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THE MECHANISM OF CREEP IN .
POLYCRYSTALLINE MAGNESIUM OXIDE

. * .
Terence G. Langdon and.Joseph A, Pask
Inorganlc Materials Research D1v151on Lawrence Radiation Laboratory,
" and Department of Materials Sc1ence and Engineering,
College of Engineering, University of California,
‘Berkeley, California
ABSTRACT

July 1969

Polycrystalline magnesium oxide, nominally fully-dense (>99}8%
theoretica;), was teeted in.compressivevcreep at a temperature of 1200°C
"and under initial'applied stresses of 3.h_x lO8 - 13.76 x lO8 dyne/cmz,
‘The ebserved steady ~state creep rates were 1ndependent of - graln size in
‘the range %12-52pm, and proportlonal to ¢33, where G is the applled
stress. The activation enefgyﬂwas detefmﬁned at 51 iS.kgal/mole.

| "The reSulﬁseShow that the creep behavioriof pblycrystalline MéO is
similer to that observed in meny metals,  An ahélysis of the data in
termseof variogs cfeep theories suggests that a.disloeaﬁion mechanism.ie
retefcontroliing, such as the climb of disldcations witheut accompanying

~.glide.

¥ Now at Department of Metallurgy, University of British Columbia,
Vancouver S, R.C., Canada. ‘ ' ‘



(N,

manner first suggested by Nabarro.
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1. INTRODUCTION
A”major problen retarding the growth of knowledge of creep in

ceramic systemsvhaé been,theldifficulty of obtaining polycrystalline

-materials not only of controlléd porosity but also of purity. Both of

these factors are of primelimpbrtance in any critical evaluation of the

Cfeep characterisﬁics, since, in MgO at least, there is evidence that

" the size and distributibn_of.pores;is an'important factor in the high .

' (1)

temperature mechanical behavior, and that’ impurities,even when present

(2)

in amounts as small as 30'ppm,mayvsegregate’to the grain boundaries.

This latter effect.may be especially important ‘if grain'boundary sliding

is a slgnifigént mode of deformation at high,temperatures,-partigularly

if the boundary phaée has a low melting point.

Many of the creep resultsvpublishéd on ceramic polycrystalS-have
suggested that the fate—confrdlling mechanism at high temperatures-is
the stress-directed diffusion of vacancies thréughfthe lattiée,-in the-
| (3) (L)

Under these conditions, Herring
has shown thatvthe creep_raté; £, is given by
=29 0 (1)

where B is a constant (n10 for equi-axed poljcfystals), Q is the .atomic

. volume, ¢ is the applied stress, d'is‘the-average'grain diameter, 'k is

‘Boltzmann's constant, T is the absolute temperature, end D. is the

L

lattice self—dlffgslqn co¢fflc1ent (= Db(L) exp(fQL/kT) where PO(L)’lS 

a frequency factor andeI'is the aétiVation energy for lattice self-
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diffusion). If the diffusional path is along the grain boundaries,

(5)

Coble has shown that the creep rate is-then given by

;'150 " OWR
T g%kt

€

B (2)

where W is the width of the boundary and DG

B is the grain boundary self-

diffusion coefficient (=D exp(-9,.,/kT) where Q.. is the activation
) " GB GB

o(GB

energy for boundary diffusion).
In several instances where Nabarro-Herring diffusional creep appears

to occur, Eq. (1) has been used to directly calculate DL from the measured

creep rates, and tentative agreement has been found between the cal-

(6-9)

culated values and those for cation diffusion (e.g. in A1,0,,

(lo’ll)_MgO(lg)). This result is unexpected, however, since the

BeO,
anions are.known to be the slower moving ions in these materials and
should therefore bé rate—contfolling.* To.overcome this anomaly in
Alzog,’it was suggested that oxygen migrates via grain boundaries at a
fastéf rate than cation diffusion through the lattice.(lB)

In contrast, some other creep studies on éeramic polycrystals
(FeO,(16) LiF,(lY) MgO,(lB) NaCl(lg)) have shown that the observed creep

rates obey a pover relationship rather than a linear stress dependence,

thereby suggesting a mechanism such as the glide and climb of dislocations.

