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' HIGH TEMPERATURE DEFORMATION OF MgO0 .
Chung Dokko
Materials and Molecular Research.Diviéion, Lawrence Berkeley Laboratory_"

and Department of Materials Science and Engineering, -
University of California, Berkeley, California 94720

'

ABSTRACT

Thévdeformation and recovery of bothisingle crystals (1000 , <110},
(11) and Ni-doped (100’ ) and fully dense polycrystals (with grain sizes
ranging from 4 to 160 um) of MgO were studied under coﬁpressive stress-
strain and creep testing conditions at 1200°C (0.48 Tm) and 1400°C
(0.55 Tm). Emphasis.waé piaced on the aspects felévant to ductility'
stch,as recovery contribution_and the role of grainiboundaries. Cor-
‘relations were sought between stress-strain and creep results, and
between deftrmatiop and recovery‘rates measured during stress—strain
tests. It was found that no polycrystals were harder than a (111)
crystal, nor softer than a (100 crystal, which represénted dislocation
glide on the more difficult and the less difficult slip planes,
respectiveiy. Plastic anisotropylbgtween these slip planes decreaged
and polycrystaliine ductility increased with decreasing strain rate as
well as increasing temperature. Simultaneous activation of all five
independent,siip systems did ﬁot lead to a large dﬁctility. A maxi-
mum ductility wés observed for the smallest grain size under given
testing conditions. Fine-grained specimens (<15 um) were susceptiblé
to tapid recovery and accommodation aided by dislocation climb.
Steady flow or fracture stress, however, exhibited little dependence

on the grain size exceptlwhen"diffusional'creep or premature failure
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-occurred. In addition to slip on both planes‘and djslocation-climb-
aided acCoﬁmodation,‘intefgranular separation is ;uggested as .a mode

of accommodétion,.aithough it was‘accompaniéd by weakening effects.
Significaﬁce‘of grain boundary nature, per se, was indicated by
variability of the mechanical behavior as a function of prior annealing.

history for the same grain-sizé.

Y .



I. INTRODUCTION . .
~Dislocation glide of slip is an importént deformation mechanism
for ceramic materials when a diffusiongl deformation mechanism of
Nabarrol-Herring‘2 or Coble_3 type cannot produce fast deformation.
For Mg0Q, slip occurs in <110> directions on‘{llo} and {100}

planes to provide 2 and 3 independent.slip systemé, respectively.

~ Simultaneous operation of 5 independent slip systems, often referred

to as the wvon Misés4 requirement, would allow a general shape
change of a polycrystalline body without resulting in the loss 7
of grain boundary coherence. -Hulse et al.5 have shown previously

that the critical resolved shear stress for secondary slip on

{lOQ} planes is considerably greater than that -for primary slip

on {110} planes. Consequently, the stress must be raised to

the level necessary for the secondary slip before all 5 independent
slip systems become operative.
Provided that primary slip can take.place before the secondary

slip systems are activated, stress concentrations might develop

. at grain boundaries in.association with dislocation pileup. 1If -

the grain boundaries are not strongly bonded,. then the stress

concentration could result in intergranular separation (IGS)

before the critical resolved shear stress for the secondary slip
systems is reached. It seems likely that IGS would be followed

by premature failure. However, several workers have noted in

various types of ceramic materials such . as UO ,6’7 Zr02,8_andv
A12039’lo that these were crept at a steady state while IGS



occurred. These observations suggest that some limited, even
stable, flow‘is possiﬁle in spite of the failure to satisfy ;he
von Mises requirement. | | | |

- On the-Other hand, fulfillment of the von Méses réquirementf
is not a sufficient condition.for unlimited ductility. Stresses
willvcontinué to build up at barfiefs to dislocation'motion‘unless
the femoval_of.dislbcations from the head of the pileup takes
place as féSt'aS the accumulation of diSlocatiohs; ‘Under such
circumstances, weakness of the grain boundaries as barriers would
increase the likelihood of . IGS and henée of a l;mited ductility.

