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' CREEP BEHAVIOR:OF DOPED POLYCRYSTALLINE ALUMINUM OXIDE
. .l B - % ' ’ .
Tadaaki Sugita and Joseph A: Pask
Department of Materials Science and Engineering,
- and Inorganic Materials Research Division,

o Lawrence Radiation Laboratory _
University of California, Berkeley, California

Hovember 1969

ABSTRACT
Creep behavior of polycrystalline alumina doped with MgO0 and NiO;.

both as hot-pressed and also additionaliy annealed; was dgtermined for

1300° to 1470°C and for 1000 to 15,000 psi. The deformed specimens.céon- - -

tained intérgranular separations. Creep rates‘were proportional to
stréss raised to 1.1 and 1}3, and independent of grain size changes
occurring during creep. The suggested raﬁé-controlling creep mechanism
is localized plas£ic deforﬁgfion accommodated by grain boundary separa-

tion initiated by limited grain boundary sliding.

This study was done under the auspices of the United States Atomic
Energy Commission. The senior author also received a grant from Hyogo
Prefecture in Japan. ’ ' : :

v At the time this work was done the writeré were, respectively,
visiting professor and professor of ceramic engineering, Department of"

. Materials Science and Engineering, University of California, Berkeley.

¥ T. Sugita is associate professof, Department of Chemical
" Engineering, Himeji Institute of Technology, Himeji, Hyogo, Japan.
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I.  INTRODUCTION .

In generai, it has beén reported fhat the ‘creep of ﬁolycf&stallihe |
alumina ié cdntro1l§d by & lattice diffuéionél;creef prbcess, ”Folweilerl 
and Wérshawuand Norfon2 detérmined (for fine-grained aluﬁina, grain size
3 to }3u) that the créep-rates were propdrtional to fhe stress and in-
versely proporfional to fhe square ofathevgrain sizelas §redicted By theb
Nébarro—Herring mechanism,3 but did not obtain.éimilar creep rates{
Wnen Folweiler's‘specimens, however;.wére tested with Waréhaw and Norton's
'épparatus by-Céble and Gueraer,h beffér agreement in cfeepvfates Qas‘:’-
obtained; Warshaw and Norton éiso observed that coarse-grained'alumina i
(50 to lOOu).behaved'plastically wheﬁ,defofmed (é N dh)r It is of |
‘interest‘that'all of thésé investigatoré fouhdveQidences of grain_ﬁoundary
sliding, énd>that Coble and Guerard also 6bserved grain bounaary sepéra—
fion at the end of the tests. Hewson and Kingery5 showed that édditién:
of Mg0 reduced the creep.rate of alumina, and that the‘lattiée éiffu—.
‘sional creep model applied. 'COble_and Guerard, on the other hand, founa
| that the creep rate Qf aluminélwas enhanced by a‘faétor of SFto 10 times
by4qr203 addition. |

'Poieaﬁ and iust6 found that tﬁe’micfostructufe of polyérystalliné
* thoria specimens deformea in créep cohfaiﬁed intergranula? voids which
‘were formed by the appafent érowth'and éoalescénce of pores along the
. grain boundafies, and that gréin boundary slidiﬁg §c¢urred during creep.
They concludéd that the strain ra£e—stress relation indicated a ViééOus-
type of creep process (stress exponents varied from 1.04 to l.59).

T

Passmore et al.' in creep studies on polycrystalline magnesia also found

that intergranular pores formed which, with continued strain, inter-
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connected to_form intergranﬁiar craéks; stress éxponents of 1.0 and 1.5
v weré detérmined. Bﬁsh and Humme18 have also associated rbom—teﬁperature
creep in beta-encryptite with crack growth and prdpagatiOn.

