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Internal friction of polycrystalline ceramic oxides
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Low-frequency internal friction behavior was investigated in high-purityOdland MgO polycrystals, with
emphasis placed on the anelastic peak component arising from grain-boundary relaxation. Internal friction
measurements were performed at temperatures #2600 K, with varying both the oscillation frequency and
the grain size of the polycrystal by about one order of magnitude. A fitting procedure is shown which enables
us to separate the anelastic peak component from the overall internal friction response. An analysis of the peak
shift at frequency change was considered as a method of experimentally deriving both the activation energy for
the elementary transport phenomenon occurring with viscous slip at the grain boundary, and the magnitude of
the intrinsic grain-boundary viscosity. A classification of the viscous response of grain boundaries according to
their degree of coherency and an estimate of their thicknesses, namely the region over which atomic diffusion
is enhanced, was also attempted. For this purpose, a peak deconvolution analysis was performed with the
evolution of the peak morphology monitored as a function of grain growth in the respective polycrystals when
subjected to repeated annealing cyc[&0163-18209)04830-4

[. INTRODUCTION ing indicates that grain-boundary diffusion in a rocksalt
cubic structure such as MgO ceramic, should be strongly
The kinetics of many atomic transport phenomena in cefelated to the crystallographic misfit orientation of neighbor-
ramic oxides such as sintering, grain growth, and creep armg grains. Thus, it should display the properties of a
controlled by the rate of solid-state diffusion. At present, thedislocation-pipe diffusion mechanism, similar to the grain-
elementary mechanisms of lattice diffusion in oxide crystalsooundary diffusion observed in many metallic systéms.
are reasonably well understood theoretically, and a larg€rystallographic misfit between adjacent grains is therefore
body of experimental data is fairly consistent with the expected to produce even greater influence on the local
theory? Diffusion along grain boundaries has also been thor-grain-boundary diffusion in more complicated crystal struc-
oughly investigated;* although several features concerning tures such as hexagonal 8k for example.
its elementary mechanisms are not well understood. For ex- In an oxide polycrystal, a large variety of grain-boundary
ample, it was predicted theoretically in early studies that dypes are observed to exist and, with their different inherent
space charge should exist at all interfaces in ioniccharacteristics, contribute to the macroscopic diffusion-
materials>~’ thus affecting grain-boundary diffusion in ce- related properties of the polycrystal. Annealing experiments
ramic oxides(for a review, see Kingefy). However, Yan to produce grain growth should result in significant alter-
et al1® have experimentally evaluated such a grain-boundangtions of the grain-boundary structure. In grain-growth ex-
space charge and concluded that it has only a negligible efperiments performed on oxide ceramics, however, little
fect, if any, on the intrinsic grain-boundary diffusivity of quantitative information about the evolution of the grain-
high-purity (ionic) ceramic polycrystals. boundary structure upon grain growth is available. Both
Another point of uncertainty is the effect of crystal struc- high-resolution microscopy and radioactive tracer experi-
ture and crystallographic misorientation of neighboringments possess the necessary atomic resolution to understand
grains on the grain-boundary diffusion phenomenon. The ernthe elementary diffusion mechanisms of individual grain
hanced transport observed at the grain boundary is theorizdzbundaries. But, these techniques are not easily manipulable
to occur because either the jump frequency of the kind oby statistical determinations and usually need extrapolation
defects present at grain boundaries is greater than in the la® explain macroscopic properties. On the other hand, accu-
tice, or that the concentration of defects in the boundary igsate measurements of grain growth or creep characteristics
higher than those in the bulk lattice. Both terms togetheihave been recommended as a tool by which to obtain infor-
might affect this phenomenon. Wuensch and Va$libsve  mation on diffusion processes in polycrystalline ceramics,
reviewed the early literature on grain-boundary diffusion inparticularly those associated with grain boundaries in
oxides and have concluded that the enhanced diffusion alongxides'®!’ Despite the precision of those studies, the details
grain boundaries is only observed when there is evidence aif the diffusion behavior are not resolvable into individual
solute segregation or precipitation. However, detailed studiegrain boundary responses, and the information available
of transport utilizing radioactive tracer atoms in boththrough these indirect experimental techniques is only an
polycrystald? and bicrystal$® with high-purity characteris- average.
tics show a strong enhancement of diffusion along grain In this paper, we attempt to use internal friction measure-
boundaries compared to bulk lattice. A large degree of anments to characterize the viscous behavior of grain bound-
isotropy in the grain-boundary diffusion of MgO was re- aries in polycrystalline ceramic oxides. Free-decay measure-
cently found by Osenbach and Stubithas well. This find- ments are performed on high-purity /&; and MgO
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polycrystals, as a function of three independent variablesparing the grain-boundary structures of polycrystals with dif-
temperature, frequency, and grain size. These two oxides aferent grain sizes, the same individual internal friction bar
thought to provide useful models for two classes of ceramiavas tested after performing repeated annealing cycles. Given
materials, viz.(1) Al,O3, as a hard, strongly anisotropic ce- the relatively short term exposure to the high temperature
ramic; and,(2) MgO, as a somewhat more ductile, cubic necessary for completing an internal friction run, no detect-
material. In particular, it will be shown that an analysis of theable difference in grain size could be found when comparing
temperature and frequency dependence of the anelastic cotfie polycrystals before and after testing.

ponent(i.e., the grain-boundary peak comport&id of in-

ternal friction provide a method of determining the inherent B. Internal friction experiments

(average viscosity (i.e., diffusivity) of the ceramic grain . . -
boundgries. In thi)g context, a stagstically meaningfulgcharac- In this study, internal friction was measured by the free-

terization of the viscous properties of grain boundaries Car?eca_y method, using a torsion pendulur_n device equ_p_ed
be obtained. In addition, we shall show that this internall®" Nigh-temperature mez{s?gzer:ments. This pendulum utilized
friction technique can also be used to classify individualthe structure designed by nd enabled measurements at

types of grain boundaries and to classify their different Vis_frequencies_ in the rangie= 1__30 Hz. The _penduIL_Jm de\_/iqe
as of an inverted type, with the ceramic specimen rigidly

cosity characteristics, provided that an adequate analysis d atits | J and hed h ’
the grain-boundary peak morphology has been performed amped at its lower end and attached at the upper end to a
metallic bar with a relatively large inertia. Mechanical oscil-

a function of the grain size of the polycrystal. The aboveI - fth . q d1h h the f
items of information confer on the internal friction technique ations of the specimen were detected through the frequency
odulation of an electric signal applied to the plates of a

a unique experimental resolution in studying grain-boundary" d According to th . tal d
viscosity and its related phenomena. In a more general view;O"¢€NSEr. According to the experimental procedure pro-

we consider internal friction as an experimental techniqu%oSecj by Salvet al,™ continuous recording was obtained

with the potential characteristics of mechanical spectroscop y attathng one condenser plate to the oscn_latmg Inertia
ar, while the other plate was attached to a fixed support.

