) fast diffusion on the facet
and (d) slow diffusion on the facet.
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an isotropic profile after a comparable amount of mass transport, as shown
in Figure 36. The grooving rate is increased by this facet with fast
diffusivity assuming that translation (dissolution) of the facet plane is
not rate-controlling. For a*<q§B, A is small and the grooving rate may be

increased or decreased depending on the A-value (or B Similarly, for

eff)'
«'<a<0 A will be small but rapid grooving may be possible, if facet trans-
lation occurs by adding layers to the facet plane.

If the facet and groove develop simultaneously, then d logW/d log t=
1/4 where Beff>Biso but the grooving rates depend on the geometric term A.
For a<a', or a>B, a change in d log W/d log t results from nucleation of
a facet on an existing groove profile; if A is large then accelerated
grooving, d log W/d log t>1/4, may be possible during a transient period.

In Case 2, there is no mass flow across point P' when A=0. The gradient
in p across region 1 is reduced to zero by this resulting in a surface with
constant curvature; a flat plane connecting the groove root with point P'
may result only if torque terms are large or if by chance B=a. Since mass
is no longer flowing across point Q', the shape of the facet profile in
region 3 and the corresponding p-curve take the form of the linear faceting
process to the left of point P in Figure 6; the rate of facet growth is
then described by Mullins' model for A=0. Hence, the thermal groove width
may increase by surface diffusion even when mass is not transported from
the groove root. However, the boundary groove profile will have much more
mass in the groove humps than was transported from the groove root area
and there will be significant undercutting outside the peak. The groove
width develops with d log W/d log t = 1/4 for all values of o with Beff<Biso

when the facet is present from zero time. The groove root depth relative
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4
to the free surface, d', will in fact increase proportional to (ADCt)l/+

due to leakage over the facet. For the nucleation of a facet with A=0 at
any t>0, reduction in d log W/d log t will occur.

For elaboration of Case 3, consider an asymmetric groove profile where
the right half is like that depicted in Figure 36 (0O<a<B), and the left half
is a profile with isotropic surface energy. When the facet will not dissolve
or translate, the grooving process proceeds until 3u/9x"0 across region 1
(as in Case 2). However, the non-zero gradient in uon the left side of
the boundary causes continued mass transport from the groove root. This
upsets the balance at the groove root resulting in a net force on the grain
boundary and also a net flux across the grain boundary. Consequently,
it is the mobility of the boundary (or facet translation rate) that
determines the profile shape and the kinetics of the thermal grooving.

If the boundary has a high mobility, a self-similar shape will prevail

and the width will develop in proportion to tl/4. If the boundary is
immobile, the self-similar shape is not preserved and slower grooving rates
with d log W/d log t#1/4 are therefore expected. The right half groove
width grows by undercutting with t1/4 kinetics but the kinetics for the

left half of the groove will be slow, possibly continually decaying.
Finally, it should be noted that an analogous asymmetric profile development
occurs under A=0 for -m/2<a<mn/2.

In case 4, the geometry displayed in Figure 37 is considered for the
situation where removal of atoms from the facet planes is a relatively
easy process, and A==, It is expected that thermal grooving will develop
with d log W/d log t = 1/4, as in Case 1, until the facets interact with

one another. The grooving rate is reduced upon facet interaction, and

since the shape is not self-similar (facets will coarsen), d log W/d
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In Case 5, slow diffusion on the facets in Figure 37 results in a
reduction of the thermal grooving rate; for A=0, the process may nearly
stop. Obviously, facet nucleation requires time in which thermal grooving
proceeds in a normal fashion. It is therefore expected that at short
experimental time, the grooving rates (small A) are unaffected by faceting
on the far surface. This rate is reduced upon the onset of interaction
between the thermal groove and the evolving surface facets.

In summary, when a facet exists on the thermal groove profile, the
numerical coefficient in Equation (7) becomes a variable which depends on
the orientation of the facet with respect to the sample surface and on the
ratio A. If the motion of the profile is surface diffusion controlled, d
log W/d iog t = 1/4; however, the groove depth will not increase for A=0
and width growth occurs by undercutting of the adjacent flat surface.

For o'<o<B, it is expected that facets will be present on the groove profile
from t=0; whereas, nucleation of facets with other values of a or of
surface facets occurs at t>0. Therefore, a smooth or faceted groove profiles
will grow with tl/4 kinetics until they interact with surface facets or
until other facets nucleate on the groove; a reduced grooving rate and
possibly a different time dependence are then expected. Finally, if vy is
the anisotropic but the minima in the y-orientation plots are not cusps,

then distorted profiles evolve with effects similar to those discussed

for o'<a<B.

4., Variability in the Groove Width Due Only ro Anisotropy in Ds

In the previous sections it was shown that rather substantial changes
in the thermal grooving rate and profile shape could occur upon faceting

due to anisotropy in y, depending also on the relative diffusion coefficient

on the facet plane. Even if anisotropy were present only in the surface
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diffusivity (isotropic y), variable grooving rates and distorted profiles
also result. As an example, consider the groove profile for isotropic
surface energy shown in Figure 36a. If Ds=w over region 2, then 9u/3x=0 and
the curvature over this segment of the surface is constant yielding a
constant, positive value of (u—uo). Since (u-uo) is fixed at the groove
root and the rflat grain surface, the du/ax over regions 1 and 3 is increased.
Therefore, an increased rate of thermal grooving and a distorted, but not

faceted, profile result. If DS=O over region 2, a small amount of mass is

transported across point Q' and the gradient in curvature across region 1
relaxes. The value of (u—uo) is positive, approximately constant, as in
region 1 in Figure 36d. The gradient in curvature across region 3 also
relaxes by transport of matter in a positive x-direction. This results

in a large change in the radius of curvature between points Q' and P', i.e.,
VSK is large over region 2. Consequently, the amount cf surface, where
Ds=0, is small and the net effect on the grooving rate is small. However,
the groove profile will appear distorted, as noted above.

Anisotropy in the direction of surface diffusion on clean Ni (110)
surfaces has been reported by Bonzel and Latta (1978). The experiments
consisted of measuring the decay of periodic profiles in situ by a laser
diffraction technique using LEED and Auger electron spectroscopy to monitor
the surface structure and composition, respectively. At temperatures of 0.68
Tmp’ diffusion in the [001] and [110] directions have the same activation
energy and magnitude. At temperatures below this, diffusion in the [110]
direction becomes relatively larger in magnitude with a lower activation

energy as compared to that in the [001] direction. Surface diffusion in

[001] direction is characterized by a single activation energy value over
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the entire temperature range, 0.58-0.91 Tmp; at 0.58 Tmp a factor of 10X
difference in the diffusivities is found. The extent to which similar

features exist on other planes and complex surfaces is not known.

5. Impurity Effects on the Surface Tension and Diffusivities

For a pure crystalline material, low surface energy orientations exist
which are related to its crystallography. These low energy planes are
commonly represented as cusps on polar plots of surface energy versus
orientation, where a cusp is characterized by azy/8¢2==w and the ratio of
the surface energy of orientations with high surface energy to those with
low energy reflects the degree of anisotropy. Upon the addition of
impurities, it is anticipated that the high energy orientations are decreased
proportionally more than the low energy planes, and that azy/3¢2 becomes
finite, although it retains a '"cusp-like" character. At high impurity
concentrations, 32y/a¢2 may be decreased to an insignificant level (termed
blunting of the cusp) and the net anisotropy is also further reduced.
Although the effects of impurities on y for oxide systems have not been
documented, similar behavior is expected with a maximum reduction in Yy
of the order of 2-3X. |[For further general discussion of this matter, see
Winterbottom (1973) and Bonzel (1973)].

