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ABSTRACT

Experimental measurements of intragranular pore size distribqtions
and of the shapes of distorted pores attached to grain boundaries have
been used to examine the pore/grain boundary separation problem. In-situ
evaluation of the ratio of the boundary mobility to surface diffusivity
from pore distortion measurements, coupled with prior analytic expressions
for the critical pore breakaway condition, have permitted the prediction
of specific intragranular pore sizes generated by separation. The predic-

tions 1ie within the distribution of measured intragranular pore sizes.

This work was supported by the Director, Office of Energy Research, Office
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1. INTRODUCTION

Conditions pertinent to the separation of pores from grain boundaries

1-4

during final stage sintering have been proposed in several recent analyses.
In particular, the analyses predict a lower bound, below which separation

is prohibited at disappearing (three-sided) grains. This bouhd is dictated
primarily by the grain boundary mobility, 3Mb , the dihedral angle, v ,

and either the surface diffusiVity, DSGS , or the vapor pressure, 'po .
Specifically, when pore motion is surface diffusion domihated, separation

is prohibited when the pore size, a , satisfies the inequality (fig. 1)3;
aZ = 2/3(2'Po s /M KT) (3-¥)sec(v/2) > C (1a)

where a. is the critical pore size (above which separation of pores
from grain boundaries may occur) and @ 1is the atomic volume. Evaporation/
condensation dominated pore motion dictates that separation is prohibited

whe_n,4

M < 2¥273n [p /201 370 (kT)3/21[0.13¢%-0.85v+1 .4]sec(/2)
(1b)
where m 1is the weight of a molecule and o is the density of the
material.

Separation above the lower bound is contingent upon the configuration
of the associated grains (although the separation condition invariably
becomes less stringent as the grain size 1ncrea$es). Specifically, for
surface diffusion dominated pore motion, the separation of a pore from a

grain boundary, with a radius of curvature R , 18 prqhibited when,3
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a3/R < /3‘(91/30555/Mka)(3-\P)sec(\¥/2) (1¢)

These concepts, and their implications, have yet to be subject to
© experimental validation. The intent of the presént paper_is to examine .
distributions of small, sepafated,»intragranular_pores in materials
exhibiting final stage miérostructures,-in order to ascertain their
- consistency with the predictions of the separation model. This assess-
ment is performed, using MgO, subject to pore size and temperature
conditions which permit surface diffusion dominated pore motion.

The corre]ation.betWeen experiment and theory is.cbntingent upon

]/3/Mb (eqn la), pertinent to the

knowledge of the mobility ratio, Dﬁdsg
separation event. A method for in s{tu estimation of this ratio from
the shapes of distorted pores attached to grain boundaries (which con--
stitutes an important prerequisite to the analysis of separated pores)
is described in the second section of the paper. Subsequent sections
are concerned with the analysis of separated, intragranular pores and

implications regarding the pertinence of the existing separation models

to the formation of such pores.

2. EXPERIMENTAL

The material used for the present study was an undoped MgO purchased
from Mallincrodt Chemical Company (refer to Tab]e I for the chemical
analysis). The original particle size ranged from 1 to 3 um. The powder
was calcined and vacuum hot pressed in a graphite die. The hot pressing
temperatures (1203 to 1303°C) and pressures (18 to 35 MPa) were selected
to achieve final stage microstructures. Following the hot pressing, the

surfaces were mechanically removed and heat treated, in vacuo, at the
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temperature (~ 1500°C) and time (v4h) needed'to induce pore-grain boundary

separation. Densities measured after hot pressing (~ 3.0 X 103Kgnf3

- ~~ 85% theoretical density) increased slightly after subsequent heat treat-

. | ment (to ~ 3.1 x 103 Kg m'3). There was no overt evidence of local void
volume increases (bloating) due to oxidation of carbon impurities. Subse—
quent ffne polishing was conducted using diamond paste (6 pm) and A1203
powder (0.3 um). The specimens were then therma]ly etched in air and
examined using optical and scanning electron microscopy. Typica1 micro-
graphs of separated intragranular pores and of distorted pores attached

to grain boundaries are summarized in fig. 2.