¥ In some oxides, probably those that can easily become oxygen-deficient,
the cation appears to diffuse more slowly than the anion, and the
apparent eguivalence between the activation energy fig)cree% ﬁnd that
for cation diffusion is then reasonable (e.g. ThOz, U0, (14) ),

v



Under these conditions, Weertman

*in the published results.
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(20)

has shown that the creep rate is

given by
€= exp (-Qc/kT)~ v : : (3)

where Qc-is the activation energy'for»creep;4n is a censtant (L.5) and

A is apprdximétely constant but_centains a slight depehdenee on tempera-’

©ture.’

Althqugh a large volume of creep data is currently available on MgO,

~in both single crystal and polycrystallinebform, wide_variatione exist

(21) The present’investigatiOn'was therefore

_'undertaken spec1f1cally to determlne the' rate controlllng mechanlsm in

non-porous hlgh—purlty MgO at a temperature of 1200°C (NO 5 T m® where Tm

;1s the.meltlng point. in degrees Kelvin). vFromvKs. (le3) it follows:

that if diffusional creep isvrate—contrelling, rather than a dislocation

‘mechanism, two criteria must be satisfied:

.»(i) € must be a linear function of @
(ii) € must bé proportional to d, either as 1/d? (Eq. 1) or
1/a% (Eq. 2) respeetiVely.

The purpose of this paper is toﬂshew that , under the present ex-

.perimentaliceuditioﬁs -neither of these criteria is'fulfilled;r

' 2,' MATERIALS AND TLCHNIQUES

Several discs of. polycrystalllne MgO 1.5" in. dlameter and 0.25"

thick, were produced_by hot-~pressing hlgh—purlty MgO powder in vacuum in

a graphite die with an additive of 3 wt % LiF, ﬁSing the technique and
(22) |

" materials described_by Benecke et al. A_pressufe.of lQOO'p.s.i. was
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applied at room temperature, maintained.constant whilst the temperature

was raised to 1000°C over a period of %3.hr, and.held»at temperature for

3 hr. The specimens were then furnace.cocled. All discs were sub-

sequently heat-treated for 3 hr at 1300°C, to give an average grain size,

determined by the linear intercept method, of ll,8um; some were also

given additional heat treatments for 3 hr at 1500°C -or 1750°C, to &ield
| average grain sizés of 33um and 52um respectively.

The discs were transparent after héat treatment, with no visible
porosity,(23) and the density was detérmined as 3.577 g/cc using the dis-
placement in alcohol technique. This density is better than 99.8%
ﬁheoretical in comparison with an MgO single crystal value of 3.58k g/cc,

(2k)

‘based on a lattice parameter determination. A spectrographic anal&sis
revealed the following impurities in ppm: Si:30, Fe:<20; A1:10, Cu:5,
Ni:<10, Sr:<50, Ca:40, Li:75; all constituents are reported as oxides,
with the exception of lithium which, although primarily removed during
densifiéation, was probably present as a fluoride due to the use of an
LiF additive,

Specimens were cut from the hot-pressed dises with a diamond saw,
the majority to dimensicns of 0,38" x 0.25" x 0.25". Since there is
evidenée that specimen dimensions, particularly the length:width ratio,

(25)

may affect the observed behavior when testing in compression, somne

. specimens were also cut to the same cross-section but with a length of

%1.0". Prior to testing, the ends of each specimen were ground perpen-

dicular to the longitudinal axis using a special jig, and one longitudinal

face was polished to allow subsequent microscopic examination.
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All specimens were tested»in air inside a‘furnace witheMoSiz.heatingj

elements, under conditions ofﬁconstant load caleculated on their initial

cross-sections;- For testlng, the spec1mens were . placed uprlght between

small . (WO 7" dlameter x 0. 3' thlcknesc) alumina buttons;.proteoted from -

the_Ale3 by_a thin (0.00l") sheet of platinum, and then placed between

two alumina loading rams within.the'furnace.' For the 1ong (n1.0")
',Specimens the straln was contlnuously monltored by two. sapphlre rods
* which implnged into small holes’, 1n1t1alIV'O.5 ~apart, on. one face of”.