Dislocations leave the glide pléne'by thermally~activated

processes such as cross-slip and climb, Acﬁording to Weertman's
niodel,ll they'can be subseqUen#ly annihilated uﬁonfencountering
the dislocations of opposite sign on the new glide plane. VBoth
removal from;fhe head of a pileup and subsequent annihilation of
dislocations can occur during deformation (dynamic recovery)b
as well as during static recovery'to'cause softening effects.'
Furthermdre;_this process may'ﬁreempt crack nucleation. Thus,
~ductility might be expected to increase as a result of dynamic
recovery. The study of recovery phenbmenon has an particular
relevance to ceramic materials, since they become pléstic 5t
elevated temperaturésvwhere the contributiqnvof dyna@ic recovery
* should also'be_significanf.
Any thermally—activated process is time- or strain-rate-

dependent. The effect of-strain rate could be not only a quantitative
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but also a qualitative one such as a change in the deformation
mechanisﬁ.'.fhus, it was of interest to see whether the stress-—
.strain curveé obtained at relatiVely high strain rates could be
used to predict, or be correlated with, the creep behaivor at
v ' ) .

lower stfaiﬁ rates.

Hence, the major objective of the presen£ work are:
a) to stﬁdy the role of the grain boundary in highftemperature
deforﬁaﬁion‘énd the relation befween single crystal and poly-
crystaliinevspecimens,
b) to study‘the role of dynamic recovery in high-temperature
deforhation; aﬁd | .

¢) to seek a correlation between the stress-strain énd the creep

behavior and to study the effects of strain rate,



II. EXPERIMENTAL PROCEDURE

A. Preparation and Characterization of Specimens

Both single and polyérystalline spécimens of parallelepiped
shape with dimensions of O.lSXO.ISXO.3O inches were parpared;

1. Siggie Crystal Specimens

Two types of single crystals, one undoped and the other doped
with 0.8 wt% NiO, were obtained from thé Muscle Shioals Electro~
chemical Corp;, Tuscﬁmbia, Alabama. The cation impurities are
reported in Table I(A). The specimens to be loaded along <100>
axis were formed by‘cleaving. ' The <110> loading axis specimens,

: . v
flanked by {110} and {100} planes, were cut and cleaved after
being oriented on the goniometer usiqg Laue back—reflection
X-ray techniqué. The <ill> loéding axis specimeﬁs, having side‘
faces of {110} and {112} planes, were cut in a similar fashion.
Both <110> and <111> specinmens were within 1° from their true
orientations, and were prepared from undoped cfystais only..
Machined faces were groﬁnd on a series of emery papers down to
.4/0 grade. ,A.épecial jig was used to ensure that’the.ends were
parallel to each other andrperpendicuiar to the side:faces.
Finally, ail single cfystal specimens were polished'in 857
orthophosphoric acid at 110°C for 2 min.

Ni—dbped‘crystals were apparéntly affected by the reducing
atmosphere dﬁring crystal growth. While a major portion uéed for
' specimen preparation was transparent and colored light green, the

outer portion was opaque and dark colored. Electron microprobe

analysis indicated



~that this—ﬁqrtion contained particles of Ni metal. Thus, it seems
possible that tHe specimens were enriched "in cation vacancies by
diffusion after they were produced in association wiéh reduction
of Nio. Hereaffer, the Ni—doped,<100$ ¢rystals are denoted by
~ N<100>.

A limitéd number of singie crystal specimens were annealed
100h in air at 1400°C prior to testing.