Concurrently, strains were detected by a high-sensitivity
IIl. EXPERIMENTAL eddy-current-type displacement meter with a precision better
A. Polycrystalline ceramic oxides than =4.0x10"%%. The entire torsion pendulum device
_ ) . was enclosed in a vacuum-tight ambient in order to perform
_ Al205 and MgO polycrystalline bodies were prepared in agyneriments in a controlled atmosphere. All the present in-
disk shape with diameter and thickness~e80 and 6 mm, (o1nq| friction tests were conducted in an inert Ar atmo-
respectively, using a pressureless sintering techniques. Th&hare Temperature was gradually increased during the in-
starting AbO; powder(AKP-HP, Sumitomo Chem., Co., To- tarna| friction experiments using a carbon heater rolled
kyo, Japaphas an average size in the range 0.3-#h6and  5ond the ceramic specimens. Both a thermocouple and an
a degree of purity>99.995% (Sk8ppm, Na<3ppm, nfrared thermoanalyzer were used for temperature measure-
Mg<3ppm, Fe8ppm, Cu3ppm). The average particle ments, depending on the measurement range. Cooling of the
size of the starting MgO powdet00A, Ube Industries, Ltd., metallic grips which clamp the specimen was obtained by
Ube, Japanwas in the range 0.010-0.0%4n and the de-  gytemal cooling jackets. The free-decay oscillation was au-
gree of purity >99.98% (AK10ppm, Sk20ppm,  (omatically measured at intervals of5 K and the logarith-
Ca<20ppm, Fe<l0ppm, Znr<70ppm, Nal0ppm,  mic decrement of free vibration was calculated. Internal fric-
Mn<10ppm). Sintering was performed in air at 1873 K for tjon Q1 is a dimensionless parameter which measures the

1 h. No secondary phases or densification additives Wergyie of free decay after an initially applied pulse stress, ac-
added. According to the above sintering schedule, all th%ording to the following equation:

ceramic specimens were sintered up to nearly theoretical

density (>98%). Rectangular bars for internal friction tests Q =(UmIn(A,/Aq+1). )

were then obtainedin dimensions X 3X50mm) from the

sintered disks by successive procedures of diamond cuttinglere the argument of the natural logarithm represents the
grinding and polishing. The average grain size was detertatio between the amplitudes of two successive free oscilla-
mined by optical microscopy on polished and thermallytions of the specimen, e.g., the logarithmic decrement of free
etched surfaces, according to the random interceptioiibration; the higher the ratio, the higher the internal energy
method proposed by Hilliard and Ca#fhThe average grain dissipation. The shear modulus was also calculated from the
size of the as-sintered AD; and MgO polycrystalline speci- free-decay decrement, according to the method described by
mens were 3.3 and 5,0)”1, respective'y_ In order to investi- Nowick and Berryz.lA more detailed description of both the
gate the effect of grain growth on both the morphology andorsionpendulum anq the internal friction measurements has
the shift of the internal friction peak, annealing cycles wereb€en given in a previous repdtt.

performed for 5 to 120 h at 1873 K. The largest average

grain size obtained for both ceramics investigated w&2%& Il. THEORY

pm. Larger grain sizes could, in principle, be obtained by
selecting higher annealing temperatures or longer holding
times. However, in the present ceramics, a grain size larger Despite the recent advances in experimental microscopy
than~25 um (particularly in ALO5) developed spontaneous technique® and theoretical simulatiof% in probing and
grain-boundary microcracking upon cooling from the anneal-modeling the grain-boundary structure of ceramics with in-
ing temperature. To minimize the statistical scatter in com<reasing resolution, the ultimate structure of grain bound-

A. Grain-boundary structure and width in ceramic oxides
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matching, while in incoherent boundaries the reqgularity of

A) coherent A latti ? tchi thu b | j i Igut Ilfyth
boundary /S( tice-plane matching across the boundary is lost. e
width & of a directly bonded grain boundary is defined as the

thickness of the surface layer where a disturbed structure is
present, it follows that the highet, the largeré.

The statistical occurrence of fully coherent grain bound-
aries should be considered to be necessarily limited to a
small fraction of the entire grain-boundary population in the
polycrystal, the more complex the crystal structure the lower
the fraction®® It can be theoretically demonstrated that less
than 10% of all the grain boundaries are small-angle bound-
B) semi—coherent aries, because the probability that all three orientation angles

boundary A are low is very smalf® A statistical analysis of grain-
=+ boundary orientation in high-purity polycrystalline,&l; has
i\ b i* A been recently reported by Chet al® based on electron
S8 § P backscattered Kikuchi diffraction technique. In this study, a
& & 4 large number of grains could be analyzed, thus leading to
BE
6
_¢F

@D
d
a

statistically meaningful results. It was shown that grain
boundaries with a misorientation15° were only~3% of
the total grain-boundary population. In addition, these au-
thors showed an analysis of coincidence-site-lattic&L)
grain boundariesg,lclassified according to the Brandon’s mul-
p tiplicity criterion.>> The proportion of such special bound-
C) 'bnoclj.nfbea';.i,nt / A aries in ALO; was rather low, the CSL boundaries being
Tt T mainly observed between smaller grains. This latter observa-
d b i tion would imply that the CSL boundaries in &3 are those
with the lowest mobility within the entire grain-boundary

~ % X - I population of the polycrystal. The fraction of fully coherent
| 8
)

N boundaries in AlO; can be significantly enhancéide., up to
~30% CSL boundarigsby adding Mg dopant? However,
this should not be the case of the present high-purigOAl
whose content of Mg impurity was3 ppm. Another impor-
tant output of the electron backscattered analysis was that the
FIG. 1. Schematic of coherent, semicoherent, and incohererftilly incoherent grain boundaries in alumina>85°) con-
grain boundaries in the simple case of a cubic oxide structure. Thetituted a fraction of~10% of the entire population in the
salient geometrical parameters are indicated. polycrystal.