- the specimen, and were connected eXuernally to a llnear voltaee differen- -

tial transfo?mer and recorder.' With ‘the shorter (%O 38") spe01mens, the

sapphire rods were inserted in-holes on the sides, and near the inner-

most-edges,_of the alumina buttons. In.both”ceses, the totalIStrains

werevin good agreement with:those obtained by-measuring the,lengths of

.1-fheospecimens after testing. Strains were recorded to a sensitivity -

of.iSex 10*5, and the'specimen:temperature;was maintained constant dur-
ing each test to an estlmated+5 C
3. EXPLRIMENTAL RESUDTS

Spe01mens of the smaller 1ength (%O 38"), and of the three dif;‘

;ferent grain sizes, were tested under various constant loads in the

'grange'S,OOO—QO,QOO p.S.l (3 Ll x 10 ~l3 76 x lO8 dyne/cm ), andvthe":
»strain—time Curves recorded 1n’each case Typwcal results, for the
-smallest grain 31Le (ll 8um), are glven 1n Flc l and show thet poly—v

crystalllne Mg0 exhibits both primary and secondary stages of creep. when _.'

tested in compression. All,tests were-dlscontlnued before ;raoture, the

rmajorityfat totai strains of <0.05; a few specimensvwere:téken-to higher

strains, typically %O;l, but all.were'unloaded-before there was any
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evidence of a third, or accelerating, stage of creep.

For each specimen, the steady-state creep rate was plotted as a
function of stress, as shown in Fig. 2. inaaddition, four specimeﬁs of
the smallest grain size but of the longer length (v1.0") were tested
under similar conditions, and these resuits are also plotted. It can be
seen that all points for the small spécimens lie on the same line, in-
dependenit of grain size, with a slope of n = 3.3. .The results for the
longer specimens show a similar stress dependence, although ﬁhe creep
rates in this case were slightly faster. |

To determine the activation energy for creep, Qc; additional tests
were carried out in which the temperature was cyclically changed by‘
\25°C, either in the range 1175—1200°C or 1200-1225°C, at regular strain
incremehts of &0.02. By this procedure, it was assumed that thevstruCA
ture remained constant during the change,26 and Qc ﬁas calculated from

the relationship

_ 5 n & . R 1n (e,/€y)
¢ 9(-1/R1) (Tz-T1)/T;T2

Q (L)
where él and éz vere the instantaneous creep rates immédiately preceding
and following a change in temperature from Ty to Tz, and R is the gas
conétant. Some scatter was observed in. the experimenﬁal data, since the
equipment used in this work did not permit extremely rapid ﬁemperature
‘changes typical.times to reach thermal equilibrium for decreases and
increases of “25°C were 12 and 8 minﬁtes respectively. bThe average
valué obtained for QC was 51vi5 kcal/mole, and this was independept Qf

the total strain.
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- 4. DISCUSSION .