" In this‘papef, COmpreséivé creep behavior for fine grained alumina :
dopéd with a sma;l amount of Mg0 and NiO is diséﬁssed oﬁ the basis of
mechanical creep daté ana hicrostructura; observatiqné. Possible creep
‘mechanisms are explored. | |

II. EXPERIMENTAL PROCEDURES
Alumina.squéfes, 2.5 x 2.5 x 0.5 in., wefe:prepared b& hqt-éressing

Alzo; powder,’ doped with 0.23 wtg%ngO and 0.22 wt.% NiO, iﬁ:grabﬂite
dies at 1450°C. The hot;préésed.aensity wa§”3ﬁ987 (épbfdximately'99.5%
of theorefical relative to Alzos). Specimens‘wereicut‘to diﬁensions of
 0.225 x 0.225 x 0.5 in. and Surfaces'weré.groﬁnd éméothfusing a 400 grit
vdiamond abrasive whee1.  Theée were black becausé of hot—pressing‘in.a
CQ'gas environment. They became- light gréen after annealing in.air for
a sufficient time atrtémperatures above 1400°C andyhad a densiﬁy of |
3.790, Traces ofbspinel were detected by X-ray diffraction in §peciﬁens.
'anﬁealed in air af 1500°CAfor 1.h; but no minor phases were detécted‘iﬁ
.the hot-pressed specimeﬁs. In ordér.tq:détermine'thé crystalline'phaéés”»
’mofe definitively; additional speciﬁéns coﬂfaining 15.0 and hé,3.wt.%

of NiQ Wére’prepéred in a similar‘mannef and examined by X-raf diffraé;l
tion: ‘after hot—pressing; d—Alea and Ni metal wére present; and after .

annealing in air, NiAl:04 spinel and 0~Al20j3.

* Powder contained 0.021 wt.% Si0,, 0.00016 Na0, 0.0011 CuQ,.0.0018
. Pey03, détermined chemically. TR v
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Creep tests were pefformed on bofh the Hot—pressed speéimens aﬁd
‘spécimens'which received an additionél énnealing for 168 h at 1hk30°C. -
Specimens were deformed in compfessibh aﬁ'temperaﬁures of 1300° to;
1470°C in air. _Qompfessive strain was measured over the 0.5 in. length -
ﬁsing a:linear variable differential transformer in’combinétion with a
recording‘potentiometér. 'The stress direction:was the saﬂe as the hot-
pressing direction. Temperatures were measured with a Pt/Pt-10Rh thermoi

couple and controlled to #2°C, The experimental setup is described by

9

3
Hulse and Copley.
. - . . *
Microstructures were observed with a scanning electron microscope
on fracture surfaces.

I1I. RESULTS

(1) Stress and Temperature Dependence of Creep

In general, the steady-state creep rate, ¢, for many metallic and

ceramic materials is expressed by the equation
¢ = A o" exp (-AH/RT) o (1)

vhere O is -the applied stress, AH is the activation energy for creep,
R is the gas cohstant,'T is the temperature in degrees Kelvin,vA is some
- function involving stfucture, and n is a constant. The stress eprnent,

‘rn;uaids in determining the rate-controlling mechanisms.

* The microscope was made available through Grant No. GB-6L28 from the
. National Science Foundation and Grant No. GM 15536 from the National
Institute of Health to Prof. T. E. Everhart.
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"Tb'avoid exﬁeriméntai scatter-betwéen specimens,_n wésvdetermined
from a siﬁgle‘specimen by measuring & fbr a’fange of stressés at a con-
stant.températuré. A sfress was maintéined constant until steady—state
creep,wasvreached, andzihen instanténeousiy éhanged gither up or down
and maintéined c;nstant until ¢ was again stéady.lo Changes iﬁ stress
 were made at true stfain intervals of 0.02" to 0.03.

The reéuits'of tesfs for boﬁh hot-pressed -and ahnealed sgecimens
from 1300 to‘lh7d°C gre‘sﬁqwn in Fig. 1. The numbered points for each
of the series shown represent the order.in'ﬁhich the indicated appliéd
stresses were changed. The legend for each line includes the grain size
(GS) at the beginning and at the end of the cfeep experimenf;.vAs an
example, for the hot-preséed specimen at'lh70°C,'gréin size 6f pt. i at
. the beginning of the series was %3u‘andkof pf. T at the‘ehd of fhé séries:
was N?u.: .éihce the scatter of points'fof a given‘series at all tempefar
tures is réndom and not too excessive, it is deduced that the créep
rate wés independent of any grain size changes during creep within;thé
limits covered by these experiments. For hot-pressed specimens n-i$ v
about 1.1; for annealéd specimens, n.is about 1.3.