Similar to their geometrical arrangement, the rate of self-
aries at the atomic level in ceramics is still poorly under-diffusion in individual grain boundaries of ceramic oxides is
stood, especially for complex crystal structures. expected to be strongly influenced by the misfit angle

The general description of a directly bonded grain bound-Coherent boundaries have the closest structure to the bulk
ary in three dimensions requires the specification of the orifattice, and minimumé. Thus, their diffusion coefficient is
entation of both the adjacent crystals, involving thus theexpected to be the closest to the coefficient of bulk diffusion.
knowledge of three independent angles. In addition, the oriGiven the inverse proportionality relationship between diffu-
entation of the boundary plane relative to one of the crystalssivity and viscosity, low-angle boundaries should experience
which implies the choice of two additional angles as furtherthe highest viscosity within the boundary population of the
independent variables, is necessary. Thus, the general thrggslycrystal. On the other hand, a parallel array of open pipes
dimensional grain boundary is characterized by five degreeis the core structure of highly incoherent boundaries.,
of freedom. In a simplified view, a random bidimensionalwith large 6) (cf. Fig. 1) that may act as rapid diffusion
section of the grain boundary identifies a misfit anglee-  paths’® these boundaries thus having a low intrinsic viscos-
tween the main crystallographic direction of two neighboringity. Duffy and Tasket® have quantitatively discussed the
grains. According to the misfit angle grain boundaries are structure of high misfit angle boundaries in MgO and shown,
usually classified into three categorfédf ¢ is small(i.e., by an atomistic simulation technique, that the width of the
0°-159, the boundary is called theoherentboundary[Fig. dislocation pipes at grain boundaries of MgO may reach the
1(A)], and geometrically coincides with a dislocation arfdy. size of several lattice widths.

With increasing the misfit anglé@ the grain boundary will It is expected that the higher the diffusion characteristics
approach a fully incoherent structure, in which a one-to-onef the grain boundaries, the higher their mobility upon grain
matching of the lattice planes across the boundary is lost. Igrowth. Thus, incoherent boundaries should selectively dis-
this view, two additional classes are considered to be thappear first upon high-temperature annealing. Carter and
semicoherenitFig. 1(B)] and theincoherentboundarie$Fig. Morissey* have used the generalized coincident-site-lattice
1(C)]. Semicoherent boundaries present lattice strains sinceory proposed by Wagnest al® to discuss the grain-
the lattice planes must be “bent” to give the one-to-oneboundary structure of AD;. Their studies have proved that
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T creases. A detailed description about the origin of the inter-
nal friction peak in polycrystalline ceramics has been given

Bu/2 in a previous papet’
H A\d The maximum (elastio displacement allowed by the
v neighboring grains is proportional to the average graindize

and to the elastic shear straip=7(1—v)/G, wherev and

G are the Poisson’s ratio and the shear modulus of the bulk

ceramic crystallites, respectively. Assuming tlatequals

the macroscopic shear modulus of the unrelaxed polycrystal,
I Gy, it follows that

bu/2 AUy = adr(1—1)/Gy, ?)

T where « is a proportionality constant related to the micro-
FIG. 2. Schematic and salient parameters of the mechanism tructural morphology of both grains and grain boundatfes.

recoverable sliding at grain boundaries of directly bonded ceramic. he \{isposity of the grain bo““_dar}’ Chann@k at the inter-
nal friction peak temperaturg, is given by

an AlL,O5 grain facet with open structure will migrate much Ngp=TO(t* [ AUpa) =Gy dl2mfa(1—v)d, 3
faster than a densely packed one. According to the above . . .
statements, annealing cycles and grain coarsening should . heredis the grain-boundary thickness. Note that, accord-

. . . INg to Eq.(3), a change in grain size of the specimen will
duce the average grain-boundary thickness and/or increa gfve thg s(a)me effectgas agchange of the vibFr)ation frequency
their inherent viscosity, as compared to a fine-grained poly]—c '

This is because the relaxation time associated with the
crystal. stress relaxation across grain boundaries increases propor-
tional to an increase in grain size. In presence of a larger
grain size, a larger relative displacement can occur at grain
boundaries before it is blocked at the grain edges and corners

Internal grain boundaries in polycrystalline solids are a(cf. Fig. 2. Thus, a longer time will be required to reach
source of internal energy dissipation which may arise fromAup,. On the other hand, when the frequency of vibration
their viscous slip at elevated temperatdfedig. 2). With  is kept constant, an increase in grain size will shift the inter-
increasing temperature, the grain boundaries become viscoti@l friction peak to higher temperatures.
and cannot sustain a shear stress. Local slip occurs until the The morphology parameter can be expressed in terms
stress at grain boundaries has been locally released. Whé&h experimentally accessible parameters, according to the
the applied stress is sufficiently low, no microcracking orfollowing considerations. The total macroscopic shear strain
cavitation damages occur at grain boundary. Therefore, upoti of the polycrystal loaded by at the temperatur&,, con-
releasing the applied stress, the elastic deformation of thgists of the sum of an elastic component and an anelastic
neighboring ceramic grains will be recovered and graincomponent arising from the elastic deformation of the bulk
boundaries will be pushed back to their original position.qrainS and the viscous sliding at grain boundaries, respec-
The polycrystalline structure will be then restored to itstively,
original undeformed state. The elastic deformation of the
bulk ceramic grains dictates the magnitude of tleen- y=(7/Gy) +(AUngd/d) = 7/Gg, 4)

strained grain-boundary slip which, according to the inher-\ a6 is the macroscopic shear modulus of the polycrys-

ent viscosity of the grain boundary, must occur within &y, after relaxation by grain-boundary sliding at the tempera-

finite time, t*. _ , ture T,. Substituting from Eq(2) and rearranging, the mor-
Il_et us congder a macroscopic sheari st(egs, a torque ghology factora can be expressed as

which is applied to the polycrystal as a sinusoidal pulse wav

of maximum stress and frequencyf. Upon monitoring the a=[(Gy/Gr)—1]/(1-v), (5)

free decay of the polycrystalline specimen oscillation, the

occurrence of recoverable grain boundary sliding leads to theshere the relaxation modulus rat®, /Gy at the peak-top

presence of a peak in t@ 1(T) curve. The initial stress temperature is now an experimentally accessible parameter.