3. THE MOBILITY RATIO

3.1 The Theoretical Basis

The axial shapes of distorted pores (fig. 3a) attached to grain

. . . 3
boundaries are characterized by two dominant curvatures;

. . _3/2
S = (dPy/ad)D + (dy/ax)?]
9 -1/2 :
> = (1/x)(dy/dx)[1 + (dy/dx)] (2)

where (x,y) are the coordinates of the pore surface. The curvature
gradient dictates the atom flux, js , at each location on the pore

" surface in accord with the relation

-1/2<d(q°‘ + K§)>

D.§
3 = -< SkiYé)[1 + (dy/dx)?] x

D
(%) ( SiiYs) (3)




4=

The velocity of the poré v is then related to the flux gradient between

p
adjacent surface positions (x],y1) and (xz,yz) by

.S .S
,-31"1 - Jp%p /D85y
Vp = 2Q ,- 5 > = &T—-) (AX/AX) | (4)

The attached grain boundary (fig. 3b) also exhibits two dominant curVa4
tures (again expressed in terms of the grain boundary profile by eqn Z)
that dictate the axial grain boundary velocity (fig. 3b) in accord with

the relation3;
1/2

<
1]

M2 302+ D)1+ (ayran?1

£ (x,y)My 23 (5)

11

Retognizing that attachment requires equality of the pore and boundary
velocity at the location (xO,O ) where the pore and boundary intersect
(fig. 3a), egns (4) and (5) yield the relation,
D.s 91/3
5 S = 2cos(y/2) | -5 | (6)
M kT Ax/ BX
b (xgs¥g)
Measurements of the pore and boundary shapes within the vicinity of the
pore/boundary intersection (including measurements of v) thus provide a

basis for in-situ determination of the mobility ratio, 056591/3/Mb .

3.2 Measurements

Effective estimation of the mobility ratio from shape measurements
on attached, distorted pores requires that the pore and boundary shape be

determined with maximum precision. Consequently, since measurements could
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only be performed on two dimensional sections, careful sectioning practice
was required. The specific analyses were condgcted by making shape measure-
ments on sequential sections and identifying the section (e.g. fig. 2b)
that afforded the closest representation of the desired axial configuration..

The pore surface and grain boundary profiles at the axial configuration

then yield direct estimates of the relative pore and bouﬁdaky_ve]ocities
for eqns (4) and (5): hence, permitting determination of the mobility
ratio from the shape characteristics adjacent to the pore/boundary inter-
section (eqn 6). Studies of several pores, at different grain sizes, from
sections that provide reasonab]e estimation of the axjal configuration,
reveal the pore curvature andvflux and boundary velocity characteristics
summarized fn fig. 4. The resultant estimates of the mobility ratio,

1/3

DSGSQ /Mb , obtained from several distorted pores, exhibit values ranging

-33 ' -33,,..3

between 10 ““Nm” and 5 x 10 ““Nm

‘at 1500°C; with a discernable trend
toward an increasing mobility ratio as the grain size increases.

A possible deficiency in the present estimate of the mobility ratio
relates to its basis in the same mass transport relations used to predict
the separation condition. Totally independent estimates of Mb and Dsss
would perhaps be more convincing, provided that they could be obtained
on the appropriate (small) scale, in material with a similar impurity
content. However, the acquisition of pertinent data presents formidable
experimental problems. 1In this context it is expedient to examine available
data and to discuss their relevance to the present problem. Grain boundary
mobility data obtained from grain growth measurements on a range of MgO
matem’a]s5 suggest a mobility for dense materials that ranges (at 1500°C)

5 -1

between ~107mN"1s™! for relatively pure material to ~10 aN"'s™! for material
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~ containing aliovalent Fe3+ ions. The present material contains an appre-
ciable concentration of a]ioVa]ent'Naf ions (Table I). A mobility at the
Tower end of the range of the available data is thus probable. The

surface diffusivity data, obtained from grain boundary grooving experiments

on large Mg0 bicrysta]ss's,'also.indicate values that range over m2 orders

of magnitude: specifiCa11y, at 1500°C; D S varies between ~3 x 10 -19 and

3 X 10-21m3s‘].' Combining DSG with the most Tikely va]ue of Mb .
s 173 3

indicates a mobility ratio, D_§ /My5 in the range m]O " to 10 35Nm

s°s
The upper extreme approaches the value ascertained in the present study
(from the pore/boundary shapes). This comparison suggests that the'
large extreme of‘the surface diffusivity values obtained on large bicrystals
relates most closely to the motion of small pores. However, it is also
evident that the wiQe range of Mb and DSGS values obtained from

independent experiments prohibits accurate preselection of the mobility

ratio pertinent to pores in a specifie MgO compact.