. The results in Fig. 2 show clearly that the two criteria required

for diffusional creep are.not satisfied under the present experimental

conditions. Firstly, the slope pf the line is given by ﬁ = 3.3, rather
than unity; secondly, there is no appareﬁt'dependence on grain size in
the range 11;8-f'52nm. .However, since there ié’evidence'of diffusional
creep in polyecrystalline Mg0 tested‘under similar conditions,QY it is
important to examine thése results more'closély.

a.ﬁ'Comparison”with‘Diffusional Créep Mechanisms

From Eq. (1) and (2), it follows that, atACOHStant stress and

. L] ’ . C .' ' . .
. temperature, the strain rates, €, and €2, for two different grain sizes,

d, and d,, are related by

€1/€2 =.d§/d2 ~ {1lattice diffusion) (5)

i}

d:/d:. (grain boundafy diffusioﬁ) . (6)

Taking the experimentally observed value of €; = 1.83 x 107 sec™t

for d; = 11.8um at 0 = 2 x 10" p.s.i., the calculated values of €, for

8

dz2- = 52um are 9.3 x 10~ seé'l_and 2.1 x 1070 sec™? from Eq. (5) and (6)

respectively. TLines of slope n =:1 have been drawn:through these poinfs

in'Fig. 2, and‘illﬁsfrafe the marked discrepancy between the experiméﬁtal_

data and the twovdiffﬁSiénal'modelsr

v_The-oVerall deviation from diffusional éreep may be calculated by
using Eq. (1) to determine the‘anticipatEd:valué of € if creep takes -

place by the stress-directed diffusion of vacancies through the latticé.
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With the smallest grain size (4 = 11.8ym), taking Q = 1.87 x 10—23 cm3,
-6

for extrinsic lattice diffusion of'02~‘(2.5 x 10~

L
28 . ' v b -10 -1
exp-(62,400/RT)),”  the value calculated for € is 5.8 x 10 sec ,

0=10"p.s.i., and D

almost three orders of magnitude slower than the experimentally observed

creep rate of M.9 x 1077 séc—l. Since € a 1/d% for lattice diffusional

creep, ‘it follows that an even larger discrepancy occurs for the larger

grain sizes (e.g. for d = 33Mm, O = 10" p.s.i. € is calculated as

L x lO—ll séc-l)

An alternative possibility is to take D. for Mg2 , although the only

L
value available is for intrinsic diffusion (2.49 x 10-1 éxp—(T9,000/RT)).

- Again taking o= 10" p.s.i., € is calculated as 1.8 x lO-7 sec—l or

29

&2.2 b4 10'_8 sec—l for d = 11.8um or-33um respectiveiy. Howevef, whilst
.the calculated value for € is in close agreement with that observed ex-
perimentally ror the smallest grain size, there are two reasons for not
- accepting this lattice diffusion coefficient. Firstly, the anion is
the siower moving species and should fherefore be rate-controlling;

_secondly, the observed activation energy for creep (51 #5 kcal/mole) is

28 4h

closer to that for extrinsic diffusion of 02- (62.4 kecal/mole) an .

29

2t (79.0‘kcal/mole).

intrinsie diffusion of Mg
It is also of interest to make a similar calculation for grain

bouﬁdary diffusional creep, particularly since, as Eq. (2) has a stronger

- grain size.dependence than Eg.(1) and Q.. <Q

oB 9 there is a tendency for

vacancy diffusion to become more favorable via the grain boundaries in
specimens of very fine grain size at lower temperatures of deformation

O .
(<0.6 T i see, for example, Jones> ). Unfortunately, D, _ for MgO is not

GB

. ’ : [ )
knovn and an accurate determination of € is therefore not possible,.

J
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However, for d = 11. 8um and 0 = 10* p.s.i., Eq. {2) gives énl. 8 x 109
WDGB, Taklng,.as a flrst approx1mat10n QGB%O 6 QL (GB) = »o(L)’
and an upper 11m1t for W of %lO -6 cm 15’32 the'value.obtained‘for'é is
Sl x 10 -8 sec -1 for boundary dlffu51on of 02 . This is an order of
‘magnitude lewer-than-that observed experimentalily, and, whilst depending

 strongly on the value assumed for WD, , again swggests that even the

GB v
smallesﬁ grain size used in this investigation Is too large to exhibit

diffusional creep under the present experimental.cbnditions.