pulse activates the microscopielastio displacement of the In addition, it can be shown that, at=T,, the modulus

ceramic grains and viscous grain-boundary sliding eventuratio G/Gg is related to the height of the internal friction

ally takes place according to the particular applied frequencpeakQ;;}w through the following equatioft:

(cf. Fig. 2. In absence of external frictions, the amplitude of

B. Grain-boundary viscosity of ceramic oxides

the free oscillation must reduce due to viscous energy dissi- Gu/Gr=1M1—(Q,.2/2)]. (6)
pation. Two parameters enhance the rate of internal energy
dissipation,Q " 1: (1) the lengthAu over which the recip- High-purity oxide ceramics usually show directly bonded

rocal sliding between grains occurs, aj the intrinsic vis-  grain boundaries whose thickness is unfortunately neither
cosity 7, of the grain boundary. Due to the competing rolesconstant nor clearly visible by electron microscopy. It was
of these two parameters, a relaxation peak, located at discussed in the previous section thain ceramic oxides

=Ty, is found in theQ Y(T) curve as temperature in- may significantly vary according to the neighboring grain
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orientation. Normalizing by the thicknegsand substituting ST T T T
for a from Egs.(6) and(7), one obtains - [A03] =33 (A) y
(A5 l652K

- - 4 N

Mo/ 5=(Gul2mtd)[1-(Qra/21/(Quad2).  (7) I |
Equation(7) is valid only atT=T, and represents the basic 3 -
relationship which links the measured internal friction peak - .
characteristics with both the intrinsic grain-boundary viscos- 2l- _

ity and the microstructural parameters of the ceramic poly-
crystal.

An important implication in using Eq7) is that a varia-
tion of either grain size or oscillation frequency should pro- )
duce a vv_eII—defined temperature shift of the internal frictio_n 1800 " 180 9100 2400
peak. This phenomenon can be used to obtain an Arrhenius TEMPERATURE, T (K)
plot of the 74,/ 6 parameter and to calculate from its slope an ’
activation energy(peak-shift method With this activation 5 e
energy information at hand, we may attempt to discuss the L - 4
elementary process behind grain-boundary sliding in oxide 4_ ?Egiokum (B)_
ceramics. As an alternative, the activation energy for the .2 ym
thermally activated grain-boundary sliding can be obtained
from the widthW of the internal friction peakpeak-width
method, according to the following equation:

INTERNAL FRICTION, 102 Q™!

H=2(cosh 1 2)R/W, (8)

whereR is the gas constant artd an activation energy for
the phenomenon through which the peak is originated. How- ¥ ,
ever, Eq.(8) should be considered to be valid only under the Olilef, L § 1k
hypothesis that the experimentally determined internal fric- 1200 1800 2100 2400

tion peak arises from a single-relaxation phenomenon or, in TEMPERATURE, T (K)

other words, if the peak is a Debye peak. The experimental FIG. 3. Grain-boundary peak component of internal friction as a

pgakg usually ,arise from "’,‘ rglaxatiqn spectrum and _the imFunction of grain size in AIO; (A) and MgO(B) polycrystals.
plications of this characteristic are discussed in detail in the

following sections. Measurements of internal friction as athe polycrystal. In both the oxides, the increase in grain size
function of temperature, frequency, and grain size will now(upon annealing has a threefold effect on the grain-
be considered as a means of deriving experimentally the insoundary relaxation peakl) it reduces the peak intensity,
trinsic grain-boundary viscosities of high-purity &8; and  (2) it shifts the peak toward higher temperatures, &B)dit

INTERNAL FRICTION, 102 Q"1

MgO ceramics. alters the peak morphology, in particular by reducing the
peak width.
IV. RESULTS The reduction of peak intensity upon grain growth is

clearly related to a reduction of the grain-boundary area per

The internal friction curve as a function of temperatlire unit volume. This implies a lower internal energy consump-
was recorded at different oscillation frequencies and grainion within one oscillation period because the amount of
sizes. The experiment& ~*(T) curves of all the polycrys- boundary surface actually undergoing sliding is reduced. The
talline specimens investigated in this study could be deabsolute intensity of the grain-boundary peaks in the poly-
convoluted into two componentgl) an exponential-like crystals with the smallest grain size is very similar both in
background component; an@?) a peak component. The Al,O; and MgO. However, the reduction of peak intensity
Q}(T) curves and the deconvolution procedure is shown inassociated with grain growth is much more pronounced in
detail in the Appendix. The background component was subAl,O.
tracted from the experiment@™~1(T) curve to single out the At larger grain sizes, a shift toward higher temperatures is
anelastic peak component. actually predicted by Eq.7), according to which a larged

The anelastic peak component of internal friction wasvalue would imply a lower viscosity valugg, experienced
analyzed in this study because it has been shown to be dat the temperature of peak maximum. As discussed in the
rectly related to the viscous behavior of grain boundafies. previous section, a larger grain size will imply a larger rela-
In addition, in a previous study on sapphire and MgO singleiive displacement at grain boundaries before sliding is
crystals?* it was shown that no significant relaxation due to blocked at triple-grain junctions, therefore a longer time is
dislocation motion occurred in either crystal at tflew)  required to cover this larger sliding distance. Equati@n
stress level in the temperature range investigated in this padso predicts the same reduction gf;, at an increase in
per. oscillation frequencyf. This trend was indeed found experi-

Figures 8A) and 3B) show the evolution of the grain- mentally in both the ceramic oxides investigated, as shown
boundary peak component of internal friction in,@k and  in Figs. 4A) and 4B) for these fine-grained materials. Sys-
MgO, respectively, as a function of the average grain size ofematic shifts toward higher temperatures arising from an
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1800 * 1600 N 500 FIG. 6. Arrhenius plots of grain-boundary viscosity per unit

TEMPERATURE, T (K) thickness, as determined according to Eq).as a function of fre-

guency and grain size, are given for,®; and MgO polycrystals in
FIG. 4. Shift of the grain-boundary peak component of internal(A) and (B), respectively. Apparent activation energy values are
friction upon changing the frequency of torsional oscillation in fine- also shown. The errors involved in these measurements-ate
grained ALO; (A) and MgO(B). and =20 kJ/mol for ALO; and MgO, respectively.