4. INTRAGRANULAR PORE SIZE DISTRIBUTIONS

4.1 Measurements

The radii, r , of intragranular pores observed on polished sections
have been measured on specimens subject to various annealing treatments.
Histograms of the pore radii measured on sampies annealed at 1500°C for
3, 6 and 12 h are presented in fig. 5. The corresponding grain sizes
are listed in Tab]e II.

The actual distribution of pore radii, a , can be deduced from the

section radii, r , by applying the re]ation;9

(a) = — _/- (r f (r)dr (7)
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where f(r)dr is the density distribution derived directly from the
histograms of r and f(a)da is the density distribution of actual pore

radii, a . The corresponding cumulative distribution is;

a ' ‘ ‘
F(a) = ‘/- f(a)da (8)

- 00

The cumulative pore size distrfbutions deduced in this manner from the
section size histograms are plotted in fig. 6. The median pore sizes

for each distribution aré listed in table II. Appreciable coarsening

of the intragranular pores has evidently accompanied the grain growth.
The extent of the coaréening is emphasized by the relative grain and pore

size changés plotted in fig. 7.

4.2 The Coarsening Mechanism

The coarsening of intragranular pores can.occur either by lattice
diffusion between pores (in the presence of a pore size distribution), or
by a sequence involving the reattachment of separated pores to a traversing
boundary, subsequent coarsening by pore coalescence and eventual separation.
The identification of the operative coarsening mechanism is a prerequisite
for effective comparison between the theory of separation and the observed
pore size distributions (aswell as for the elucidation of grain size effects
on separation). An upper bound estimate of the lattice diffusion contribu4
tion to pore coarsening can be obtained using the coarsening relation
derived 1ﬁ the Appendix (eqn A6), by incorporéting the effective lattice

diffusivity; O

2+ 2- 2+ 22
_ »aMg™ 0 Mg 0
D, =207 "D, [bl + D, J (9)
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Diffusivity measurements for MgOl] suggest that (at 1500°C),
2+ ‘ A2 _ '
0197~ 1071427, wnite 00 ~ 107 s

diffusivity, D, = 2 X 107 7n?s™! . This choice for the diffusivity

: yielding a resultant

results in the coqrsening plotted on fig.'Z. The relatively sma11er
predicted coarsening rate sdggeéts that the dominant coarsening occurs by
processes other than lattice dfffusion’(invo]ving the reattachment of pores
to grain boundaries and sdbsequent pore coalescence).

A reattachmént mode of coarseningvimp1ies the operation of several
sequential events (occurring in conjunction with grain growth). Elucidation
of thevrequired coarsening sequence proVides useful insights concerning the
separation process and proVides the basis for further analysis. Grain
boundaries traverse specific location within a material sevéra] times
during the grain growth process. Intragranular pores separated from grain
boundaries during the early stages of grain Qrthh can consequently reattach
to a grain boundary that traverses the same region during subsequent grain
growth. Reattachment is generally favored because the initially separated
pores are likely to detach from disappearing (three-sided) grains subject
to a monotonically increasing driving force (fig.'8a); whereas the traversing
boundary (usually associated with a grain having > 5 sides) is subject to
a lower, approximately uniform, driving force (fig. 8b). Additionally,
initial separation occurs with some preference (fig. 1) for those bounda-
ries that exhibit boundary energies at the extreme minimum of the Yh
spectrum (e.g. coincidence site boundaries with dihedral angles » m);
whereas the traversing boundary is likely to exhibit a (more typical)

larger Yy and hence, be more adherent. However, the coarsening of



-9-

reattached pores in microstructures of the type depicted in fig. 2 usually

12 1his

occurs' when the pores converge'onto a grain corner and coalesce.
process entails pore/grainboundary motion within a disappearing (three-
sided) grain subject to a continuously increasing driving force (fig. 8a).
The pores should thus separate before conVergenCe, unless some of the
parameters that dictate separation change during grain growth. The
observed intragranular pore coarsening may thus be considered to imply