2. Polycrystalline. Specimens -

Polycrystalline specimené were fully dense and machined from
a iarge.diSc K7 in. diameter by 3/8 in-thickness) provided by Eastman
.-Kodak Company. They were prepared by hot pressing MgO powder
with the aid of 2 wt% LiF followed by some unspecified heat treat-
meﬁt to produce transparency. The corresponding imﬁufity contents
are listed in Table I(A). . The content of Li, although not déteCted,
is presumed to Be less than 40 atomic ppm which.correéponds to -
the as-~hot-pressed condition of a similar Kodak specimen according
to Leipold and Blosser.l2 Test specimens were prepared by following
 similar procedures used for single crystals. - Speciﬁens were then
annealed in airvat 1400°, 1450°, and 1500°C for various lengths
of time; most specimens were annealed at 1500°C and henceforth only
the specimens annealed at other temperatures will bé so specified.
:Some speciﬁéns, however, were tightly wrapped in thin platinum

foil during the anneal. Hereafter, these are designated as-

"annealed in Pt (wrap)" in contrast to "annealed in air'. The



-followiné charactéristics,were'ﬁoted in annealed specimens :

(a) The speéimens remained essentially transparent except when
annealed in air at 1400°C. 1In this case, numeroué cloudyvspots
were forméd and optical microscopy of polished section fevealed
cohfinﬁous.or disconfinuous féatures dn grain boundarieé (Figs. 1
(a) and (b)). These featﬁres are believed to correspond ﬁo

_ intergranqlaf separations indicative of weakened grain.boundary
cohesion. Day and Stokes13 have previously made a similarv
observation,.ﬁamely, the evolution of porosity during annealing
of initially transparent MgO. Electron microprobe analysis

(thin window technqiqe) failed to indicate the associatipn between
these features and fluoriﬁe. Therefore, their origin remains
unclear at present. .

The.analysis, however, revealed that corners of small grains
Qere’ehriched in Si. Thus, it is likely .that thevliquid phase o#
the short, constficted grain boundaries (eg., in the center of
Fig. 1b) as well as some tfiple points is associated with Siw

Many f ions are not expected to be in the form of LiF in
view of the higher content of F as compared with Li (eg.,.2000
vs. 40 ppm after hot pressing, according to Leipold and Blosserlz).
Bulk content.of F is reported in Téble I(B) for the-as-receivéd
condition and after annealing at 1500°C. It can be seeﬁ that the
'F concentration decreased steadily during annealing and its
vremoval wés deiayed by the use of Pt wrap.

The amount of F associated with grain boundaries was estimated
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by assuming that all the F iohs were accumulated at grain boundaries
in the forﬁ of a thin "film" with simple cubic packing. (see
Appendix I). It was found_that the amount of F ;ssociated with

unit areas of grain boundary, as indicated by thickness of the
"film", actually increased Qith grain growth before it decreased
(Fig. 2.).

It should also be noted that more F was removed from the

- specimen annealed in Pt as compared with the specimen annealed in

air to give the same grain size. Since the use of Pt wrap would
be expected to raise the partial eressure of F and thus retain
more F in the specimen, the‘decrease of F must be attributed to a
longer annealing period together with slow graie ‘growth,
(b) Grain size was defined as 1.27 times the average chord length
obtainedvby liﬁeal intercept method. Thus, the grain .size ranged
from 4um in the as-received condition to 16OUm for the maximum
anneal. Hereafter, the specimens with grain sizes of 4 to 154 m,
25 to 40ﬁm,iand 60 to 160um will be referred to as being fine-grained
medium—grained, and coarse-~grained, respectively. Otherwise, the grain
sizes are speeified-for the individual specimens.

Behavior of grain gro&th is depicted in Fig. 3. While the

common square law for grain growth was roughly obeyed, some deviations

‘were noted. Regardless of annealing parameters, the grain size

tended to be stabilized at ~25um with respect to further grain

-growth; this stage was followed by'accelerated grain growth

corresponding_to the extended annealing periods, The Laue X?ray



patterns confirmed that no preferred orientation developed during
annéaling (Fig. ?). Hence, no apparent change in.the physical nature.
>of grain boundaries c0uldfbe associated with the observed
stabilization of grain gréwth.