Ir ﬁ is independent of temperature and any.structural chénges
(Fig. 1), a plot of thgyfétios of thevsffain rates vs stresses before
énd.after fhe'changesﬂin'stresé for all7experimentél_éonditions shbuldv
reduce tova single line. 8uch plots, seen in Fig. 2, again show lines
with slopes, n, of 1.1 and 1.3, fespeétively. |

Figure 3 shows the témperature dependencies for creep at several

stress levels based on actual experimental'pointé. The activation
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energy was détermined'to be 95+5 kcal/mol for hot—pressédvspecimens aﬂd
. - ‘ o ' o . i
126 kcal/mol for the annealed specimens. The small variatior shown is

a reflection of fhe slight scatter of pdints. Folweilerl and Warshaw

and Norton2 have réported Aﬁ values of.130 kcal/mol'for émall grain size
speéimens. Hewson and Kingery5 obtained a value of 110 kcal/mol for
specimens dopéd_with MgO._ Passmore and Vasilos'll calculated average_
values of 142.5%8 kéél/mol for dense (99.5%Vdensity), pure (99.9%) and
fine grain‘siie (21) specimens using the incremental stress and tem?éra—
ture method;

The creep depéndencevon stress can élso be indicated by a plot of
ﬁhe temperature;compensatedvcréep réte,‘called:Z parameter; versus stress

according to the relationship12 represented by the'QQuation
z = ¢ exp (MI/RT) = £ (o) | (2)

where és is the steady-state creep rate at a given stress. Figure U

'sh0ws'such‘é plot for hot-pressed specimens uéing the AH wvalue of 95

kcal/mol; Linesvwith slopes of n = l.O and 2.0 are shown for comparison.
The general fit tQ a straight-iine and random scatter of points also:
suggest that no change in the creep mechahism occurred over the test
temperature raﬁge.

(2) Microstructure Observations

The fracture surface of a hot-pressed specimen is shown in Fig. 5.
The grain size is about 3u, and it is black in appéarance; In this
specimen pores are visible along grain boundaries; normally,_théy'are

too small to be observed at the indicated magnification. Figure 6ba
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shows the miérostructﬁre'of"a hot-pressed specimén-héateq”at 1koo°C féf
about 70 h (grain size of hy); Fig. Ta is of one of ﬁhese speciméné
annealéd at 1430°C for 168 h (grain size . of 6p). The latter was light
greénish thféughout, and the fqrmer had a dark core ﬁith.a light greenish
outer éhell as would be expectea for a diffusion—controlled oxidation
process. None-of the specimens with a.dark core, howevgr, showed any
discernible differences in microsfructure“in the two zones; the photo_
graphs show'secﬁions in the central portion of the speéimens.vbln
'addition to grain growth, the annealed specimens éhowed'é considerablé
number of intergranular Voids:which accounted.for the lower density.

The mechanisms for the void formation are unknown althoﬁgh théy must be
associated.with the oxidation of the hot-pressed Speciméné;

The hét-pressed specimen strained at 1400°C for about TO h is éhbwn
in Fig. 6b._ Its grain size has increased to 5u in contrast té an iﬁ-
crease td 4y in the absence of stress. A further comparison With
Fig. 6a indicates that many inteigranular voids aﬁd grain boﬁndary
separations.perpendiculér to the generated tensile stresses have
Oécurred as a result of creeping. The annealed specimen deformed at
1400°C for 70 h is showﬁ in Fig. To. A qomparison with Fig. Ta in-
dicates thatiduring cfeep‘grain boundaryvmigration occurred as evidenced
by larger voids. . The ave£age grain size, however, remained essentially
.'the same;

The appearance of a surface after creep at 1300°C. for 200 h under.y
a stress of 5000 psi is shown in Fig. 8, Some grain rotations caused'by'
"grain boundary»sliding are indicated by'the smali black arfows; ée#eral

grains, marked A and B, were actually ejected from the‘matrix on the
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Surface.' This phenomenon was also:mentioned’by Folweiler.®