For metals, the segregation to or adsorption of impurities on the free
surface has been found to both increase and decrease the surface diffusion
coefficient depe:.ding on the interaction of the impurity with the surface
atoms [Bonzel (1973)]. Reports of an enhancement or depression of wD
by as much as a factor of 100X have been cited for T<0.75 Tmp' At larger
relative temperatures, Gjostein (1967) has -shown thdat many fcc metals
are characterized by a sharp increase in the activation energy at approxi-

mately 0.75 Tmp on plots of the surface diffusion coefficient against
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Tmp/T. A surface diffusivity of approximately 10“7 m2/sec (10_3 cmz/sec)
is typical at the melting point. Recent data on clean surfaces of some of
these fcc metals, as reported in a review by Rhead (1975), show only the
higher activation energy branch of mDS versus 1/T curves suggesting that
impurities are linked to lower activation energy, relatively enhanced
surface diffusion in the low temperature regime. However, Bonzel and
Latta have reported a temperature dependent anisotropy in the surface
diffusion coefficient based solely on the direction of diffusion on clean
Ni (110) surfaces, as noted above. It is difficult, therefore, to use the
existing data base on metals for even a qualitative understanding of the
relative importance of small concentrations of impurities versus anisotropy
on the surface diffusivities, although these are likely to be coupled.

For nonmetallic materials, the data base is limited. Coblenz (1981)
has found that boron additions to silicon decrease the surface diffusion
coefficient by several orders of magnitude. For aluminum oxide, Robertson
and Ekstrom (1969) reported that additions of both Ca0 and SiO2 to the
surface increased the thermal grooving rates on some boundaries but not
all; additions of Na20 and/or SiO2 has no effect on the rate. Henrichsen
(1973) found Ca, Si, and Ta surface impurities on all thermal grooving
samples; larger grooving rates were noted where the concentrations were
higher, but exact amounts were not stated. However, the implied st values
from their uncontaminated MSS experiments are 4X lower than those deduced
from the GBG experiments. Monty and Duigou (1981) have reported that
MgO decreases the rate of scratch decay at 1650°C and therefore, the
surface diffusivity; at 1700°C, no effect was noted. These results, however,
are open to alternative interpretations based on complications due to

faceting, and the fact that surfaces may have been contaminated from the
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furnace.

Exactly how impurities affect the surface diffusivity is not known,
but they may modify wDS by: attachment to kinks and ledges allowing adatoms
to avoid these trapping locations, or alternatively, poisoning sources and
sinks of defects, by enhancing surface disorder, and by altering the defect
chemistry on the surface by forming complexes or by fixing the concentration
of particle defects.

The effect of impurities con the lattice diffusion coefficient may be
considerable for only a small addition to the A1203 lattice, as discussed
in Appendix I.

B. Dihedral Angles

It is interesting to note that the range of measured dihedral angles
is approximately the same on both the ADL and Lucalox materials. This
agreement implies that impurities affect both the boundary and surface
tensions and the torque terms in proportions that keep the dihedral angles
nearly unchanged. Furthermore, the presence of asymmetric dihedral angles
on both materials indicates that anisotropy in the surface energies and
therefore torque terms are present; the distorted profiles for both the
ADL and the LD materials suggest that these effects are rather large.

C. Interpretation of High Temperature Grooving Behavior (T>1500°C)

The results of the experiments on ADL samples at 1600°C (GBG29) show
that: (a) groove widths are less than on LD samples for times greater
than 10 hours, (b) the grooving rates are variable from boundary to boundary,
(c) straight line representations of tﬁe individual data sets intersect,
(d) d log W/d log t<<1l/4, (e) the groove profile shapes and grain surfaces

are extensively faceted, and (f) there is poor agreement between the measured

and calculated dihedral angles. The slow grooving rate and low time
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dependence may be explained by late facet development with either slow
diffusion on the facet (A=0) or slow facet translation.

The smaller spread in the observed thermal groove widths, compared
to experiment GBG27, implies that tlie grooving process is more uniform on
these samples. Such behavior may be indicative of a small range of exposed
surface orientations. Recall that these samples are sapphire tubes with
only a few grains per sample. Almost all boundaries between adjacent
grains extend from the inner to the outer surface; therefore, the length
of these grain boundaries are several hundred microns across the wall
thickness of the tube. Since the thermal expansion of aluminum oxide is
anisotropic, small grain misorientations are necessary to prevent fracture.
A small set of grain misorientations then results in a limited set of
surface orientations.

The results of experiments on Lucalox at 1600°C (GBG27) show that:
(a) grooving rates are variable from boundary to boundary, (b) straight
lines adequately represent most individual data sets with d log W/d log t
within the range of 1/4 to 1/3, Figure 31, (c) few of these lines cross
during the time of the experiments, (d) many profile shapes are distorted,
(e) surfaces remained relatively free from faceting, (f) dihedral angles
are variable, and (g) second phases are inhomogeneous in composition and
distribution. These results indicate that thermal grooving is anisotropic
on these samples and that as a result the profile shapes are distorted
but remained reasonably self similar with time. They suggest that both
surface and lattice diffusion are contributing to the process.

For lattice diffusion kinetics to be observed in the upper portion of
the band of groove widths in Figure 31, the surface diffusivity must be

characteristic of the thermal grooving rate found in the lower portion of




157

the band, where d log W/d log t = 1/4. Lattice diffusion kinetics for
grooving in the lower portion of the band require that the surface diffusi-
vity be less than that implied by any measured grooving rates; were this the
case, the band of calculated wDS values would extend to even lower values.
However, changes in the grooving rate (and therefore d log W/d log t) could
be caused by the evolution of a profile shape change; this could result from
segregating impurities. Additionally, the magnitudes of the implied DL
values for T>1500°C are at least 2X larger than those deduced from creep
studies on similar materials [Cannon and Coble (1975)]. Large lattice
diffusivities could be present if a significant amount of impurity with
a valence of 2+ or 41 were present [Hollenberg and Gordon (1973) and
Lessing and Gordon (1977)]. In addition, large increases in the steady state
creep rate have been measured for alumina co-doped (>500 ppm) with both
ot and 4% ions [Lessing and Gordon (1977)]. However, it is unlikely that
impurities would be so localized along specific boundaries; enhanced grooving
rates should be observed in regions several grains in diameter. Also, the
results of McAllister and Cutler (1972) show that a significant level of
doping was necessary before lattice diffusion contributed to grooving. It
is therefore concluded that for the Lucalox materials lattice diffusion does
not provide a significant contribution to thermal grooving for most boundaries
at the groove sizes investigated; surface diffusion is the primary mass
transport mechanism. For the pure materials, the implied lattice diffusi-
vities are also too large; evidently, lattice diffusion is unimportant.

The variability in waS calculated from the observed grooving rates is
not surprising in light of the nonuniform concentration of surface
impurities and the anisotropies in this material as indicated by the

distorted profiles. The variability is consistent with other reported thermal

grooving data; considerable scatter in the plots of the average groove width
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versus time was found for the studies resulting in lines 3, 4, 5 and 14 in

Figure 1. The extent to which faceting is important on these studies is
unknown but the groove profiles were commonly asymmetric indicating
anisotropy in the was product.

