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ABSTRACT

The grain boundaries of MgO bicrystal specimens were
subjected to creep-rupture tests in the temperature range of
1300-150CoC. and at shear stresses varying from 150 to 10,000
gm/I- 2 . The boundary was oriented at 450 to the compression
direction. The stress for grain boundary sliding and fracture
varied markedly with crystal misorientation; high twist-low
tilt boundaries being much weaker than other misorientations.
For a given misorientation there was considerable scatter in
the fracture and sliding stress data which was found to be
a result of boundary irregularities (Jog content) present
in the as-received material or stress-induced during test.
Most specimens did not exhibit controlled grain boundary
sliding but rather, would slide uncontrollably to fracture
after an incubation period Of a few minutes at a critical
stress.
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THE ROLE OF THE GRAIN BOUNDARY IN THE DEFORMATION

OF CERAMIC MATERIALS

I. INTRODUCTION:

The manner of elevated temperature deformation in metals
has been studied extensively (l)* and although the exact mecha-
nisms are not completely understood, it is evident that at
temperatures above approximately 0.5 of the melting point in
degrees absolute, the grain boundaries play a predominant
role in the creep and fracture process. Grain boundary slid-
ing is one of the more important aspects of this role and has
been shown (1) to exert a significant influence on the total
creep obtained.

In comparison to metals, the role of the grain boundary
in the process of elevated temperature deformation of ceramic
materials has seldom been investigated. Wachtman, et. al. (2)
(3), have attributed internal friction peaks and the decrease
in Young's modulus as a function of temperature in several
ceramic materials to the commencement of boundary sliding. On
the other hand, Chang (4), from creep studies on polycrystalline
A1203, and Wygant (5)1, from torsion measurements on MgO, are
of tie opinion that grain boundary sliding is absent or insig-
nificant in the deformation process. This controversy has
been somewhat clarified by the recent experiments of Adams
and Murray (6) in which grain boundary sliding was directly
observed on NaCl and MgO bicrystals.

The present work was designed to extend the findings of
Adams and Murray, in particular to determine the effect of
boundary misorientation and purity on the sliding and fracture
process. During the course of this work it was found that the
stress required for sliding (and also for fracture) was strongly
dependent on misorientation. However, for a given misorientation
this stress varied considerably. This variance was found to
be a result of the gross boundary structure; i.e., Jog content,
and this parameter was studied in detail.

II. EXPERIMENTAL:

MgO samples were obtained from two sources: Semi-Elements,
Inc. and the Norton Company. The impurity content of the
Semi-Element material was quoted as 50 ppm BeO, 700 ppm 1e203
500 ppm Si02, 800 ppm CaO, and 100 ppm K, and that of the Norton

* Numbers in parenthesis indicate References.

anUiript released by the authors Jan. 1962 for publication as an
ASD Technical Documentary Report.
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material (optical grade Magnorite) as 2000 ppm Si0 2, 1500 ppm
Fe203, 2000 ppm CaO, 3500 ppm A120 and 15 ppm B. The major
portlon of the work was conducted ;n Norton material and unless
otherwise stated the results discussed refer to this source.

Biorystal specimens were cut to the approximate shape and
size shown in Figure 1 from large lumps containing several grains.
Final shaping was done by hand using standard metallographlc
procedures. This was followed by a chemical polish (consisting
of a 1 minute immersion in hot H3PO) to remove the disturbed
surface. A few scratch marks were deliberately introduced to
serve as markers.

Most of the bicrystal misorientations were determined by
X-ray laue patterns, however, for preliminary tests some were
approximated by examination of the cleavage planes. The general
grain boundary has five degrees of freedom; three which define
the difference in orientation of the two crystals, and two which
define the boundary plane with respect to the two crystals. The
simplest methoe of portraying this misorientation is to plot on a
stereographic projection the two crystal and boundary plane
orientations (see Adams and Murray (6). In the present work,
this procedure has been followed, however, the number of specimens
tested is too large to conveniently show each plot. Since it
became apparent early in the work that boundaries possessing a
large twist and small tilt component were inherently weak, it was
desirable to describe the boundary In terms of these components.
In a pure twist boundary the axis of relative rotation is normal
to the boundary. In the case of pure tilt the rotation axis lies
in the boundary. An arbitrary boundary consists of both tilt and
twist components. In the present work certain simplifying ap-
proximations were made In order to arrive at the twist and tilt
components. The notation used is shown in Figure 2 and described
in the followings