Greater grain gréwth énd grain bohndaryvéeparétioﬁ werevbbserved |
in the strainéd'hot-pressedfsﬁecimens.ﬁith increasg'éf the cfeep_
temperature abové.léOOéc. Figure 9& shows a fraétured surface of a
specimen deformed at 1§70°C for about 70 h (grain size ébouf 7u);
'Lérge internal cracké are #isible; Figure 9b is an enlérged ékefch‘of
the Ouflined‘aréa in Fig. 9a. Grain boundary separation is indicated.
by corresponding lettered points. The bouﬁdarieé ﬁhaf separated were
essentially’perpendicular to the ténsile‘stresées céused_by thé uni-
-axial compression.

IV. DISCUSSION

(1) Grain Boundary Sliding and Separation Mechanism

Onexof the characteristic features of all of theicreep spééimens
was the oécurrenée of graiﬁ boundary separations. Figure 10 shows a
schematic sketéh éf a possible,model,for such a mechaﬁism along grain
boundaries.defined by.grains'A, B;'C’énd D; the upper part of the
separation with closure is not shown. An integranular crack could be
generated initially:as a wedge-shaped void by gfain boundary sliding

" (shearing) at the triple point (line on a three-dimensional basis).

13

formed by grains A; B; and C. The void or crack is gradually extended
until it is blocked by & barrier such as another properly oriented triple
point which thus acts as a stress concentration point. Stresses dgf
véloped at such pqints are relieved‘by:localized plastic deformatiénh

as well as sliding and adjustment of grain boundaries which results in

- three-dimensional grain rotations and grain boundary migrations.
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~v(2) -Evaluation of Réme Controlling Creep Mechanism.

Diffusional or viscous creep requires the stress exponent, n, of

&

Eq. (1) to be 1.3 The expdnent has been. reported to vary from 3 to 5.5
for mechanisms based on some type of dislocation interaction in the
iattice;lh and a‘value as high as 6.6 has been observed for creep of
pblycrystalline LiF.lO The latter mechanisms show no grain sizé
dependenée. The'diffusional creep ﬁechanisms, hdwever, have an inverse
grain size relétionship.and can be expressed by a modification of o
Eq. (1) at a constant femperature in the form

¢ = —E— ' . (3)

(G.s)™ » |

where K is a constant, (G.S.) is the grain size, and m is a constant.
The value of m is associated with the mechanism of diffusional creep:

2 represents bulk or lattice'diffusional creep (Nabarro-HerfingB);
15)

n

m 3, grain boundafy cregp withvgraiﬂ elongation (Coble or gréin
_ boundary sliding with no grain elongatiohb(Gifkinsl6); and m = 1,
accommodated grain Boundary sliding with somé grain elongation (Gifkinsl6).
It is evident from_Eq.“(3) that any grain growth during creep wouldi
lead to a time decay in the strain rate. Consequently, the data ob-
tained at a givenvtemperétufe‘with'the_described incfementél-St?eSs
technigue would be expected to show a»larger scatter of péints than.
obéerved experimentally if the specimen was exhiﬁiting diffusional cfegp,
e.g., pt. 6 for the hot-pressed material at 1470°C should have a & of.

. .

s %2;l‘x 10° sec_l if m in Eq. (3) is taken to be 1 instead of;alvalué

equal to that for'pt. 1 at which time the grain size was about half
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‘thét at pt,'él Speciﬁens with varying stérting grain:size we}e nbt
‘available to verify the non-existence §f,gfain size_dependence'mbfe
definitively. | |

It is bQSSibie to calculatexcreep rates usiﬁg the'equations pro-
posed by Nabaer-Herring, Coble, and Gifkins buf ﬁhe values woﬁld be
.meaningless’considering the apparent_lack of experimentél grain size
dependencé;' This type of procedure is tempting in‘cbmparing the hot—:
‘pressed aﬁd_annéaled specimens whose,starﬁing grain sizes are.3 and 6ﬁ
~ since the_¢reep rate for the‘fofmer wasifound to bé faster by:aifaétor
of about 2 for eqpivalent test éonditibns.v This approach, however, also
is not wvalid bécause of the differencesvin'the chéracter of the grain |
»bbundariés ahd the different values of AH for creep fof the two types of
speciméns. |