A difference of 2X in the minimum and maximum grooving rates where
d log W/d log t = 1/4 corresponds to a 16X variability in the YwD product.
The variability in the ymDS product is less than 16X because the coeffi-
cients Ai in Eq. (31) vary due to the distorted groove profiles. This can
have a significant effect since the calculated ymDS is proportional to A;a.
However, the profile would not be distorted unless Y varied with orientation.
It seems unlikely that wDS would be constant when y is variable.

At 1600°C and 1840°C, the thermal grooving rates for the LD material
are greater than those of the BK and ADL materials. The surfaces of the LD
samples remained relatively smooth during grooving; the BK and ADL samples
developed facets. Further, after only one hour at 1600°C the groove sizes
were nearly equal for the pure and Lucalox samples. These differences
suggest that the presence of higher levels of Mg, Si and Ca prevents the
formation of facets and that facets have low surface diffusion. However,
the lowest calculated surface diffusivity at 1600°C is from the MSS samples
where the profile was nearly sinusoidal, the (1123) surface by Henrichsen
(1973). Therefore, low surface diffusivities are pcssible on '"clean,"
nonfaceted surfaces.

The development of faceting should not result in lower implied wDS
values unless facet translation is rate limiting or diffusion on the facet
is slow (small A), as discussed earlier in relation to Figure 35 and 36.

The results of this study, and those previously reviewed indicate that

cleaner surfaces have lower effective surface diffusivities at T>1500°C.
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However, all the measurements on clean sapphire surfaces [Huang et al.,
(1975), Shackelford and Scott, (1968), Achutaramayya, (1972), and possibly
Robertson and Ekstrom (1962)] indicate only a 10X spread in the diffusivities
on different surfaces. The transport rates on expected facet planes do not
give the lowest diffusivities, although neglect of the y" terms in analysis
of the MSS experiments may cause this ranking to be erroneous. Thus, there
is no unambiguous evidence for A=0 on facet planes for pure surfaces.

This suggests that facet translation, diffusion around corners, or boundary
migration is the difficult step causirg d log W/d log t= 1/6 to 1/20 for

the ADL samples.

For the MgO-doped ADL samples (GBG32), no significant change was noted
in the grooving rate or extent of faceting on the grooves, as compared to
undoped ADL samples. By comparison, enhanced surface diffusion is found
for Lucalox material with Mg, Si and Ca on the surfaces. Apparently more
than one impurity is necessary for such enhancement. This is consistent
with Robertson's (1969) intentional doping with CaO and SiOz, discussed
previously.

D. Interpretation of Grooving Behavior for Low Temperatures (T<1500°C)

In the temperature range of 1400-1500°C, only Lucalox materials were
annealed. The ranges of implied diffusivities for these samples are larger
than those at 1600°C. This fact is consistent with the development of
faceted groove profiles leading to a broader range of groove widths. The
distribution of the log wDS values calculated from the individual groove
widths (using the average of the extremes in assignable width for each
groove) is approximately normal within this range and similar to the
distribution at 1600°C. This suggest that the best estimate of the

"average diffusivity' is at the center of the band of wD_ values.
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This is the temperature range where lattice diffusion apparently has
a significant contribution, as indicated by the agreement of the band of
creep [Cannon and Coble (1975)].

implied D, values with an extrapolation of D

L L

Note however, that the band of implied DL values extends below the
extrapolated line. This suggests that the variability in grooving rates is
largely caused by the orientation dependence of y and the geometry
coefficient A, not by a variability in the diffusivities. The growth of
small groove widths is probably controlled by surface diffusion; at larger
groove widths, lattice diffusion is the primary mass transport mechanism.

In general, the thermal grooving behavior below 1400°C shows that:
(a) the bands of implied diffusivities are larger than at higher temperatures;
(b) there is no systematic variation of the magnitude of the implied
diffusivities with sample purity level; (c) groove widths near the limit
of resolution in the SEM are usually those giving low magnitudes of mDS and
usually narrow ranges in log wDS; (d) the samples where second phase
precipitated along boundaries gave lower magnitudes for the wDS values;
(e) the tendency for surface faceting increased with lower temperature,
higher purity samples, and with less assurance that MgO is on the surface;
(f) faceting is observed when the groove width is >70.25 pm for samples
where second phase was not exsolved along boundaries; for the latter
samples, no faceting was observed; and (g) for widths near the limit of
resolution, it is not possible to distinguish whether faceting or asymmetric
profiles are present.

In this low temperature regime: (a) lattice diffusion is not an
important mass transport mechanism; the extrapolated D;reep in line inter-
sects only the lowest values of the implied DL ranges; (b) many impurities

are above their solubility limit; (c) however, at the lower temperatures
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appreciable time is required to bring these impurities/dopants to the
polished surface by lattice diffusion (or from a combination of boundary
and surface diffusion) or by vapor transport from the packing powders; and
(d) a strong anisotropy in y is present as evidenced by the faceting.

Given all these contributing factors, it is concluded that thermal grooving
for all samples at temperatures below 1400°C is dominated by complex

impurity/orientation interactions.

E. Summary of the Surface Diffusivities

For the high temperature grooving data, lines representing the best
estimates of the surface diffusivity for the pure and Lucalox materials are
shown in Figure 38. The activation energy for the pure materials is 120
to 130 kcal/mole, for the Lucalox material, 160 to 170 kcal/mole. In the
low temperature regime, a band defined by lines with an activation energy
of 765 kcal/mole adequately represents all samples. The actual magnitude
for mDs may be quite orientation and composition specific. These activation
energies compare with 114 to 140 kcal/mole for lattice diffusion, and
100 kcal/mole for boundary diffusion of Al  [Palodino and Kingery (1962),
Cannon and Coble (1975), Hollenberg and Gordon (1973), and lLessing and
Gordon (1977)]. Extrapolating these lines to the melting point yields DS
values (w=Ql/3) of '\:10—6 cmz/sec and m10—4 cm2/sec for the pure and least
pure materials. These values are less than that observed for fcc-metals,

10“3 cmz/sec [Gjostein (1967), Bonzel (1975)].

The surface diffusivities calculated from the thermal grooving data
are extremely variable, especially at lower temperatures. The variability
extends beyond a presumed maximum of 3X in y. It is not possible to

determine the actual variability in st because the numerical coefficient
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is v5X, based on the range of W/Wiso for various facet orientations
(Figure 35). A 5X difference in Ai corresponds to a 625X variability in
mDS. Thus, the variability in Ai could account for the ranges in the cal-
culated st values. The observed groove profiles do not exhibit charac-
teristics indicative of such extremes in the Ai—values, particularly at
the higher temperatures (small ia|, i.e., a facet plane nearly parallel to
the sample surface). The groove profiles are often distorted only
slightly where surfaces are smooth; further, the occurrence of both half-
groove widths with either very small or very lafge W/wiso values is
infrequent. A better estimate for the variability in Ai is 2X, resulting
in a possible 16X variability for mDS. This variability in Ai could
account for the ranges in st at the higher temperatures, but not at the
lower temperatures.

F. Dependence of Faceting on Impurities and Temperature

The presence of excess Mg0O in the embedding powder reduced the degree
of faceting on LTVA samples. The following is an interesting example showing
this. Less faceting was observed on the samples where Mg0 was added to the
alumina embedding powder (GBG12); this sample presumably contained less
magnesia and other impurities due to its longer annealing in vacuum at
high temperature and slower cooling rate. More faceting was observed on
the samples where no Mg0O was added to the alumina powder; these samples
- were annealed for longer time. However, the longer annealing time should

1/4

not influence the result if facets develop in proportion to t y €484,
. . 1/4 1/4
the relative facet size for the shorter time is (t,/t ) = (1/3)
1’ "TOTAL
= 0.76. Instead of observing smaller facets when excess magnesia is present

at the shorter time, the surfaces are smoother (linear faceting rather

than choppy networks are often present).
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In general, the amount of faceting depends on the impurity level of the
sample and the annealing temperature. For the samples with the highest
impurity levels (the LD material), little faceting was noted down to the
lowest temperature used, 1092°C; in fact, considerable amounts of second
phase were exsolved at the lower temperatures. For the purest samples (ADL
mater.al) faceting was observed at all temperatures, even where the material
was ‘oped with MgO (GBG32). For a material with an intermediate impurity
level (BK material), the amount of faceting was decreased by increasing
the annealing temperature, [compare GBG29 (1600°C) with GBG31 (1840°C)].