_ ) both d and f produce shifts of thepy,/é value consistent
increase of frequency were found in both,®% and MgO,  with a unique Arrhenius pldiFig. 6B)]. On the other hand,
independent of grain size. After _calculatmg the grain-three distinct plots are found in 405 by varying the fre-
boundary morphology factar according to Eqs(5) and(6)  quency in polycrystals with different grain size&ig. 6(A)].
(Fig. 5), the grain-boundary viscosity per unit grain- Thjs s an important characteristic which implies important
boundary thicknessg,/ 5, was calculated according to Eq. differences in the viscous behavior of the grain boundaries in
(7). The complete sets of results obtained at different graifpese two ceramic oxides. However, it is important to note
sizes and frequencies are plotted in Arrhenius fashion for thghat, although three distinct Arrhenius plots can be generated
Al,03 and MgO polycrystals in Figs.(8) and @B), respec-  jn A0, upon frequency shift for different grain sizes, all the
tively. In comparing the behaviors of these two oxides, am|ots have the same slope, corresponding to an activation
important difference can be noticed. In MgO, variations 0fenergy,H~390i 30 kJ/mol[cf. Fig. 6A)]. This means that
a common elementary mechanism is behind the thermally
UL L L activated grain-boundary sliding, indipendent of grain size.
The activation energy of the single plot of Mgfin Fig.
6(B)] is found to beH~140+20kJ/mol, a value signifi-
cantly lower than that of AD5;. The activation energy found
for the ALO5 polycrystal may agree with the grain-boundary
diffusion of either Al (Ref. 39 or 0*° However, Cannon
et al*! estimated that Al is the slower diffusing species in
é?/&/, polycrystalline ALOs, thus controlling the deformation rate.
In MgO polycrystal, analysis by the oxygen-isotope
exchange-reaction method showed similar activation energy
T 5'-, 1'0 — 5'0' as that found in the present experimelftSherefore, atomic
GRAIN SIZE, d (um) diffusion along the pipe structure of directly bonded grain
boundaries is henceforth assumed to be the predominant el-
FIG. 5. Plot of the geometrical factas, as calculated according e€mentary mechanism involved in the grain-boundary mobil-
to Egs.(5) and (6), as a function of the average grain size of the ity and sliding in both the studied oxides.
polycrystals. The symbols are the same as those in Fig. 3. To quantify the variation of peak morphology, the peaks
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A. Analysis of peak morphology and grain-boundary
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As discussed in Sec. lll, a ceramic polycrystal contains a
—0 ’ regular collection of grain boundaries along which energy
dissipation by viscous slip may occur. It can be assumed that
the spheres of relaxation of individual grain boundaries do
not significantly overlap, which implies each grain boundary
will respond to external stress independent of its neighbors.
. However, the grain-boundary peak of internal friction is
1075 L . given by the superposition of contributions from individual
5 10 50 sets of internal boundaries having the same characteristics.
GRAIN SIZE, d (um) This is because each grain boundary within the same directly
bonded polycrystal has a certain thickné@ss., misfit angle,
a certain intrinsic viscosity dictated by its particular struc-
ture, and is formed between grains of various sizes. Any
variation of these characteristics may, in principle, affect the
temperature range and/or the morphology of the peak. When
_ experiments are performed at a fixed oscillation frequency,
7.0 Eq. (7) suggests that an internal distribution of either grain
sizesd or grain-boundary thicknessésmay give rise to a set
of individual peak components, whose intensity is propor-
tional to the statistical occurrence of that particular boundary
population.
Debyepeck & 4 o A quantitative analysis of the effect of grain size distribu-
104 L Lo, tion on the grain-boundary peak morphology has been per-
1 5 10 50 formed by Felthan?® This basic study shows that the contri-
GRAIN SIZE, d (um) bution to peak widening, which may result from the diameter
distribution of the grains, is much lower than that which is
FIG. 7. Plots of experimental peak width of 81; (A) and MgO  actually found in our experiments. This may disprove the
(B), as a function of the average grain size of the polycrystals ar¢hesjs of a significant peak-width dependence on grain size
compared with the width of the respective Debye peak calculatedjistripution in the present ceramic oxides. In addition, simi-
according to Eq(8). The n_ormallzed gra_ln-b_oundary peaks and the|5, evolutions of the grain-size distribution in /&, and
Debye peaks are shown in the respective insets. MgO upon annealing, should give rise to similar morpho-
logical changes of the internal friction peak, which is not the
are normalized with respect to their height and their fullpresent case, as shown in the remainder of this section.
width at half maximum plotted as a function of grain size. ~ On the other hand, we have stated in Sec. Il A that the
The results of this analysis are summarized in Figa)and  grain-boundary widths in directly bonded ceramic oxides
7(B) for Al,O; and MgO, respectively. The peak of MgO at May vary by more than one order of magnitude upon varying
any grain size is significantly broader than the peak gl  the misfit angle,6. In addition, a pronounced increase of
because the elementary phenomenon of grain-boundary difliffusivity is expected at higt# angles. Therefore, a variety
fusion in MgO has an activation energy lower than in@y of p_055|bl_e dn‘fusmn_—plpe structures in dlrectly_bonded ce-
[cf. Fig. 6 and Eq.(8)]. Upon grain growth, the grain- 'amic grain boundaries may originate a relaxation spectrum

boundary relaxation peak of both the oxides approaches th‘ghi.Ch broadens_ the internal friction pea!<, as cpmpared with
width of a single-relaxation peafor a Debye peak In this a sm_gle—relaxat_mn eryg peak. With this n mind, a decon-
context, it is noteworthy that the activation ene.rgies calcu—v olution analysis in individual components is attempted for
lated by the peak width methddle., according to Eq(8)] all the grain-boundary peaks shown in FigéABand 3B).