Two coordinate systems (x,y,z) and (x',y',z') are defined,
each coinoiding with the {l00} direction respectively of the
two crystals. The two Goordinate system origins are made to fall
on the blrystal boundary and coincide. A perpendicular to the
boundary is drawn through this common origin and the axis forming
the smallest angle with the perpendicular to the boundary is defined
as the z-axis. The {I00} axis of the second crystal forming the
smallest anle with this z-axis is defined as the zl-axis. The
angle z-z '(a ) is then defined as the angle of tilt. The primed
coordinate system Is then tilted through the angle z-z' to make
the z-axes coincide. The x' and y' axes now fall in the x-y plane.
The two angles x-i' and y-y' are equal and are defined as the angle
of twist (8). See Figure 2.
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The chief objection to this method of describing the tilt
and twist components is that it does not completely describe
the direction of the boundary through the two-crystal matrix,
which certainly has a bearing on the atomistic structure of the
boundary. Furthermore, it is not accurate for large angle
boundaries. (In this case the boundary structure is complex
and above about 200 tilt In combination with a similarly large
twist one should really only speak In terms of a high angle
complex boundary.) On the other hand the notation used Is con-
venient in that only two parameters are employed and It is
reasonably accurate for small angles when the z axis Is nearly
perpendicular to the boundary.

The specimens were subjected to creep rupture tests in the
apparatus shown in Figure 3. The specimens were loaded In com-
pression between a fixed alumina pedestal, attached to a rigid
base plate, and an alumina plunger. The load was transmitted
to the plunger by a lever arm from which weights were added
(after equilibrium temperatures were reached) via a tie rod
passing through the base plate. A roller bearing placed between
the lever arm and plunger insured axiality of loading. The speci-
mens were prepared such that the grain boundary normal was nearly
as possible at 450 to the compression axis. During operation
the specimens were heated with a molybdenum wound tube furnace,
the whole apparatus being enclosed by a water-cooled metal bell
jar inside which an argon atmosphere was maintained. Movement
of the alumina plunger was measured, as a function of time, from
a lever and dial gauge attached to the rod which supported the
weights. As a check on the total sliding obtained, microscopic
measurements of scratch marker displacements on the specimens
were made after each test. In some tests a certain amount of
creep strain within the crystals was obtained. This compression
creep strain could be separated from that due to boundary dis-
placement by a comparison of the total compression with that
showed by the boundary markers. This separation could be further
elucidated by close examination of the dial gauge movement. It
was found that lntracrystalline creep occurred as a continuous
motion whereas boundary displacement always occurred in discreet
jumps.

III. RESULTS:

Numerous specimens of various misorientation were subjected
to resolved sheir stresses along the boundary varying from 165
to 10,000 ga/mm' and at temperatures in the 1300 to 1500*C range.
The conditions for, and the results of, these tests are listed
in chronological order in Table .*

*All specimens out from the same boundary are aesignated with

the same letters.
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One of the original objectives of this work was to obtain an acti-
vation energy for the sliding process and to determine if this energy
varied with crystal misorientation and parity, It was found that the stress
for sliding was In most cases nearly that for fracture along the boundary
and therefore the fracture stress as a function of misorientation and
boundary structure was examined in detail*

A. Boumnlary Fgracture Stress

The boundary fracture stress was found to depend on crystal misorl-
entation, initial boundary jog content, and rate of loading (due to jogs
formed by plastic deformation and/or grain boundary migration prior to
fracture).

1. Effect of Jog Content

Early in the work it became apparent that the stress for sliding
and/or fracture was strongly misorientation dependent and, in general,
large twist-small tilt boundaries were much weaker than other boundaries.
The fracture stress varied with misorientation, by as much as a factor
of 40. However, in an attempt to quantitatively measure this fracture
stress-misorientation relationship it was found that for specimens out
from the same boundary the fracture stress often varied by factors of 2
to 3. It was therefore necessary to clarify this phenomenon before pro-
ceeding to misorientation studies.