At higher temperature for the freely evaporating samples, relatively
smooth surfaces and raised thermal groove profiles were noted. Such
profiles have been observed in other doped materials under nonequilibrium
conditions between the solid and vapor. Coblenz (1981) found a similar
behavior for B-doped Si. Allen (1966) observed such profiles for Mo-33Re
at 2200°C and for W-25Re at 3000°C. Presumably this raised profile is
caused by a reduction in the evaporation kinetics near the grain boundaries
by the interactions of dopants or impurities with kinks and ledges; this
assumes that the surface concentrations of the impurities or dopants are
increased due to fast transport of these by boundary diffusion. Winterbottom
(1973) has reported that hillocks on the surfaces of freely evaporating Ag
are due to clustering of impurities. Further documentation of these
effects using Auger electron spectroscopy is necessary and can, in principle,
yield information on the shape of the y-plot and its dependence on surface

impurities.
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G. The Role of Surface Diffusion in Initial Stage Sintering

In a recent review of the initial stage sintering mechanisms by
Dynys et al. (1979), Appendix I, it was concluded that the boundary
diffusivity deduced from steady state creep [Cannon and Coble (1975)] is the
only plausible (and reliably known) diffusion mechanism which could account
for the observed shrinkage of alumina powder compacts; lattice diffusivities
are too low. Those boundary diffusivity data are also used here to
evaluate the importance of surface diffusion as a contributint or controlling
initial stage sintering mechanism.

There are three ways in which surface diffusion may contribute to
initial state sintering when the only other operative mechanism is boundary
diffusion: (1) If mDS>86Db, then coarsening by surface diffusion is the
dominant transport mechanism [based on the best set of models, as reviewed
by Coblenz et al. (1979)]1. (2) If wD 2 0.05 dDb, then surface diffusion
will limit the redistribution of mass transported to the surface by
boundary diffusion, i.e., shrinkage is controlled by surface diffusion
[Coblenz (1981)]. (3) If 86Db>st§0.056Db, then boundary diffusion is the
dominant and controlling sintering mechanism. Using these criteria, lines
defining these regimes are drawn on a plot including the implied wDS values,
Figure 39. For wD values above the wDS/GDb line, coarsening by surface
diffusion is the dominant sintering mechanism; for wDS values below the
6Db/SRC line, surface redistribution control (SRC) by surface diffusion
controls sintering; between these lines, boundary diffusion is the dominant
transport mechanism.

The results of this study show that for T>1600°C or T<1100°C boundary
diffusion is the dominant initial stage sintering mechanism. For

1100<T<1400°C, surface redistribution controlled sintering may occur for
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orientations or compositions where st is slow; for orientations or compo-
sitions where mDS is higher, boundary diffusion is again the dominant trans-
port path in sintering. Note with respect to the uncertainty in wDS, these
trends would hold regardless of where a line is drawn in the low temperature
regime.

In a previous work (Appendix I), it was noted that for T<1500°C neck
growth in large spheres was slower than predicted by boundary diffusion.
Data for shrinkage of powder-compacts (Figure 40) shows that, in some
cases, the rates are very similar to those predicted by boundary diffusion
and in others the rates are much lower. These low shrinkage rates have
been attributed to the adverse effects of competitive coarsening by surface
diffusion [Johnson (1971)]. The present results suggest that surface
diffusion is not large enough to cause the low shrinkage rates, i.e.,
wDS/GDb<8 for all temperatures. It is also of interest that the surfaces
diffusivities determined from surface area reduction (not permeability
change) on classified powders agree with those deduced from thermal
grooving, but the rates of surface area reduction are less than anticipated
if boundary diffusion were also considered. These results suggest
that for fine powders as well as the large spheres, boundaries may not
always act efficiently as point defect sources or sinks, as suggested in
Appendix I. The creep data on fine grained A1203 [Cannon, Rhodes and
Heuer (1981)] also sugrests that boundary sliding or point defect

annihilation is sometimes rate controlling.
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VITII. CONCLUSIONS

1. Thermal grooving at grain boundaries for the Al?_O3 materials
studied occurs primarily by surface diffusion. This is indicated by the
magnitudes of the grooving rates and by the time dependence for material
for which there is no significant faceting on the groove profiles. The
next most important alternative mass transport mechanism is lattice diffusion.
Based on a comparison of the implied DL values with literature values for
Lucalox materials, lattice diffusion may make an appreciable contribution
at larger groove widths in the temperature range of 1400 to 1500°C.

2. The thermal grooving rates are variable for all samples annealed
between 900 and 1840°C; the variability is attributed primarily to the
orientation dependencies of y and wDS, although impurity effects may also
be important. The variability increases with decreasing temperature.

3. The surface diffusivities calculated from the thermal grooving
data are extremely variable. This variability results from using models
assuming isotropic surface energy and surface diffusivities. The
coefficient (Ai) in the grooving models depends on orientation dependencies
of y and wDS. The variability in Ai could account for the variability in
the calculated st values.

4., At 1600°C, the time dependence for the grooving of the undoped ADL
samples is d log W/d log t Y 1/6 to 1/20. This results because the groove
morphology is changing due to faceting and indicates that either slow
diffusion on the facet plane or that facet translation (adding atom layers
to or subtracting layers from the facet plane) is the rate controlling
process.

5. At 1600°C and 1840°C, the presence of Mg, Si, and Ca on the surface

enhances the surface diffusivities.
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6. The implied Ds values are non-Arrhenius. At the lower temper-
atures, (<1300°C) an activation energy of “65 kcal/mole adequately represents
the results for all materials studied; at higher temperatures (>1400°C),
n125 kcal/mole represents the results in the pure materials, and an
activation energy of 165 kcal/mole fits the results for the Lucalox
materials.

7. The development of faceting is decreased for higher impurity
levels and higher temperature.

8. For Lucalox samples, the tendency for faceting was decreased by
preventing the loss of magnesia.

9. At 1600°C, magnesia doping by itself does not prevent faceting in
otherwise pure materials. Comparison with Lucalox materials indicates that
the presence of additional impurities, such as calcia and silica, is
necessary to decrease faceting.

10. Based on boundary diffusivity data from creep experiments [Cannon
and Coble (1975)] and this surface diffusivity data, the initial stage
sintering of A1203 occurs by boundary diffusion below 1100°C and above
1500°C; in the temperature range 1100 to 1400°C, surface redistribution
(of matter transported by boundary diffusion) could control sintering for

orientations or sample compositions with low surface diffusivity.
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IX. SUGGESTIONS FOR FUTURE WORK

(1) Determination of the low energy planes for A1203.

Experiments need to be done under near-equilibrium conditions
thereby avoiding free evaporation or rapidly changing shapes. It is
anticipated that useful information could be obtained by: (a) indexing
the planes that develop from thermal faceting; methods for indexing
include x-ray techniques, and electron channeling (Choates) patterns
(information could also be deduced from the orientations of the facets
with respect to the initial surface of a crystallographic direction
in the plane of the initial surface is known), and (b) study of the
orientations of facetted pores entrapped within single grains using
the TEM.