- i e s Figures 8A)—8(C) and 9A)-9(C) represent the grain-
for the materials with the largest grain size agree with theooundary peaks at various grain sizes of@J and MgO

respective activation energies obtained by the peak shiflegpeciively, normalized relative to their respective peak
method from Figs. @) and 6B) within a 10% error. Pro-  pejghts and deconvoluted into individual peak components.
vided that a sound explanation can be given for the the rea common structure of the grain-boundary relaxation peak is
duction of W upon grain growth, the agreement between theecognized in both the oxides: the grain-boundary peak of
activation energies obtained by peak-shift and peak-widttpolycrystals with the finest grain size can be deconvoluted
methods may prove the self-consistency of the present intefnto three main components. Two major components of simi-
nal friction approach. This result is regarded as an encouradar height and width are located at lower temperatures, and a
ing starting point for the peak-morphology analysis pre-minor component is centered at a higher temperature. The
sented in the next section. components belonging to the doublet have a larger width but
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FIG. 8. Deconvolution analysis of the normalized grain- FIG. 9. Deconvolution analysis of the normalized grain-

boundary peak of internal friction for the #&; polycrystal, as a  boundary peak of internal friction for the MgO polycrystal, as a
function of grain size. function of grain size.

are reasonably close to the respective Debye péa&s

those drawn by accounting for the activation energy deterstable and maintains a constant intensity upon annealing. In
mined by the peak-shift method in FiggAj and 4B)]. The  MgO, both theT,, and T3 components are rather stable
minor component has in both the oxides an activation energypon grain growth.

very close to that of a Debye peak. Upon grain growth, the In this paper, we propose that tiig,, Ty,, andT,3 peak
component of the peak doublet which is centered at theomponents arise from sliding of three kinds of grain bound-
lower temperaturédenominated ,; component, henceforth, aries:(1) the fully incoherent(2) the semicoherent and3)
where T,, represents the temperature at peak maximumthe coherent grain boundaries, respectively. This interpreta-
tends to disappear in both materials, and it totally disappearson may seem at first sight to be a rather simplistic one,
in the ALO; with d=20um. Also in AlL,O5 the intensity of ~ considering that a very large variety of grain boundaries
the high-temperature component of the doublgf,(compo-  should be available in a polycrystal. However, this idea is
neny significantly decreases with increasing grain size. Orsupported by the following qualitative consideratiofis:the

the other hand, the minor peaK {3 componentis very  fraction of fully coherent boundaries is quite IoWdue to
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the very small probability of three orientation angles be-
tween neighboring crystals being low. This characteristic is
represented by the limited height of tfig; component in
both oxides;(2) the higher the degree of coherency of a set
of boundaries the higher the temperature range at which their

°

GRAIN BOUNDARY THICKNESS, &, (A)

T
L

-
o
%]

=
Al203 \

peak component manifests, consistent with a higher intrinsic 102 =
viscosity and/or a lower thicknegsf. Eq. (7)]; (3) the fully F 3
incoherent boundariegrepresented by the respectivig,; i —9—‘?%&_ ]
components represent a minor fraction of the grain- 10 MgO

boundary populatioitaccording to the experimental analysis
in Ref. 30 and tend to disappear first upon grain growth,
while coherent boundaried j; componentsare very stable;
and, (4) in the more complex grain-boundary structure/
variety of the hexagonal L5 (vs cubic MgQ, a larger frac- GRAIN SIZE, d (um)
tion of incoherent grain boundaries disappears upon grain
growth. In addition, the semicoherent boundaries of cubic FIG. 10. Average grain-boundary thickness as a function of
MgO are relatively more stable upon annealing. grain size in AJO; and MgO polycrystals. As explained in Sec. V,

Let us start from the above latter observation and assum@ese plots represent un upper limit for the grain-boundary thick-
in a first approximation that the coefficient of oxygen self-ness of both oxides.
diffusion at grain boundaries is independent of the misfit
angled. This assumption would imply that the rate of grain- may also lead one to consider that the shift of The com-
boundary sliding is mainly dictated by the geometry of pipeponent at lower temperature is entirely due to grain-
structure and, in particular, the thickness of the grain boundboundary widening. Nevertheless, a more mechanistic view
ary. A similar assumption has been proposed for metalliof the grain-boundary layer would suggest that the presence
grain boundarie$® This should be particularly true in com- of an array of “holes” (i.e., large diffusion pipesat grain
paring coherent and semicoherent boundafies, at rela- boundaries should lead to a lower average viscosity for the
tively low 6). In fact, although the semicoherent boundariesmatter within this layer. This can be still consistent with the
should present lattice strains to give the one-to-one atomibypothesis of a constant diffusivity into the individual pipes,
matching, they are thought to preserve a regular structurmmdependent of their size. We leave aside this somewhat se-
resembling that of coherent boundaries, without large dislomantic problem, but note that the present estimate of grain-
cation pipegcf. Fig. 2B)]. This hypothesis is also supported boundary thickness only represents an upper limit value; the
by their relatively low mobility upon annealingf. T,, com-  larger the ¢ angle, the higher the overestimation &f A
ponents in Figs. 8 and)9For a low # angle in coherent calculation of the grain-boundary thickness,, for the Ty,
boundaries,|~\=~§. If the two classes of coherent and component(performed in a similar way as done above for
semicoherent boundaries have a comparable intrinsic viscothe T, componenyt leads to the value8,; ~680 and 50 Ain
ity, then the shift toward lower temperature of the peak com-Al,O; and MgO, respectively. Figure 10 shows the average
ponentT,, with respect toT ;3 should be entirely due to an grain-boundary thickness,,, as a function of the average
increase in grain-boundary thicknegs,According to a lin-  grain sized for both AL,O; and MgO polycrystalsé,, was
ear dependence Ing,/5) vs 1T and assuming a uniqugy,  calculated as an arithmetic mean &%, &,, and &3,
value among different kinds of boundaries, it fol- weighted by the relative intensities of the respective peak
lows that InGzyp/ 82) = IN(7gn/ 53) =IN(S3/62) =H [(L/T ) components shown in Figs. 8 and 9. In the,@J with d
—(1/Tp3)]. Thus, using the respective values of activation=4.8um, 8,,~280A, which is reasonably close to the
energyH from the plots in Figs. @) and 6B) and taking  value 5,~140 A calculated by Mistler and Colifeby com-
the intervall (1/T 5,) — (1/T,3) ] from Figs. 8 and 9 for AlO;  paring between sintering, grain growth, and creep data, al-
and MgO, respectively, the grain-boundary thickness of thehough these authors do not specify the average grain size of
the semicoherent boundaries can be calculated. By doing stheir polycrystals. A closer observation of thg(d) plot of
a widening of § is found in both oxides for semicoherent Fig. 10 reveals a steep decredseabout one order of mag-
boundaries, as compared with the respective coherent strupitude in the relatively narrow grain-size interval 4ufin
tures. For coherent grain-boundary structures witf=\ =<d=<19.3um. The uncertainty in grain size may easily ex-
=5.60A and 4.21 Alin Al,O; and MgO, respectivelythe  plain the difference by a factor of 2 between the Mistler and
correspondent average thicknesses of the semicoherent gradoble’s data and ours. Another explanation may be the pos-
boundariess, are ~100 A and~12 A, respectively. Note sible overestimation of ouf data mentioned before, arising
that the much larger widening of &D; boundaries with re- from the assumption of a constant viscosity among different
spect to that of MgO is consistent with both the more com-classes of grain boundaries. A much weaker dependence of
plex crystal structure of AD; (i.e., hexagonal vs cubic MgO &,, on grain size is found in MgO, which is consistent with
structure¢ and the more rapid disappearance of The peak its simple crystal structure. However, a value again larger by
componenti.e., the higher grain-boundary mobiljitfjound  approximately a factor of 2 is found in comparing our data
in Al,O3 upon annealing. on MgO (8,,~23A) with those determined by Ikuma and