It is also shown in Fig. 3 that the use of Pt résulted in
retardation of grain growth. Since the use of Pt supﬁressed the
escépe of F, if is tempting to concludebthét F was responsible for
the inhibitive effect of grain g%owth.

B. Mechanical Testing

All specimens were subjected to identical testing conditions
to allow for a valid comparison. An Instron ﬁesting machine and
the hydraulicﬁloading machiné built previously by Huise and
Copley (Appafatus III)14 were used to obtain stréss—strain and
creep curveé, respectively; A wide range of strain rates differing
by four orders of magnitude was thereby covered. The‘specimens
were loaded in éompression and in air at 1200° (= 0.48 Tm) and
1400°C (= 0.55 Tm).

Reportéd in this work are true stresses and_trug.strains.
True stress (OT) was calculated under the éssumﬁtion of uniform
deformation so that

T

o, = L (1-¢
A0 eng

where P is the applied load, Ao the ‘original cross-section area,

and Eeng the engineering strain. True strain (ET) was given by
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The speCimen was placed in the center gf a split furnace with
.MoSiZ heating elements and held in place by a preioa& of 1000 psi
- with A1203 lqading'rams while being heated. The rams ﬁerevprotected
by Lucalq#:buttons (3/4 in. diamétér by 3/8 in. thickj. Thin
ﬁlétiﬁum foils (0.0005 in. thick) were inserted betwéen the specimen
ana the bptténs as a reaction barrier.and hence as a lubricant. The

specimen was held at the test temperature for 1 h behore testing

started. .

1. Stress—Sprain Tests
The specimens were &eformed ip an Instron machine at various .

cfosshead speeds to givetlomilial strain ratesvranging from
l><10..-5 to 3XlQ_4 sec-l. Two types of tests were run. In one tyﬁg,3
the test'was carried out at a single crosshead speed until fracture
was indicated'by gradual de?reasé or sudden drop in load. If
fracture wés not encoﬁntered,'the test was simply discontinued at
~some large strain. In the second type, the test was interrupted
either b? a change in crosshead speed or by an unloading—relqéding,
sequence,

. In_the latter squen;é}_the specimen was“unloadgd in several
steps un;il‘the'subsequeﬁﬁ relaxgtion curve showed mémentarily no
- change in load with time. This stress corresponded éé the SO;calied
"internal" stress below which no deformation gduld occur (Sée
MacEwen”et alfls), In a limited number of céses,.thé specimen was .
fully unloaded,,i.g., to”the preload level,. The specimen was then .

-allowed to recover before being reloaded.
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2. Creep Tests

While the hydréulic machine Qas able tdymaintain a constant load,
tests were performed at conétant true stresses by manually adjustipg
thevapplied*load in accordance with the instantaneous strain;
Whéreas éome-specimens were deformed at a singlé étress throughout
the test in order to establish steady states, the increﬁental stress

.technique was applied to others.in order to reduée scatter among
specihens: thevstress was increased everytime steady state was
observed._ In some instances, however, stress waé decreased to éheck
the reproduciﬁility of the previously-bbtainéd Steady_state.

Applied stresses ranged betweeﬁ 2000 and 32,000 psi.

To eliminate possible_errors arising ffom deformation of
1oading trai@s,.displacements between reference points on the
Lucalox buttons causéd by deformation of the spegimen were monitored
as a strain.  Such displacements were fransferred cut to.a LVDT
via a lever arrangement and recorded continuously. Two sapphire
rods used as lever arms-had sharf ends which were forced by
spring ioading to rest in émall divots inscribed on the buﬁtons as
fiducial marks. .