The first wide variation noted was found In the boundary designated
NP (Table I), Subsequent microscopic examination of additional specimens
out from this block revealed that certain specimens contained Irregular

boundaries while others were smooth. It was thought that this initial
irregularity (jog content) satisfactorily accounted for the variation in
fracture stress and consequently on all subsequent runs speolmens contain-
Ing grown-in jog boundaries were discarded.

However, it was found that jogs produced by plastic deformation an*/or

boundary migration during the test were a common ocourrOnce and since
this jog content varied with rate loading was e major cause of the variation
of fracture stress in specimens of the same misorientation. The usual
procedure employed for the first specimen tested from a given boundary was

to subject the specimen to a small constant stress (^,0200 gm/rm2 ). If

no sliding or fracture was observed after 20 minutes, the stress was
increased about 25% and held for another 20 mAnutes. This procedure
was repeated until either controlled sliding or fracture was obtained.

For specimens of low fracture stress, good reproducibility of the sliding
and/or fracture stress was obtained. But for large fracture stress
specimens (of Identical misorientation), the fracture stress varied con-
siderably and it was found that jogs were being introduced at the lower

stresses during this stepwise loading procedure and that these ehaned
the subsequent fracture stress. idenoe of this 3og formation and its

effect will now be presented.

The results obtained to date show that the extent of Jog
formation is dependent on stress, time of strers application, and

boundary misorientation (Undoubtedly the process Is also temperature
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dependent but to date only one temperature, namely 14000C., has been
used). All boundaries were initially straightjas shown in Figure 4.
After stress application, saw-tooth type jogs were observed in all
high angle complex bolndaries which had been stressed in the range
of 1000 to 3000 gm/mm for periods of 30 minutes or longer. Boundary
sliding was not detected. Figure 5 shows Jogs in such a boundary which
had been stressed for 20 Winutes each (in steps) at 400, 800, 1200,
1600, 2000 and 2400 gm/mm'. Another specimen of the same misorientation
was stressed for 5 minutes at 3800 gm/mm2 yielding three times as much
intracrystalline creep deformation but less jog formation (Figure 6).
Jog formation was rather profuse at higher stresses (Figures 7 and 8).

Low angle boundaries (which also do not exhibit sliding at high
stresses) did not form jogs so readily. At 2900 gm/mm one specimen
showed only what appeared to be small voids (Figure 9) and at 4700 gm/mm2
relatively small jogs were formed (Figure 10).

High twist-low tilt boundaries that slid and fractured at low
stresses did not show jog formation (Figure ll). Even a high twist-
edium tilt boundary that was stressed for 20 minutes at 1450 gm/mm2
(this also showed sliding - see 1400oC, curve, Figure 17) did not
from microscopically visible jogs.

The effect of stress-induced jogs on the subsequent sliding and
fracture stress of the high angle complex boundaries was correlated
with jog for'ation(NK specimens). The subsequent continuous fast
loading stresses of the stress-induced jogged specimens shown in
Figures 5 and 6 were found to be 7,850 and 10,000 gm/mm2 respectively
at 1400OC. The continuous loading fracture stress of a specimen out
from the same boundary and without stress-induced jogs was measured
as 6000 go/r',2 a considerable decrease compared 'o the jogged boundary
specimen9

The effect of stress-induced Jogs on the fracture stress of high
twist-low tilt boundaries was conducted in a different janner. Since
these boundaries fractured at low stresses (-' ,200 gm/mm) it was not
possible to Introduce jogs by compressing a specimen with a boundary
at 45 to the compression direction. Consequently, in order to form
these jogs a specimen (No. YA-6) of R90 twist-17 tilt was compressed
normal to its boundary at 1000 gm/mm' for 80 minutes to form jogs as
shown in Figure 12. The specimen was then recut such that the boundury
was at 450 to the compression direction. The fracture stress was found
to be 900 gm/mm2 compared to values of 150, 200, and 300 gm/mmz observed
for companion specimens tested without prior stressing and jog intro-
duction.

2. Effect of Misorientation

Considerable data was compiled on fracture stress as a
function of misorientation. However, the data obtained in the
early work on specimens in which jogs were stress-induced by step-
wise loading could not be used to unambiguously depict the fracture
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stress-misorientation relationship. Work is now In progress
to obtain this data by the application of a relatively fast
continuously Increasing stress to fracture on specimens contain-
Ing straight boundaries. Although not complete, the data
compiled at present by this method, and by single constant
stress application in which fracture occurred after a few
minutes, is shown in Figure 13. It can be seen that the high
twist-low tilt boundaries are much weaker than the other
mi sorientations.