(2) Effects of various facet planes on thermal grooving kinetics.

With prior knowledge of which planes form facets, and by knowing
the orientations of both grains, the effects of facets on thermal
grooving kinetics could be documented.

(3) Accurate measurement of dihedral angles and the amount
of asymmetry near the groove root.

(4) Simultaneous measurement of surface area reduction and
shrinkage for powder compacts composed of a reasonably spherical,
very narrow size distribution powder.

For uniformly-packed compacts, useful information about the
relative magnitudes of the surface and boundary diffusivities could
be measured. By adding detailed neck size measurements, the absolute

magnitudes of diffusivities could be inferred.
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ABSTRACT

Neck growth data from model experiments on Al,05 were aralyzed
assuming various initial stage sintering mechanisms. These results,
along with mass transport coefficients report:z1 in other studies, are
used to deduce the probable transport paths. Sintering maps werc
constructed to delineate the ranges of temperature, particle size,
and neck size over which surface diffusion, boundary diffusion, or
lattice diffusion is dominant. Inconsistencies among the reported
diffusion coefficients are defined and discussed.

INTRODUCTION

Many sintering studies have been conducted on alumina over the
last twenty years. Although the sintering of alumina is generally
thought to occur by solid.state diffusion over rnost of the conditions
of interest, there is no tonsensus regarding the dominant or rate
controlling transport path. Furthermore, there are no adequate ex-
planations for the effects of additives, such as MgO, on the sintering
behavior of Al 03. There are several reasons for this state of
affairs: (1) 5isagreement has existed as to the "proper" sintering
model for each transport path, (2) the data base for the mass trans-
port coefficients is incomplete and unreliable, and (3) complications
from size distribution effects, packing jrregularities, and particle
rearrangement make interpretation of sintering behavior of powder
compacts difficult. :
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This paper is a companion to our Critical Review of the Initial
Stage Sintering Models(lg in which the most appropriate model is iden-
tified for each transport path. Inthis paper tine initial stage sin-
tering behaviocr of Al,03 is examined. The neck growth from sphere-
plate experiments from this and previous studies 2,3) is analyzed by
using the various sintering models in an attempt to confirm the choice
of models and identify the controlling sintering mechanisms in Al,03.
The results from these model experiments are used to calculate

various apparent diffusivities (wDg, 6Dy, and D;,)T which are then
compared to transport data for Al,;03, taken from the literature and
recent unpublished results. This data base comes from many different
types of experiments, including tracer measurements and creep rate
measurements for lattice and grain boundary diffusivities, and sur-
face smoothing or grain boundary grooving experiments for surface
and/or lattice diffusivities. Some inconsistencies are indicated by
these comparisons which we attempt to resolve or put into focus by
considering the implications with regard to observed sintering and
creep behavior.

Several mechanisms for material transport are possible for ini-
tial stage sintering: vapor transport, dislocation motion, and
lattice, surface or grain boundary diffusion. For initial stage
sintering of Al,03, vapor transport need not be considered because
the vapor pressures needed to dominate diffusive transport are much
greater than those calculated from the thermochiemical data for al?—
mina under the experimental conditions used here. Ogbuji, et al. 5)
have observed that dislocation formation and motion occurs during
early stage sintering of micron sized alumina powders heated through
a rapi?6§iring cycle (1 hour) with a maximum temperature of 1500°C.
Morgan has also observed dislocations apparently formed during
sintering. In contrast to these observations, Ashby ) has predicted
that the contribution from dislocation activity will be relatively
small, and cnly exhibited in early transients. These studies indi-
cate that the conditions under which dislocation motion contributes
to sintering are not well uadercztond or documented. Since ob-
served particle size effects on the sintering rates support dif-
fusional transport mechanisms, only surface, boundary, and lattice
diffusion mechanisms are discussed here as potentially providing
contributions to sintering in Al,03. Analysis of ¢iffusion control-
led sintering is complicated by the requirement that both ions must be
transported in a stoichiometric ratio between sources and sinks. The
rate for any process will be limited by the slowest ion along its
fastest path. Thus, in principle, several possibilities for the

o

lattice diffusion coefficient of species i

o
1]

boundary width-diffusivity product for species i

R

g

=)
[

1l

surface width-diffusivity product for species i
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rate limiting process exist, j.e., either species along the boundary,
surface, through the lattice or gas paase. For example, tracer dif-
fusion studies 8,9,10) pave shown that oxygen has a much lower lattice
diffusivity than aluminum in Al,03. Consequently, in order for
either aluminum boundary or lattice diffusion to control the shrin-
kage process, oxygen boundary diffusion must be relatively rapid.

In creep studies, fast boundary oxygen transport has been E%stulated
to explain lattice diffusion controlled creep kinetics 11, ‘). In
sintering studies, however, lattice diffusion kinetics could be ob-
served even when GDg is small enough to control mass transport from
the grain boundary. If ng is larger than GDg,neck growth could be
dominated by transport from the sphere surface which would be limit-
ed by Dj~ or wDg, and no shrinkage would occur.

Further difficulties arise in interpreting mass transport pheno-
mena because of uncertainties regarding the effects of impurities on
the diffusivities. [Enhancement of Dﬁl by both divalent (Fe+2,Mg+2)
and tetravalent(Ti+h) add%tives has been postulated to explain in-
creased diffusional creep 11,12) ang sintering rates 14,15) observed
for s?ec3fic grain or particle sizes. In c?ntsast, tracer measure-
ments 10/} of GDg and values of GD%l deduced'1?) from creep rates of
fine-grained Al,03 appear to be unaffec%ed by Mg or Y additions.
Values of 6DQ have also been determined 11) from the transition from
lattice to boundary diffusion controlled creep in iron oxide doped,
large grain size Al,03. These GD% values are much larger than the
results of the tracer measurements by Reddy. The major differences
appear to result from the method of measurement and not simply from
impurities. The surface diffusivity data do not indicate a signi-
ficant dependence on cation impurities, except when a Ca0-5i0,p
second phase is present which sign%fisantly increases the surface
transport rate in localized areas. 16

If the grain boundaries fail to operate as efficient sources
and sinks for point defects, then the sintering rates would be lower
than predicted by the models which assume diffusion control. There
is evidence of imperfect b?undary behavior in the creep of fine
grained Al,03 {< 10um). 1T} However, this behavior can be explained
either by imperfect source and sink operation or by difficult grain
boundary sliding. .

EXPERIMENTAL PROCEDURE

Sphere-plate model experiments were performed in a vacuum fur-
nace equipped with tantalum heating elements and shields. Polished
sapphire (3.0, 2.0, 1.0, and 0.40 millimeter diameter) and ruby

(0.1k millimeter) spheres* were sintered at temperatures from 1500
to 1900°C at times from 0.6 to 70.0 hours. The spheres were held on

t Adolf Meller Company



a polished sapphire plate* by means of a sapphire lamp tube®® which
was covered by another sapphire plate. This sample enclosure, used
to reduce vaporization effects, was placed over a partially sin-
tered, coarse, high-purity alumina powder* held within a covered
tungsten or alumina crucible. Doping with magnesium was accomplished
prior to the sintering experiments by vapor phase exposure of the
sapphire plates and balls to a two-phase mixture of spinel and alu-
mina at the sintering temperature. Neck sizes and shapes were sub-
sequently recorded by fracturing the spheres from the plate and then
photographing the necks found on the plate. The neck patterns on a
few spheres were examined and found to be mirror images of those
found on the.plate. Consequently, most observations were made only
on the plates.