It may be possible to extrapolate to largeangles the Komats® utilizing the oxygen-isotope exchange method
hypothesis of a constant intrinsic viscosity of grain bound-(8,,~10A at~1900 K). Eastmaret al*® have proposed a
aries, but at present we are unable to test it. This hypothesiectron-diffraction technique to directly determine the size

—
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W——T 71717 77— have shown that coincident lattice sites in a typical high-
- ] angle boundary §=27.8° about thd0001] axis) of Al,O4

— 9 Alz03 B are separated by a distance f/\ across the boundary.
s I ] Assuming this distance as the average grain-boundary thick-
& 8 7 ness for the incoherent boundaries 0§@d, an intrinsic vis-
& T T cosity value of =20 times lower is estimated for these
g Un N boundaries, as compared with that of semicoherent bound-
T Mg 1 aries shown in Fig. 11.

6 _ According t_o the abov_e peak-width and peak-shift ar_1a|y—

| T SO o N ses, we can finally explain why thgy,/s data collected in

45 50 55 6.0 65 7.0 MgO polycrystals with different grain sizes experience a

10%/T (1/K) unique Arrhenius plofFig. 6(B)], while the ALO; data does
not [Fig. 6(A)]. There are two potential reasor{$) the de-
FIG. 11. Arrhenius plot of grain-boundary viscosity of semico- pendence of (or ngn) Upon the crystallographic misfit angle

herent boundaries of both &D; and MgO polycrystalsng, values g is much less pronounced in the MgO cubic structure as
have been calculated according to Efj. compared with the hexagonal &5 (cf. Fig. 10; and, (2)

the activation energy for ion diffusion at grain boundaries of
of grain-boundary dislocation pipes in NiO. Their high- MgO is less than one third that at grain boundaries g4\
resolution micrographs show a size b&15A for the  which makes the scatter due &of the viscosity value de-
dislocation-pipe structure of a=12.25° tilt boundary. tected by internal friction less pronounced.
Given the fact that NiO and MgO have the satnecksal) Unfortunately, grain-boundary viscosity data for,8%
type of cubic crystal structure, we may extrapolate the meaand MgO polycrystals are not readily available in the litera-
surements on NbO to MgO to find agreement with the grainture at present, and a direct comparison with our data from
boundary thickness determined in this study within an ordethe internal friction method is not possible. On the other
of magnitude. hand, grain-boundary diffusivity data is available from vari-
ous techniques for both the investigated oxitfes: A com-
parison of this data from the literature shows that the ion
) ) self-diffusivity along the grain boundaries of &); is one to

Semicoherent boundaries, represented byTtlhecompo- o orders of magnitude lower than that at the boundaries of

nent of the internal friction peak, should experience a uniquego at temperatures 1600—1800 K, which is consistent with
Arrhenius plot with regard to their intrinsic viscosity, inde- e higher grain-boundary viscosities of 85 over MgO

pendent of the overall peak morphology. Invoking EQ.t0  §etermined in the present study.
account for the effect of grain size, and using the valéges

~100A and 12 A(as determined in the previous sechidor
Al,05 and MgO, respectively, théaveragg intrinsic g, of
semicoherent boundaries can be calculated, independent of
the particular polycrystal in which they are embedded. The Free-decay internal friction experiments were conducted
Arrhenius plot of 54,, relative to theT,, peak component on high-purity polycrystalline AlO; and MgO as a function
only, are displayed in Fig. 11, as obtained from data in Figsof three independent variable&) temperature(2) oscilla-