A further demonstration of the misorientation dependence
of the fracture stress was obtained on block designated NO which
contained three crystals with grain boundaries running at 1200
from a common center. Thus, all three boundaries should possess
nearly the same Impurity content (except for possible preferential
segregation due to grain boundary angle). No jogs were observed
prior to testing (Figure 14). Specimens from boundary N02. of

10 twist and 320 tilt fractured at stresses of 165, 300 an2
900 gm/mm2 while specimens from NO1 _2 of 50 twist and 60 tilt,
and NO of 50 twist and 390 tilt, did not fracture at stresses
as hlg5 s 5000 gm/mm2.

A series of runs was made on a high twist-low tilt boundary
to observe the effect of boundary direction on fracture stress.
Block NE contained a boundary section such that the z and z' 4100)
axes made angles of 60 and 120 respectively with the boundary
plane. Specimens NE-l through NE-5 were cut from this sectl2n and
found to fracture at a low stress of approximately 175 gm/mm
Another section of this same boundary (block NE) ran through
the two crystal matrix such that the z and z1 axes made angles of
21 and 260 with the boundary plane. Again a low fracture stress
of 215 gm/mm2 was observed. This result was somewhat surprising
since the boundary structure Is just as dependent on the boundary
direction as it is on the relative misorientation of the two
crystals. Further experiments are needed here in order to clarify
this behavior.

B. Boundary Sliding

In the majority of runs on the first specimen from each block,
In which the stress was increased in approximate increments of
25%., the specimen eventually fractured without showing controlled
sliding. In some oases controlled sliding could be obtained by
subjecting the second specimen from a given block to a constant
stress somewhat below the stress at which the first specimen
fractured. This sliding always was manifested by discreet jumps
followed by a period of zero movement. An example of this typical

displacement-time behavior is shown in Figure 15. On the other
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hand, some specimens when subjected to a constant strews below
the fracture stress, fractured by uncontrolled sliding (complete
sliding to fracture in a matter of a few seconds) after an in-
cubation period offrom 1 to 15 minutes. This implies that such
specimens would not show controlled sliding at any stress level.
On two specimens (NJ-1 and N01-3-2) this uncontrolled sliding
was halted prior to fracture by limiting the movement (through
stops) of the corpression plunger. These specimens appeared
intact (Figure 16) as if sliding had occurred without concomitant
fracture. However, NJ-I fractured on subsequent handling and
N01-3-2, which had required a stress of 3500 gm/mm2 for initial
sliding, subsequently frictured on reloading at 140000. at a
stress of only 200 gm/mm .

The criticality of the stress required for sliding, the
lack of reproducibility of specimens cut from the same boundary,
and the lack of a sufficient number of specimens of a given
misorientation, prohibited the attainment of an activation energy
for the process. For example, three specimem cut from block
NP were subjected to a stress of 300 gm/m 2 each for 2 hours
at 1300, 1400, and 15000C. The rgspective sliding distances were
17, 10, and 40 microns - the 1300C. run showing more sliding than
the 14000C. run. It was thought that variation in boundary jog
content was responsible for this discrepency.

Specimens cut from block CB (370 twist, 300 tilt) were se-
lected for an activation energy determination since the boundaries
were found tc be microscopically jog-free, and since a survey
run had shown controlled sliding at a stress of 1450 gm/mm2 at
14000C. Other runs were made :t 1300, 1450, and 15000C. The
results are shown in Figure 17. Although a qualitative picture
of the temperature dependency can be obtained from this data,
an activation energy cannot be determined. Above 14000C. in-
sufficient sliding was obtained prior to fracture to define the
sliding rate. At 13000C. the sliding halted after a short period
and again a unique rate could not be determined - these data show,
however, that for this particular misorientation the sliding be-
havior is strongly temperature dependent and thus possesses a high
activation energy.