RESULTS

In contrast to the radial. neck growth assumed in modeling,
irregular or faceted neck growth patterns were observed for all
sphere sizes, Fig. 1. These irregular growth patterns may result
from a neck surface instability which is perhavs analogous to den-
dritic growth instability. A micrograph of the smallest diameter
spheres (0.135mm), Fig. la, shows a somewhat faceted neck cross-
section for the sphere-sphere case, while in the sphere-plate neck,
the instability is more evident. Greater neck surface instability
was found for smaller relative neck sizes and larger sphere sizes.
This is seen in Fig. 1b for the largest spheres (3.0mm). Here, a
tendency for cross-growth between the fingers is evident with a re-
sultant entrapment of pores on the grain boundary; this effect was
found only for the larger spheres studied. Additionally, preferred
growth directions are suggested because uniform spacings and lengths
"of the fingers are seldom observed. A high magnification micrograph
of another finger growth area, Fig. lc, shows the presence of faceted
fingers indicating slow growing planes. These observations of the
neck morphology suggest an anisotropy in wDg and/or YSV'+

Another feature of neck growth, indicated by the bright ridge
on the sphere surface adjacent to the neck surface in Fig. la, is
undercutting. This is also clearly evident in Fig. le. Undercutting
implies that)either wDg or QL provides a major contribution to the
sintering. '

One observation of the dihedral angle was made on a pair of
spheres sintered together and cooled from 1870°C. The measured

* (1120) Linde

% A.D. Little

$ Alcoa, XA-139

t+ The effect of the Cr,03 dopant in the ruby spheres was
presumed to be negligible.

179.



(a) (b) (c)
Fig. 1. Observed neck growth features, SEM micrographs:
a) (x/a) ~ 0.60 for 0.1kmm, b) (x/a)~0.017 for
3.0mm, and c) 3.0mm.

_angle was 110° which is less than the 150° dihedral angle usually
quoted for Al,04.(18

Due to the neck surface instability, the data were analyzed in
terms of normalized neck sizes, (x/a), defined by the maximum (cir-
cumscribed) and minimum (inscribed) circle diameters observed for
each neck. The (x/a) values obtained were between 0.002 and 0.230.
Hence, for thes? neck sizes the small neck assumptions discussed by
Coblenz, et al.(1l) are valid. The variability in (x/a) for each
neck precludes determination of an exact size or time dependence.
However, by comparing the slopes of the results when plotted as
either (x/a) versus time (for each sphere size) or (x/a) versus
size (at constant times) the analysis reveals that either surface,
boundary or lattice diffusion could be the dominant mechanism. That
is, the data are adequately described by (x/a) « (t/a*)¥6 or
(t/aa)ll5 with a slight preference for, the first relation. We note
that the data also fit (x/a)« (t/a")v7 adequately but not as well
as the previous two relations and are not well described by
(x/a) e« (t/aa)?"; this is consistent with the choice of surface and
lattice models of Coblenz, et al. 1

The data were subsequently converted to average diffusion cocf-
ficients with standard deviations.* 1In all cases, we assumed that

* The diffusivities were calculated from Eqs. (16), (2k), and (31) of
Ref. (1) except the coefficients K were corrected for the sphere-
plate geometry: K(surface) =116 19); K(boundary) and K(lattice) of
Eqs. (2h) and (31), are increased by a factor of four which results
from an increase of the curvature by a factor of two and decreas-
ing the left side of Eq. (22) by a factor of two.
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Fig. 2. Lattice Diffusivities Fig. 3. Boundary Diffusivities

only one mechanism was operative and that the neck surface instabil-
ity does not completely invalidate the model expressions. As would
be expected, given the ranges and inexact size and time dependencies
of the observed neck sizes, no systematic variation of the calcul-
ated diffusivities with sphere size or length of time (variable (x/a))
was observed. Calculated diffusivities for each interpretation

were plotted with diffusion coefficients from other sources for com-
parison in Figs. 2, 3, and k.

Lattice diffusivities estimated from the experimental data are
plotted in Fig. 2 along with those calculated from creep behavior of
magnesia saturated alumina 12 , tracer values 8,9,10) and from ?hi
sphere sintering experiments of Kuczynski, et al. 2) and Coble.!3
Data ffg? the latter two studies were re-evaluated using the Coblenz,
et al. model set. The apparent D, from the present data is less
than those found in either of the sintering experiments and has a
slightly higher activation energy. The AH apparent, = 135 kcal/mole;
whereas the re-evaluated AH from Kuczynski, et 21. = 120 kecal/mole.
The magnitudes and activation energy of the Dj agree reasonably ve
with the aluminum lattice tracer diffusivity. However, assuming Df,
is rate controlling, magnesium doping is expected to alter Dy~ and
the neck growth rate. In contrast to this, no effect of magnesium
doping on the relative neck sizes was observed.

The boundary width-diffusivity products evaluated from the neck
growth data are presented in Fig. 3. A ig R%?tted are 8Dy's for
both iong ai deduced from creep studies ’ and the GDg determined
by Reddy‘(10 . Reddy reported GDg as a set of data points which fall
within the box outlined in Fig. 3. No effect of the magnesia was
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Fig. 4 Surface Diffusivities

evident. The dashed line indicates a coarse fit of this data. The
'GDb values deduced from the neck growth data agree reasonably well
with the magnitude cf Reddy's 6Df data, particularly at the lower
sintering temperatures. However, the activation energy of Reddy's
GDg 0b220kcalJmo%e; is much larger than that deduced from the pre-
sent and previous neck growth data (v 160 kcal./mole).

The other boundary diffusion dat? c?mparlson is with the GDﬁl
values calculated from creep results. In this case, the 68Dy,
from sintering agrees well with the extrapolated GD% from creep
at the higher temperatures. However, the agreement is poor at lower
temperatures. Interestingly, no effect of magnesia doping was ob-
served on the creep strain rates for grain sizes where boundary dif-
fusion was dominant, indicating an apparent insensitivity of &Dy~ to
this dopant.

Estimates of the surface width-diffusivity product deduced from
neck growth data are plotted in Fig. 4. Also included in this
figure are all published wDg values, measured by a variety of tech-
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niques(l6’2o-26), and recent wDg data by Dynys, et al.(27) obtained
from grain boundary grooving results of high—purity+ Al,03 and
Lucalox Q@ . The wDg ranges correspond to the minimum and maximum
groove widths determined. The symbols represent the wDg calculated
from the median values of the groove widths. The published values
have been re-evaluated to include the assumed surface width, and

a constant surface energy (905 ergs/cmz) and molecular volume

(2.2 XIO‘23cm3). Most of these results lie within a band, a factor
of ten wide, defined by lines 8 and 9 in Fig. 4. These two lines
were obtained from surface smoothing measufemints on (0001) and
(1120) planes of sapphire by Huang, et al. 23). The only other
possible contributing mechanism for these experimental conditions is
volume diffusion. However, based on tracer Dy values for Al the
expected volume diffusion contribution to surface smoothing is ap-
proximately 1/100 of that measured. Hence this band of wDg values
is regarded as reliable. .Grain boundary grooving studies on pure
bicrystalslf%21a23) and Lucalox(l6gnfall within this band, so our
present conclusion is that magnesia doping has little effect on wDg.
Additionally, the data from surface diffusion measurements which
fall within this band are essentially independent of an air versus
vacuum environment. Using the band of published values and our grain
boundary grooving results, the heavy dashed line with the break is
considered to be a good approximation of wDg. The high-temperature
line has a AH = 126 kcal./mole. For the low temperature line, the
magnitude of the grain boundary grooving data was regarded as more
reliable than t?e galues deduced from permeability changes in sin-
tered compacts. 20) None of these experiments indicate which icn is
rate limiting although it is frequently assumed the wDg values are
for Al diffusion and that oxygen transport, perhaps through the
vapor, is easier.