an increase in the critical pore size a. with increase in grain size
(that resides in the concomitant changes in the parameters that control
ac). Since the pores all exhibit radii <5 um, pore motion by
evaporation/condensation can be excluded.4 Hence, refekence to egn (1a)
suggests a qualitative interpretation of the pore coarsening based on

an increase in Dsas_ or a decrease in Mb with grain enlargement,

or a change in the spectrum of dihedra1 angles toward a larger proportion
of general (large yb) boundaries (at the expense of special boundaries).++
A decrease in Mb with grain growth is plausible by,Virtue of an increase
in the grain boundary concentration of aliovalent solutes (e.g. Na+) as
the grain boundary area decreases during grain growth (thereby, enhancing

the magnitude of the solute drags).

Specifically, the observed extent
of pore coarsening (fig. 7) would suggest a decrease in grain boundary
mobility by a factor of ~ 5, for a similar increase in the grain size.

A trend of this type is apparent from the mobility ratio determinations

13

TAlternative coalescence processes may operate ~ in the presence of a

continuous liquid phase.

™The dihedral angle effect is probably of secondary significance because

a, varies by < 50% over the entire spectrum of v (fig. 1).
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(Section’3). Potent1a1 changes. in D 6 or vy cou]d a]so be conJectured

but the expected trends are amb1guous Further coarsen1ng stud1es are

ev1dent]y needed to gain a more comp]ete apprec1at1on of th1s phenomenon,

based upon_ changes 1n the mob111ty parameter dur1ng graln growth
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5. THE CRITICAL PORE SIZE

A critical pore size prediction may be deduced from fig. 1, by invoking

the average mobility ratio evaluated in section’3’(Dsdsn]/3/Mb =2x10

-23Nm3)
and addpting e typical dihedral angTe of 2n/3. This prediction yields,
a.~ 0.3 um, which Ties within the low extreme of the measured pore radius
distribution (fig. 7). Additionally, the condition pertinent to the separa-
tion of pores from grain boundaries haVing a radius of curvature equa] to
the average values at each grain sizes, <R>=<G>/3, may be evaluated
from eqn (1c), as plotted on fig. 7. The pore sizes required for this mode
of separation appear to be appreciably in excess of the measured intragranular
pore sizes. Consequently, the present data and analysis suggest that the
intragranular pores haVe, most probably, been generated by a mechanism
involving the separation of pores from the boundaries of disappearing.
grains- (the increase in separated pore size with 1ncrea$e in grain size
being attributed to the corresponding decrease in Qrain'boundary mobility
assoicated with the grain boundary area decrease that accompanies grain
growth).

Recognition of the uncertainties associated with the magnitude of
the mobility parameter, and its grain size dependence, requires that the
preceding conclusions be regarded as tentative, until_more comprehensive
mobility data are generated. The acquisition of the pertinent mobility
data constitutes a formidable experimental problem, but is of paramount

importance to the quantitatiVe interpretation of pore separation measure-

ments based on intragranular pore size distributions.
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6. CONCLUSIONS

Measurements of the ratio of the grain boundary mobi]ity to the
surface diffusivity in MgQ’(obtained from the distortion of pores.attecheo
to grain boundaries) haVe been used, in conjonction with prior anaiytic
'expressions'for pore breakaway, to predict the specific sizes of intra-
granular pores.: Thevpredictions lie within the measored intregrenniar pore
size,oistribntions. Preliminary credence in the present comprehension of .
the‘pore breakaway.phenomenon is thereby established.

An observed trend toward increasing intragrannier porevsizes with
increase in grain size has yet to be foiiy eXpiained. Intragranoiar pore
coarsening by lattice diffusion has been'excluded; based upon the available
Mng ano 08" diffusivity data. The coarsening would thus appear to be
related to pore reattaohment by treversing grain boundaries (doring grain
growth) and subsegent pore coa]esoence at disappearing grains. HoweVer,
this interpretation is oniy tenable if the separation of pores from dis-
appearing (three-sided) grains becomes more difficult as'the grains
enlarge or, alternatively, if pore separation from disappearing greins
is rendered less critical than pore separation from the boundaries of
average sized (> 5 sided) grains. The latter interpretation hes been
considered unlikely because the pore sizes for separation from grain
bounderies with the average curvature, at each grain size, appreciably
exceed the measured intragranular pore sizes'(et least, within the

uncertainties associated with the present estimate of the mobility

ratio). The most plausible interpretation of the observed coarsening is
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attributed to a_decrease in grain boundary mobility-dqring grain enlarge-
ment, associeted with the decrease in grqin boundary area that accompanies
grain growth (resu]ting in a suppression of the pore separation eveﬁt at