b. - Comperiéon vith Dislocation Creep Mechanisms

The stress dependence of n.= 3.3 shown in Fag. 2 suggests that a
dislocation-mechanism is rate—controlllng, such @as dlslocatlon cllmb
which ?equires that n = 4, 5 in the gllde and cllmm model developed by
Weertmanfgo' Using this model a dlrect calculatuon of the ant1c1pated
zvalue of E/D, where D is the diffusiop coefficiant;.may‘be obtained

from the equation developed by Weertman for high:streeses:

. 2 2 ” I \0e5 245 o L5\ |
£ g (3) o' > ) (1)
2(2)°"°¢?p? 8G!: *M° "k o

where G is the.sheer moduius (mO;hE, where E is Young's mddulus),—b is -

the Burgers vector, and M is the number of Frankaeed:SOurbes”per'cm3

' o.vs_ 0. 75 . . . V33 . " :

(M7 = 0,526 p" "7, where p is the dislocation density).”~ The value of

G ‘at 1200°C was obtained from ﬁhe.reported.Yoqnng'ﬁedulus for non- .

| o B | . | o s

- porous. polycrystalline MgO at room temperature;éhvand the temperature
dependence of .the elastic‘moduli.3S Taking pf= 108 di_slocatiens/cm2

“and bd= 3x 10_8>cm, é/D wes.calculated_for’thebstress range used in this
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work., The result is shown in Fig. 3, together withnthevexpérimental
points calculated by taking the extrinsic lattice diffusivity of 02—,

and the éredicted.dependence for diffusional creep of the Nabarro-Herring
type for d = 11.8um and 33ﬁm.

The disloCation glide and climb model breaks down at high stresses
because of the sinh term in Eq. (7), and an estimate of the breakdown
stress may be obtainea by putting the expression within this term equal
to unity. When this is done, it appears that Weertman's model is wvalid
in polycrystalline MgO up to stresses of V1.5 x 10° dyne/cmz, which is
higher than the highest stress used in the present work.

Whilst the magnitude of the experimental points shown in Fig. 3 are
in better agreement with the predictions arising from the disloéation
glide/climb modei than those of diffusional creep, this model predicts
n= 4,5 wheréas the experimental results show n = 3.3. Nébarr036 has
‘recently developed a theory of steady-state creep in which dislocation
climb takes’place without‘accompanying glide, and climb is a deformation
rather than a recovery gechanism. The stress dependence is then 3 of 5
depending on whether the dislocations are sources and sinks for vacancies
of the rate-controlling process is diffusion along the dislocation cores.
Since the former model predicts a similar stress dependence to that
observed experimentally, the value of é/D was calculated for this

mechanism from the equation: .

. va® h_-§> |
D~ TKT G /ln (no , (8)

o
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Weertman37'has recentiyAré—examinéd this model,_and.obtainedva slightly ‘
different expression, given by

. ' 2. .'3‘ ; S ‘ v
%=.ns 0o S (9

10 b2 G% kT
where Bvl. The predictions arising from Eq.-(&),and'(9) are shown in
Fig. 3, and differ by almost an order of magnitﬁde.'

It is evident from Fig. 3 that, by'making the assumbtion that
lattice diffusion of 02~ is rate-controlling, the experimental results

show better agreement with‘séveral dislocafion methénisms’than with the

'Zpredictions arising from diffusional'éreep. ' The value of é/D'obtained

‘éxﬁerimentally at any given stress is intermediate between.that pre-

dicted by models of dislocation climb and a glide/climb prbcess, but the

~-8tress dependence is in better agreement with the'former mechanism. It

38

have also concluded, from

‘an anélyéis of published data, that the creep%of.Aizog may take place'by ‘

Nabarro's dislocaﬁipn climb model{ However, asvin thé present results
forbMéO,-taking a stress of 107 dyne/ém2 énd thé cbefficient éf self- -
diffusion»for oxXygen, the'paléulatéd Qirain'réte'was o&er an ordgr»of'
magnitude élower than that bbtainéd_experiﬁentally;

c. Comparison with Other MeO Crqu Deta

The observed’activation energy of Sl’isskcai/moié is ioWervthan the
accepted value of 62.L kcal/mole for extrinsic 02 diffusion,  although
the difference may-not be significant because of experimental difficul-

ties in both types of experiments. In addition, the experiméntal‘value :