6(A) and B). As seen, a unique Arrhenius plot of viscosity tion frequency, and3) grain size. The grain-boundary peak
is obtained for both the oxides. Using tldg, values in Fig. components of the internal friction curves were discussed
10, also the viscosity values calculated fromThg andT,;  with emphasis on both the temperature shift and the peak-
components can be shown to belong, within the experimentahorphology changes occurring upon varying frequency or
error, to the same linear plot of Fig. 11. This agreemengrain size. A model for recoverable grain-boundary sliding
should be regarded as a proof of internal consistency for thevas used to quantitatively evaluate the viscous response of
proposed internal friction method, because it shows that ingrain boundaries to an applied shear stress. An Arrhenius
formation about grain boundaries, which is obtained througltplot of grain-boundary viscosities was obtained for both
the analysis of peak morphology, is the same as that obtainetl ,0; and MgO polycrystals, according to a peak-shift
from a peak-shift analysis. However, this agreement does natnalysis performed in the frequency range 2—25 Hz. Activa-
add physical insight to the viscosity characteristics of differ-tion energies 39830 and 13& 20 kJ/mol were found for
ent classes of grain boundaries, becauseSthgalues shown  Al,O; and MgO, respectively, which is consistent with the
in Fig. 10 were calculated under the hypothesis of constanbn self-diffusion at grain boundary as the main elementary
ngp- This means that, if the assumption of a constant intrin-mechanism leading to sliding.

sic viscosity among different classes of boundaries breaks A deconvolution analysis of the grain-boundary relaxation
down, then the plots of Fig. 11 should be regarded as validlypeaks was performed at vario(@veragg grain sizes in the
representing the viscosity trend only for the semicoherentange 3—23um. According to this latter analysis three main
class of boundaries. Looking at the schematics of varioupeak components could be identified, which were related to
grain-boundary geometries in Fig. 1, it is also conceivablehe sliding of three distinct classes of grain boundaries em-
that incoherent boundaries possess a larger area of diffusidiedded in the polycrystall) coherent,(2) semicoherent,
pipes, without necessarily having a significantly larger grain-and(3) fully incoherent grain boundaries. It has been shown
boundary thickness. For example, Carter and MorriSsey that the grain boundaries with a low misfit angle contribute

B. Intrinsic viscosities of grain boundaries

VI. CONCLUSION
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FIG. 12. Arrhenius plot of the experimental internal friction FIG. 13. Arrhenius plot of the experimental internal friction
curve of fine-grained AD; (=3.3 um). The deconvolution proce- curve of fine-grained MgQ@~5.0 um). The deconvolution proce-
dure which enables to separate the background and the peak comidre which enables to separate the background and the peak com-
ponent is also shown. ponent is also shown.

to the overall relaxation peak with a componéng located e
at higher temperature, which are very stable upon annealin#I
On the other hand, incoherent grain boundaries are repr?—

) or
sented by a low-temperature peak compongpt, which

ak?! However, this procedure is far from being established
polycrystalline ceramics. Here, we propose a procedure
deconvoluting internal friction spectra of ceramic oxides

thto the two above components and attempt to justify this

boundaries disappeared with grain growth. Sliding of Semiprocedure accqrdlng to phy5|cally sound arguments.
coherent boundaries gave rise to an intermediate internal N 9eneral, in ceramic as well as in metals, the back-
friction componentT,, which, with grain growth, showed ground is much smaller in single crystals than in polycrys-
higher stability in MgO than in AlDs. This behavior was (@IS, and is smaller in coarse-grained polycrystatsowing
consistent with the relatively simpler structure of grain@/s0 smaller grain-boundary peakthan in_fine-grained
boundaries in MgO cubic structure, as compared with hexSamples. In analogy with metal polycrystéfsit can be
agonal ALOj. thought that the background is of a viscoelastic nature. Be-

The present internal friction analysis also allowed an essides recoverable grain-boundary sliding, the internal
timate of an upper-limit value for the thickness of the variousbuildup of stress at the grain edges may also produce local
classes of grain boundaries, assumed to be the width of thigrrecoverablg plastic creep of a linear and thermally acti-
path along which diffusion is significantly enhanced. An in- vated type, such that the specimen plastically deforms during
crease from the A size of the thickness in coherent boundinternal friction test. This mechanism of plastic deformation
aries up to several nanometers in the semicoherent graimay eventually be the same as that leading to creep under a
boundaries was found. This size estimation reasonablgonstant stress. A complete analysis of the background com-
agreed with direct measurements of grain-boundary thickponent in comparison with the creep behavior of oxide ce-
ness performed by other authors by the oxygen isotopeamics is beyond the purpose of the present paper. However,
method or by various other indirect techniques. The magnito conceptually pool the phenomena behind creep and inter-
tude of gram—boundary viscosity in the semicoherent class of 5 friction background would imply that the thermally acti-
boundaries was 1,08 and 10 Paxs (at ~1700K), for Al;0;  yated background should obey an Arrhenius-like dependence
and MgO, respectively. Incoherent grain boundaries 803l 4 temperature, thus experiencing a straight line in an
showed a maximum increase in thickness up to several hury, hanius plot against the inverse of temperature.

dred A and/or a decrease in their inherent viscosity up to Figures 12 and 13 show Arrhenius plots of the internal

more than one order of magnitude as compared with h'ghefrriction spectra collected on the finest grained,@y and

coherency classes of boundaries. MgO polycrystals, respectively. The respective deconvolu-
tions in peak and background components are also shown. It
ACKNOWLEDGMENTS is clear from the above figures that it is actually possible to

The author thanks Dr. K. Ota for his help with the experi- fit by a straight line the low- and high-temperature feet of the
mental procedures. Professor T. Nishida, Professor T. Sdnternal friction spectra of the present ceramic oxides. The
kuma, and Professor Y. Ikuhara are sincerely acknowledgespectra of the two oxides with the finest microstructure
for many useful discussions. shown in Figs. 12 and 13, were the most difficult to decon-
volute because they present very broad relaxation peaks.
Nevertheless, straight lines can be clearly drawn and peak
components singled out in an objective and reliable manner.

The experimental damping-temperature curves of polyPlotting and deconvoluting the internal friction spectrum in
crystalline metals are usually deconvoluted into two compoArrhenius fashion involves two major advantagép: it
nents, and exponential-like background and an anelastimakes it possible to precisely draw the background as the
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straight line which best fits both high and low temperatureof temperaturé~5 K) and confirmed by several experimen-

internal friction data; andii) it highlights the actual mor-

tal runs, it is assumed that the morphology of the internal

phology of the peak, which is discussed in the text. Thusfriction peak owns somewhat reliable morphological charac-
provided that data are collected in sufficiently short intervalgeristics, as discussed in the text.
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