Comparing the wDg values calculated from the neck growth data
with the band of values discussed above shows good agreement except
at the lowest sintering temperature, although the apparent activa-
tion e?esgy of 160 kc?l./mole is high. The results of Kuczynski,
et al.(2) and Coble(3) also give similar agreement.

DISCUSSION

The diffusivities calculated from the neck growth data show
reasonable agreement with the magnitudes of either the aluminum lat-
tice tracer or surface diffusion coefficients, especially at the
higher sintering temperatures. Either mechanism is consistent with
the observed undercut neck profiles. Reasonable agreement was also
found with the magnitude of the GDg reported by Reddy at the lower
sintering temperatures. For assumed surface or boundary transport
paths, the apparent activation energy was significantly different

t Samples with 220 ppm total anion and cation impurity from W. H. °
Rhodes, AVCO Corp., Lowell, Massachusetts.
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than that for the comparison values. Thus assuming only one trans-
port path, comparisons of the activation energies favors the inter-
pretation that neck growth is controlled by Dﬁl. However, the ab-
sence of an effect of magnesia doping on the neck growth rates is
inconsistent with lattice diffusion controlled sintering.

The possibility of contributions from several paths must also
be considered. There are two potential sources of matter, the grain
boundary and the sphere surface. Mass flow from the boundary results
in shrinkage and for Al;03 is limited by Rhe slower transport rate
of GDg versus the faster of the GD%l or DLl transport rates. Al-
ternatively, diffusion from the sphere surface is limited by the
slower transport rate of ng as compared to the larger of the wDg
or Dj~ transport rates. Neck growth will be dominated by the faster
of these pairs. By comparing the magnitudes o: the diffusivities,
nﬁik growth limited by 6Dg (Reddy) at the lower temperatures and by
Di~ (tracer) at higher temperatures is suggested for the shrinkage
process. Either wDg or Dy~ are plausible controlling diffusivities
for the coarsening mechanisms.

For most interpretations the neck sizes and hence the calculated
diffusivities tend to be smaller than expected. A possible cause is
the low dihedral angle which decreases the driving force for each
sintering mechanism. Although the existent models do not adequately
accoun? gor the effects of low dihedral angles when undercutting
occursil) approximate corrections for a dihedral angle of 110° will
increase the estimated diffusivities by a factor of 2 to 50. For
the cbserved neck sizes, calculated boundary or lattice diffusivi-
ties may be increased by a factor of 2 to k. The factor for surface
diffusion is of order 10 or more and increases with (x/a). These
factors would be smaller but important for th? 144° to 160° dihedral
angles observed for symmetric tilt boundaries 21); more observations
of dihedral angles are needed. Theii approximate changes in the cal-
culated diffusivities improve the Dy -GDg data fit at lower temperc-
tures but do not alter the overall interpretation. The wDg interpret-
ation becomes significantly better at lower temperatures but at higher
temperatures appears unable to account for all the neck growth. The
effect of the neck surface instability on these comparisons is uncer-
tain, but it is thought that the instability indicates significant
transport from the sphere surface.

In comparing diffusivities from various studies we are puzrled
that the neck sizes observed are significantly smaller than predicted
by the 6D%1 deduced from creep. Alt oggh ?oundary diffusivities
estimated from sintering of compacts 14,28) are also often lower
than this GDﬁl, uncertainties caused by size distribution and pack-
ing problems in compacts may undermine confidence in the values of
apparent diffusivities from compacts. The smaller than predicted
neck sizes suggest that interface control may be important, especial-
ly for the sphere-plate geometry for which Cu spheres have been found
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Fig 5. Array of sintering maps for Alp03. The rows are for various pos-
sible 6Dy, values for each ion; the columns represent alternative
aluminum lattice diffusivities and oxygen surface transport
rates. Dﬁ(S), Dﬁ(C), and Dﬁ denote fields where aluminum lat-
tice diffusion is controlling and only shrinkage, only ccarsen-
ing, or both shrinkage and coarsening occur, respectively.
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to rotate to special orientations while sintering(29). Presumably
rotation to special boundaries can lower the 8Dy for either species
or cause difficult defect annihilation or creation. The net result
of these is that shrinkage mechanisms are inhibited.

A more troublesome aspect of the diffusivities used for the
above comparisons is that predicted behavior based on these values
js substantially different and often not in agreement with ob-
served behavior. In order to elaborate the implications of the
various plausible 6Dy values, a matrix of sintering diagrams has
been formulated as shown in Fig. 5. In the rows, we alternately
assumed that-GDg was Reddy's value or that from creep and 6Dy~ was
of comparable or lower magnitude than 6Dg (Reddy) or the value
from creep. Two comparisons are introduced in the columns. Cne is
the effect of rapid surface oxygen transport compared to an assumed
equal wDg value for both ions. The other shows the behavior for
the two plausitle Dﬁ values. The intent of this array of maps is
to pictorially represent the implications of these various possible
diffusivities with respect to the behavior of sphere-plate experi-
ments and powder compacts for -the range of possible diffusion coefl-
ficients.

The srray of sintering maps shown is for the initial stage
si tsring of 3.0 millimeter spheres. These diagrams are formulat-
ed 1 by equating the neck growth rate expressions for any two
mechanisms. The resulting lines define fields in which one transport
path dominates or controls the sinteri -~ process, but is not neces-
sarily the only contributing mechanism. Transition temperatures for
boundary to surface diffusion control are size invariant. However,
the (x/a) values for a transition from either boundary to lattice
or surface to lattice diffusion controlled neck growth scale ap-
proximately with inverse particle size. Decreasing the sphere size
by a factor of ten increases the (x/a) value at which the transition
occurs by approximately a factor of ten. Hence, the fields at the
bottom of the maps indicate the controlling sintering mechanism for
10ym sized powder at the end of the initial stage (beginning of the
intermediate stage).

Of the diffusivities considered, the various 8Dy values provide
the most significant differences and conflicts with observations.
Both 8Dy's deduced from diffusional creep are much larger than Reddy's
value. Although studies of metals jndicate that diffusivities ?e-
duced from diffusional creep may be & factor of 3 to L too high ),
this factor is insufficient to account for the discrepancy between
these values. If Reddy's value of GDb is correct, two problems are
indicat?d. F;rst, most of the creep rates reported in a dozen or soO
studies 11,12) gre 1 to b orders of magnitude higher than oxygen
transport would allow. Second, lattice diffusion kinetics are fre-
quently indicated by the grain size depend?nce and the apparent
diffusivities for medium grain sized Al203 11,12,31~-33), This can




only be vossible if 6D%/6Dﬁ1> 100(12), which would require a much
‘lower 6DP1 than indicated or GDg higher than the tracer value. The
situation is similar for sintering, Fig. 5. If 6D82'5Dﬁ1 (row III),
boundary, but not lattice controlled kinetics would be predicted to
control shrinkage. Assuming Redgx's value of §DP (rows II or IIT)
coarsening mechanisms by either 1 or mDS would dominate shrinkage
mechar.isms below 1500°C for all particle sizes. Assuming large Gbg
and small GD%l (row I), coarsening dominates shrinkage below 1500°C
for micron sized particles. For submicron particles virtually no
shrinkage would be expected below 1500°C foir any of the assumptions
in rows I-III, i.e., small GDﬁl or 8Dp (Reddy). The predictions fr?m
rows I-III are incorrect because shrinkage is observed below 1100°C 28)
The most satisfying set of 6Dy's with respect to shrinkage of powder
compacts and creep behavior is that deduced from creep studies

(row IV). We do not understand the extreme dicagreements between the
8Dy, values indicated by mass transport and tracer studies.