'
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here is intermediate between that reported.for 98% dense MgO tested in

torsion at 1100-1300°C (46.L kcal/mole)l8 and that for >99.5% dense Mg0 "

tested in bending at 1107-1527°C (5h.l.kcal/mole).27 “
The lack of any dependence on grain size conflicts With'reports of

-2.5 27,39 1. voth

creep rates proportional to d and d_2 respectively.
of these investigations, however, the tests. were conducted in four-point
bending, resulting in a complex deformation paﬁtern, ana the creep rate
was found to continuously decrease with increasing'strain; iﬁ one in-
stance this was ascribed to simultaneous grain growth.39 No diécernible
~grain growth tobk place in the present work due to the preliminary heat
treatment at 1300°C; furthermore, measurements showed that the spread of
grain diameters for specimens of each of thé three grain size§ exhibited
similar Gaussian distributions prior to testing,ho thereby suggesting
that the grain eonfigurations were relatively stable.
5. GSUMMARY AND CONCLUSIONS

1. The compressivevcréep behavior of nominally fully-dense (>99.8%)
polycrystailine MgO was investigated at 1200°C for grain sizes in the |
range ¢12—52um and for initial stresses of 3.h x 108f13.76 x 10% ayne/em?.

2. The material-exhibitgd primary and secondary regions of cresep,
and thé steady-state creep rste was independent of grain size ana pro-

portional to ¢3°3

, where ¢ is the applied stress. . N
3.  The activation energy was determined as 51 %5 kcal/mole, which
is slightly lower than the reported value of 62.L4 kcal/mole for extrinsic
2- . . |
0] diffusion.
b, Slight differences were observed in the overall creep fates of

two sots off specimens having different length:width ratios, altrouzh

-
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the stress dependence was the sameiin each case.

.5. Contrary to éomejpreviousvinvestigations,.the results.suggest
that the creep behavior of pblnyystélline‘MgO'is esSentially similér to
that ébSerVed in many metals. It ié concluded that the rate—contrdliing
mechanism is somebform,of disldéation motion; such as the climb of dis-
1ocation$ in the absence of glide% rather.thah the stress-directed dif-
fusion or vacancieé. . |
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Fig. 1.

Fig. 2.

: Fig. 3.
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-‘FiGURE.CAPTIONS |
Creep curves er'specimens'of’smallesﬁiérain siieﬂ(ll.Bpm),
tested in compression at 1200°c.v |
Ste;dy—state creeﬁ rate’ versus streés for specimens of grain .
size = 11,8um (O-i lepgfh l/ﬁidth.w =k; Vv 2 1/w = 1.52), 33um -

(A :1/w = 1;52) and 52um (O : l/w‘= 1;52);H-The lines of slope

n = 1 indicate predictions arising from theories of diffusional

creep via.the lattice and graih boundarieS'respectivély.

_Diffusion'cbmpensated creep rate (é/D) versus stress, taking D
 for extrinsic lattiéé diffusion of Ozf to calculate ‘the experi-

' mehtal,points. ‘The dashed 1inesvrepfesent'predictions arising

from Nabafro-Hérring diffusional éreep (for 4 = ll.8pm-and'

»33um'respectively), a dislocétion glide/climb meEhaﬁism, ahd‘_"

the dislocation climb model formulated by Nabarro (N) and re-

analyzed by Weertmén (w).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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