Specimens from block NJ of 190 twist and 60 tilt slid at
relatively low stresses (240 gm/=mm 2 ) and fractured at slightly
higher stresses (510 and 860 gm/mm2 ). The boundary sliding
as a function of time is shown in Figure 18. Vertical lines
mark the points at which the stress was increased after long
periods of zero movement. For these low stresses the boundary
sliding ceased after a few minutes at a constant stress level
but continued after a short incubation period at a slightly
higher stress. Boundary sliding in NJ-l became uncontrolled
and it slid to fracture at a stress of 860 gm/mm2 . A second
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specimen (NJ-i) from this same boundary behaved in a similar
manner for stresbes up to 300 gm/mm . For higher values
sliding diminished rapidly and none was observed for stresses
above 400 gm/am 2 . The specimen fractured without further
sliding after 7 minutes at a stress of 510 gm/mm2 .

IV. DISCUSSION:

The results can be summarized as follows:

a) The stress for sliding and/or fracture was strongly
misorientation dependent. Large twist-low tilt boundaries
slid and fractured at extremely low stresses compared to
other misorientations.

b) For a given misorientation, the fracture stress
varies within a wide scatter band, the variation being
dependent on boundary jog content. These jogs are "grown-in"
and/or stress-induced boundary irregularities.

c) The majority of specimens did not exhibit controlled
sliding.

d) The sliding that was obtained occurred in discreet
jumps and was strongly stress and temperature dependent.

e) An incubation period was usually required for
sliding or fracture.

These results show the importance of the boundary structure
in the behavior of the boundary when subjected to a stress. Two
types of boundary structure must be considered; (a) the atomic
misfit which is dependent on misorientation, and (b) the gross
structure which Is dependent on boundary irregularities (jogs).
With respect to misorientation it appears that screw-dislocation
i.e., twist, boundaries slide and fracture much more readily
than edge dislocation, i.e., tilt, or complex boundaries. For
a given misorientation the actual sliding and fracture stresses
depend on boundary smoothness (this dependency is of a lesser
extent than that on misorientation). A smooth boundary slides
and fractures much more readily than one containing "grown-in"
or stressed-induced jogs.

One of the original objectives of this work was to de-
termine the mechanism of sliding. An activation energy of the
sliding process would assist in the elucidation of this mechanism.
The attainment of an unambiguous activation energy has not been
feasible thus far. However, from the manner of sliding observed
one can speculate as to the process involved. Theories for grain
boundary sliding in metals have been presented. Intrater and
Machlin (7) observed that grain boundary sliding in copper bi-
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crystals occurred in discreet jumps which became less frequent
with time. From these observations they proposed a model based
upon the idea that each cataclysmic boundary sliding event is in-
itiated by the migration of grain-boundary jogs, and is terminated
in each step by the formation of new jogs as a result of plastic
deformation during sliding. Thus there exists no limit upon the
amount of sliding that could comprise one event.

The type of sliding observed by Adams and Murray (6) in
NaCi blcrystals and In the present controlled sliding of MgO
experiments are qualitatively in agreement with that observed
in copper, and perhaps the model of Intrater and Machlin applies
here also. There are however, distinct differences in detail
that sholll be pointed out and examined for conformance to this
model. The jumps in lgO were much larger in magnitude, less
frequent in time, and occurred with less regularity than those
observed in metals. The jogs referred to by Intrater and Machlin
were submicroscopic in size. Likewise the smooth MgO boundaries,
which are of interest for the immediate discussion, also were
jog-free when examined microscopically (optical microscope).
One could explain the large jumps in the 'smooth" MgO boundaries
by assuming that they contain much fewer submicroscopic jogs than
do copper boundaries and that few if any jogs are formed by the
sliding process. Thus, the incubation period required for initi-
ation of sliding could be that for the smallest restraining jog
to be removed by plastic deformation or boundary migration. The
initial sliding jump would be halted by the next jog and
likewise require time for removal. The fact that some boundaries
slid, after an incubation period, uncontrollably to fracture would
then merely imply that the specimen contained only one restrain-
ing jog at the stress in question. The scarcity of controlled slid-
ing in NgO compared to metals could then be a result of the sub-
microscopic smoothness of the boundary.

The effect of stress-induced jogs on sliding was not de-
termined. However, it was difficult to obtain controlled slid-
ing on large twist boundaries that possessed low fracture stresses.
On the other hand, misorientations requiring large stresses
for fracture more often exhibited controlled sliding (at some
stress below the fracture stress). The Implication here Is
that on these latter boundaries, the high stresses employed
were able to introduce jogs (possibly submicroscopic) during
the incubation period, which inhibited subsequent sliding.