For the sphere-plate experiments the behavior appears to be
more like that indicated in rows I, II, or III. We do not believe
this supports the tracer value of GDg for general grain boundaries.
Instead we are inclined to attribute this behavior to the formation
of special boundaries with low GD%l or poor source/sink efficiency
in these model experiments. .

For micron sized powder compacts, the behavior indicated by row
IV indicates surface diffusion would be dominant at very lcw tempera-
tures. Above 800°C the sintering would be dominated by boundary
diffusion controlled shrinkage, with some coarsening from wDg. At
higher temperatures and larger neck sizes, surface (coarsening only)
or lattice diffusion (coarsening and shrinkage) make increasingly
important contributions. Simultaneous shrinkage and coarsening is
then predicted and is experimentally observed.

An effect OfDKfpid oxygen surface transport is to allow coarsen-
ing controlled by 7, to dominate neck growth. At large neck sizes
for assumedAlarge 6D8, it would normally be expected that a transi-
tion from DLl to 5Dg Q?ntrolled shrinkage should occur. Rather a
transition from the Di‘ controlled coarsening and shrinkage regime
to a 1 controlled coarsening field occurs. Alternatively, when
both ions have the same wDg the lattice fields are for transport
from the grain boundary only (this is equivalent to surface diffu.-
sion being limited by oxygen transport). In this case, shrinkage
with no undercutting would prevail when Dy~ is dominant. Our ob-
servations of undercutting indicate that either wDél is important
for all our experiments or that there is either a large ng or rapid
vapor transport of oxygen which allows Dj~ controlled undercutting.

The most apparent effect of increasing Dﬁl is to enlarge the
Dﬁl fields. However, an interesting situation is seen for the case
of the smaller Ll (tracer) and D% (creep), row IV-column A.

1
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Here, due to the break in the proposed wDg curve, wDg dominates both
at low and high temperatures and obviously is never completely neg-
ligible in the §DEL fields.

SUMMARY

Neck growth in sphere-plate sintering of Al,03 is most probably
controlled by aluminum lattice or surface diffusion. The lattice
diffusion contribution may reoresent transvort primarily from the
sphere surfaces rather than the grain boundaries. Inconsistencies
among the published data on boundary diffusion of Al and O exist
which preclude an unambiguous understanding of the sintering be-
havior of Al203.

The sintering rates calculated from our neck growth data are
lower than those predicted assuming control by GD% . These lower
rates may reflect the development of special boundaries in these
sphere-plate experiments which have low GDb's or are inefficient
vacancy sinks or interstitial sources. The behavior of powder com-
pacts seems to be different than indicated by the sphere-plate ex-
periments in that boundary diffusion controlled shrinkage may be
more important in powder compacts.
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Appendix II. Correction for the Specimen Tilt in the SEM

A representation of the image formation geometry in the SEM is
shown in Figure Al (Hearle et al. (1972)) where the specimen tilt axis
is parallel to the flat sample surface and normal to the optic axis;

F is the focal point of the electron beam. It is shown here that the
error in determining the distance ac by use of the right-triangle ehk
is small; ac = eg/M, where M = the magnification. An upper limit for

the angle e is:

€ = tan * ObJe?t B1EE = tan t ad _ o.86°
working distance

bF ?

where the maximum value of ad is 30um and the minimum value for bF is

2mm. The greatest error occurs for the maximum sample tilt used,

]

8' = 60°. Consequently, eh = 2ek, hk = ¥3/2 ek, where ek is the

e

measured value. Since € is small, ih = hksine and gh = ihcsc 30°.
-Using the appropriate quantities, gh/eh = ¥3/2sine = 1.3%. Using more
typical values for ad and bF, gh/eh << 1%. Tilt corrections are needed
for measurements parallel to the tilt axis.

The largest error in using the SEM for measurement of the groove
widths results from error in tilt angle. Using equation (28), the
maximum error occurs when ¢' = 0, then W « 1/cos 6'. A 2° variation

of the tilt angle results in an error of approximately 6% when ' = 60°

for 6' = 45°, the error is approximately 47.
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Appendix III. Comparison of Thermal Groove Widths Measured by the SEM-

Technique with Two-Beam Interferometry.

The thermal groove widths of specific boundaries, measured by the
SEM-technique and by 2-beam interferometry, were compared, see Table Al.
Good agreement is found for both samples, although the agreement is

better on the sample which has a faceted surfaces, GBG29F (ADL material).

Table Al
Width
Sample Boundary 6' ¢' Width-Eqn(28) (2-beaminterferometry)
GBG27F 3-1 45° 51° 5.91-7.49 6.25-6.46
3-1 45° 8° 6.10-7.04 "
3-1 60° 0° 6.25-6.87 "
SEM tilt
3-1 correction 0° 5.94-6.25 "
31-3 60° 5° 6.87-7.50 6.74-7.10
4-1 60° 0° 7.73-9.02 8.33-8.54
4-2 60° 20° 5.10-6.37 5.83-6.04
4-3 60° 30°  4.00-5.33 4.58-4.79
GBG29F 2a 45° 30° 2.31-2.48 2,20-2.40
2c 45° 62°  2.43-2.87 2.40-2.80
6a 45° 45° 2.30 2.40-2.60
6b 45° 25°  2,10-2.32 2.40
6c 45° 48° 2.08 2.00
6d 45° 25°  2,08-2.18 2.00-2.40
6e 45° 5° 1.74-1.85 1.60-1.80
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Appendix IV. Correction for Temperature Drift, GBG27 and 29.

The temperature drifted during the final time interval of the ex-
periments where the rates of thermal groove formation on individual
boundaries were being monitored, upward by 15° experiment GBG27 and 15°C
downward for GBG29. An upper bound on the effect of this can be cal-
culated by assuming the altered temperature for the entire time period,

and by knowing the diffusion mechanism and its activation energy.

wﬂ = ki(ty + t»o)

Wn

kltl + k2t2 .

where n=3, 4 corresponds to volume or surface diffusion, respectively;
ti time interval the experiment; ki the kinetic coefficient at Ti; W,
the observed thermal groove width; and W, is the groove width which
would have been obtained if the entire experiment were at the initial
temperature. For this case, t;/(t;+t,) = 1/2. Values of the ratio,
W/W,, have been calculated for a range of plausible activation energies,
where T, > T;, see Table A2. The largest conceivable error is 7%; this
value has been used to extend the ranges of certainty for the appropri-
ate data as plotted in Figures 31 and 32. C(Clearly, the resulting error
does not significantly alter the tendency of many of the lines to

exhibit upward curvature.
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Table A2. Ratios Showing the Increased Thermal Groove Width Due to
a Step Increase of 15°C for a Surface or Lattice Diffusion

Process Assuming Plausible Activation Energies.

Wi, = |:1/3 + 2/3 exp% (-'I}—l_%;z_) o
Q(kcal./mole) | n=4 n=3 |
100 1.037 1.050
110 1.041 1.055
120 1.045 1.061
130 1.049 1.066

140 1.053 1.072
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