_ the boundaries of dieappearing grains, as the grain size increases). Pre-
Timinary mobility measurements confirm the existence of the requisite
mobility trend. However, more cdmprehensive.mobi1ity measurements are

needed to further explore the precise origin of the coarsening phenomenon.
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"APPENDIX

Intragranular Pore' Coarsening t_3y Lattice Diffusion
.'The partic]e'coaksening-ana1ysis propoSed by Greenwooq]é can.pe :

rééd%]yeExtended to the probTem of intrégrang]ar pore coarSening'by']attice

diffusioh} The motion of. atoms between adjacent pOres-is'dictatgd'by the

chemical poténtial.difference,
© = ya(l/ag - Vay) o (A1)
where a, _and a, are the radij of'the adjécent pores. The chemiCal

'poténtial dictates thé-f]ux; ’

s _ £ Au . ;
i, —-——-.(——-) o (A2)
okt M o o - |

where D2 is the Tattice diffusivity and 2 1is the interpore spacing.
The -volume rate of flow of atoms between pores, through the intervening
diffusive cross section, A , is thus,
. 2y .aD : ‘ '
Ve —3 2 (A> (1 _1 | (A3)
kT o/ \ay 3

But, matter conservation requires thdt,
- 5 | | |
V = 4ra“a (A4)

Hence, the growth rate of the larger pore, 52 , becomes;

2ada, =t (B) (L - 1)
kT [} \a] a2

14
Following the same procedure adopted by Greenwood -, the growth of the

fastest growing pore a within a distribution of pores, can then be related
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~

to the initiqj size of the pore, ag by

373

a® - a3 = 60,0y t/kT | (A6)

This relation provides an upper bound estimate of the pore coarsening

by lattice diffusion.
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| . TABLE I |

~ Chemical Analysis of the Mg0 Powder
Barium. (Ba) .005%
.05%
L01%

Calcium (Ca0
 Chioride (C1)
Iron (Fe) e

Mangqnesef(Mn) ;0005%
Nitrate (NO,) .005%
“Potassium (K) .005%

”"_'Sodium (Nd) 5%

o o o o o o o o o -

Strontium (Sr) .005%

@
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Table II

Intragranular Pore and Grain Size Variations

Annealing Time (h) -

0
3
6
12
24

8.8
15.6
25.6

35.0

48.0

0.32
0.53
0.60
0.78
0.95
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 Figure Captions

A plot of the critica] pore:sizé'for?pore/grain boundary

separat1on when pore mot1on is dom1nated by surface d1ffus1on;

'Scann1ng e]ectron m1crographs of pores

) Separated 1ntragranu1ar pores ‘
b) D1storted pores attached to gra1n boundar1es
A schemat1c of the d1stort1on that: accompanles the mot1on of
pores attached to gra1n boundaries.
A schemat1c of the d1stort1on of gra1n boundar1es attached to

moving pores.

.';TCharaCteristicslof-distorted pores and'boundarjes ‘

'a)=the curvature variation across a pdre surface, b) the‘atcm flux

:'a1ong afpore:surface and c) the ve]ocity,variationua1ong an attached '
grain'boundaryc' | | |

Histograms of the radii of the pores measured on polished sections.

Cumu1ativefdistributions of actual pore radii determined from

fig. 5.

‘The variation in the median intragranular pore size with the
average grain size. Also shown are: the relative pore coarsening

- attributed to lattice diffusion, the predicted critical pore_'

size for pore/boundary separation, and the pore sizes required
for the separation of pores from grain boundaries with the
average radius Qt curvature at each grain size.

Schematic illustrating the motion of pores attached to a) dis-
appearing grains with a driving force that increases during

2
accompany1ng grain growth.

| d1sappearance Rb > Rb ~ b) grains with a uniformudriving-force
1
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