It thus appears that sliding and fracture along the bi-
crystal boundary are the same process, the only difference being
the presence or absence of restraining jogs. What is more
Important is the variation of the fracture of sliding stress
with misorientation and how does this affect the behavior of
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multicrystalline bodies. The latter should and will be investi-
gated experimentally but for the moment an extrapolation of the
bicrystal behavioi to that of polycrystalline material Is of
interest. For a randomly oriented fine grain structure there
certainly would be a large number of boundaries possessing the
misorientation and resolved shear stress for easy sliding. If
these boundaries were free to slide, as in the case of the
bicrystals, a large (the length of the grain edge) crack would
be formed. In a material as notch sensitive as MgO this crack
would almost certainly lead to catastrophic failure. However,
the fact that the neighboring grains restrict the permissible
extent of sliding could prevent the crack from reaching critical
size or from not forming at all. A sharp decrease in the Otength
accompanied by intercrystalline failure has been reported (U) in
MgO as the temperature is increased to about 120000. Further
experimentation will be required to determine if a mechanism
such as that observed in bicrystals can account for the poly-
crystalline behavior.

The role of the microscopic-size stress induced jogs could be
quite important in the elevated temperature deformation of
polycrystalline ceramics. This Jog formation appears to be time
dependent at moderate stresses and is probably a result of stress-
induced grain boundary migration. At sufficiently high stresses
jogs undoubtedly can be formed by plastic deformation alone. What-
ever their origin, it has already been established that they can
enhance the shear strength of the boundary. But they also could
act as a site for crack formation during boundary slidlg. Crack
formation has been observed at large grain boundary jogs In NaC
bicrystals. As pointed out by Johnston, et.al. (9), these cracks
could cause catastrophic failure in a notch-sensitive material.
This failure, of course, would occur at a higher stress than that
discussed above for the case of sliding and fracture along weak
twist boundaries.

This work is still in progress and much remains to be done
to tie the loose ends together. For a given misorientation, the
determination of the grain boundary sliding and fracture stress as
a function of temperature is needed. The mode of fracture in a
strong boundary containing jogs is essential to the understanding
of the overall deformation and fracture processes and finallyto
realize a practical gain from this work, it is necessary to
correlate the bicrystal findings with the more complex behavior of
multicrystalline bodies.
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FIGURE 4

Typical bicrystal boundary before stressing.

Mag. 750X.

FIGURE 3
Jogs in boundary after stress of 2L400 gm/nm12 at
14000C. Load appli-A in 6 equal steps at 20 Min.
intervals. Twist 25" - Tilt 450. Mag. 750X.
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FIGURE 6

Jogs in boundary after stress at 3800 gm/mm2
for 5 min. at 14000C. Twist 250 - Tilt 450.
Mag. 750X.

Jogs in boundary after stress at 4700 gin/mm2
at 14000C. Load applied in 3 equal steps at
5 Min. intervals. Twist 430 - Tilt 410. Mag. 750X.



i 4e,

FIGURE 8

Jogs in boundary NOI-3-1 after stresses of
2700 gm/mm2 for 20 Min. plus 5000 gm/mm2

for 3 Min. Mag. 300X.

FIGUIE
Small voids in boundary (arrows) after stress
of 2900 gm/umn2 at 14000c. Load applied In 5
equal steps at 20 Mn. intervals. Twist 50-
Tilt 140. Nag. 750X.
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FIGURE 10

Small jogs in boundary after stress of
4700 gm/mm2 at 14000C. Load applied in
3 equal steps at 5 Min intervals.
Twist 50 -Tilt 6o. Mag. 750X.

FIGURE 11

Polished koundary after sliding of 10 microns
450 gm/mmid. 50 Min. at 14000C. Arrow indicates
a void. Mag. 750X.



FIGURE 12

Jogs in boundary after compression normal to
boundary for 80 Min. at 1000 gm/mm2 and 14000OC.
Twist 290 - Tilt 170. Mag. 750X.
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PIGURE 34&

Smooth boundaries of NO bicryatal before stress-
Ing. Mag. 1000X.
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FIGURE 16

Apparent sliding without concomitant fracture
M NJ-i after 3rd run. Mag. 3X
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