The‘dominant rate-controlliﬁg meéhanism for créep in these poly—..
crystalliné specimeﬁs appears to be some deforﬁétion mechanism which has
been accommodatedvbyvgrain boundary separation initiated by a limited
‘amount of gfain boundary sliaing. If grain boundary integrity were main-
tained during Creep,ufhen éome dislocation climb andbinteraétidn
mechanism wouid’have to operate because of the lack of capability of
polycrystalline.alumina to deform only by'glide witﬁin the grains,17 and
the stress exponent n would be expecﬁed to have some value above 3.. The.
. strength of the grain boundaries appears to be sufficiently low to allow
their separation under localized stress concentratiohs. This acéommodatidn
mechanism is non~diffusional in nature and.thus not dependent on the o
'gfain size (at least within the indicated experimental conditidns); also,

the lack of interaction between the separations themselves does not
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éontribuﬁe to an incréase in the stress exponent; Thevexpcrimental Vaiues{
Vof'about:l.l and 1.3 thus.saégest localizcd plastic déformatioh within |
the grains at thé sfress concentration ooiﬁts (the‘increase,in expOnenp
for”the anﬁealed spécimens‘can 55 attributed tc strongcr grain_ooundaries)
‘with a | considerable contribution to the accommodatioo,process within

the specimens by grain boundary separations. Thé‘grain boundary migration
vassociated wifhvthe accelerated grain growth and/or growth’of.void size
‘vduring creép also must be_a:further means of accommodation of some of

the stress concentrations within the system.

V. SUMMARY

Créep characteristics of poiycryataliine»alumina containrng C.é3
wt/o of MgO‘and 0.22 wt/o ovaiO, both as hot-prcssed.and as_anoéaled;v,
 .were détermiﬁed from 13005'to 1470°C under stresses of 1000 ﬁo iB,OOO

_péir v : o

1. The creep rates were proportional to stress raiscd to the lfl
and 1.3 powcr. No grain_size dependence, as a result of grain size
changea during creep, was observed. |

2.  Tﬂe activation energies for creep were determined as 9515 kcal/
‘mol for hot;pressed specimeos and 126 kcal/mol for annealed specimens.

3. The.rate—controlling creep,mechanismvfor these specimens apbaars
fo'bevsomo.localized‘deformation mechanism which has beén accommodatéd
?by grain boundary separation that has beenvinifiated by limited grain
boundary sliding. Grain boundary migration coﬁtributes to the<accommo-

dation of stress concentrations arising within the system.
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FIGURE CAPTIONS
Creeﬁ rafe Qersus streés for specimens of tWo‘different heat .
tfeatménts aﬁd grain sizes. |
Créep rate ratios versus stfess rafios obtained by inétantaneous ; -
changes in.the stresé at constant fem?erature{
Temperature dependence of creep rate for specimens of two
différent heat treétments;
Temperaturefcompensated cfeep rate plbtted as a function of
the stress for hdt-pfeésed specimens.
Fracture surface of hot-pressed speéimén before creep tesﬁing.
Fracture surfacesléf hot-pressed specimens after being heated
together at 1400°C for about T0 houfs: (a) with no loading,
and (b) after creeping. ArrOWS'indicate.stfess direction.
Fracture surfaces of (a) specimen annealed at 1430°C fof
168 h and (b) annealed specimen after creep at lhOOOC'fOf
about TO h. Arrows ‘indicate stress direction.
Appearance of polished surface.after creep.. Creep test wés

performed at 1300°C for 200 h under a stress of 5000 psi.

1

White arrows indicate stress direction and small black arrows
indicate grain rotations by grain boundary sliding.

An example of grain boundary separation in hot—pressed>speéiﬁen"
after cfeep, énd (b) enlarged sketch of indicated sec£ion in

(a) with intergranﬁlar separation indicated by,corresponding

points. Arrows indicate stress direction.
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A model of void formation due to grain boundary sliding and
'sepafation with a vertically applied compressive'gtress:
“in figure, (a) represents distance of separation, and (b)-

distance of sliding with grain boundary. shearing.
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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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