In this wéfk, COnventional activation energy was obtained froﬁ

a ratio of steady creep rates at 1200°C and 1400°C. 1In some cases,

I

however, activation‘energy was determined from a ratio qf strain

rates before and after a small répid change in temperature made

during the test (Dorn's techniquelé). In this case, 5§th an increase
and a decrease qf 25°C were effected by manual control of the'power

supply within 10 minutes.
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C., After-Test Examination

The deformed specimens were examined visually for their shape
and macroscopic fracture path. Before being mounted and polished,
su?faces of some selected polycrystélline specimens were examined by
an optical and:a séanning el;ctron microscope. Laﬁe back-reflection
X-ray pattetnsrwere taken from some single crjstal and fine-grained
polycrystalline specimens, using tungsten radiation at 50 kv andl
20 ma for 2'min. Deformed <111> specimens were cieavedvto expose
‘a (lOO)»plaﬁe which was then mounted for optical_miqroscopy. All
specimens were mouhted in resin and mechanically polished through
_1/4um diamond paste in lapping oil. Single crystal specimens were
etched.in a s§1ution consisting of two parts of 85% orthophosphoric
acid and one part of conéentrated sulfuric acid at room temperature
fér 30 minutes: Polycrystalline specimens were examined.for craqks
and cavities after mechanical polisbing,“and subsequently etched

in 0.5M solution of AlCl, maintained at 55°C for 3 minutes.

3
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ITI. EXPERIMENTAL RESULTS

A, Macroscopic Observation

1. Buckling

Despite ;ll efforts to prevent it, buckling occurred in some.
<100>, N<100> and <110> single crystals regardless of applied
strain rates or stresses. The extent of buckling in <111> single-
crystal and polycryst;lline specimens, howevér, was comparatively
small or unnoticeable. Pre&entive measures included:

a) Use of a small aspect ratio: the ratio of 2:1 was seleéted én
the basis of previous work.17

b) Careful‘alignment of loading rams and testing below the pre-

" determined load for elastic buckling of the loading column itself.

c) Use of specimené with a variation in heighﬁvless than 0,0002 in.

throughout the cross-section and careful alignment with loading rams.

d) Use of'a snug fitting alumina tube to confine ﬁhe sideway ' >
movemenf of Lacalox buttons; this practice, however, was dis-

continued since buckling still took pléce by sli&ing at the

interface between the button and the specimen.

With bﬁckling, one or-both ends (rather than mid-section) of
the specimen had.escapéd the alignment. Severe buckling that
occurred in some <100> and N<100> crystals at later stages of

deformation'was_accompanied by a load maximum on the load-

displacement curve.
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2. Spreading of Cross Section

Iﬁ <100> and N<100> single crystals, the occurrence of oblique
intersection involved in slip was indicated by spreading of the
cross—séction in both directions. According to such evidenée, the
oblique intersections occurrea in these crystals.deformed at
1400°C, but rérgly in the crystals deformed at 1200°C: in the
létter_case, the cross-section spread only in one direqtion.

In'general, both single crystals and polycrystals were barrelled
during deformation, causing non~uniform cross-section areas along |
the-loading axis. Barrelling in a <100> crystal involved lattice
.bénding. This is indica;ed in Fig. 5 by a curved longitudinal
cleavage créck that conformed to the barrelled shape. The cocurrence
of lattice bending was subsequently confirmed by the streaks on a
Laue pattern (Fig. 6).

In the case of fi;e—grained pdlycfystals, however, it was noted
that the occurrence of barrelling depended on the testing conditions.
Thus, as shown in Fig. 7(b), no barrelling ;ccurred in an as-
received polycrystal crept at 1400°C and low strain rates (<1X10_6sec—l).
It should be pointed out that this particular specimen was not
bdeformed at a constant streés tﬁroughou;. Instead, it was subjected
to.incremental stressing after steady creep occurred af a given
sfreséi Thus, even a slightly 'negative" bhckling waé observéd when -
the same tybe of specimen was deformed to a greater extent within
a given low strain rate region -(Fig. 7(c)). On the other hand,  this

type of specimeﬁ was barrelled when deformed at a higher strain

‘rate (i.e. stress-strain tested at é>leO_ssecnl) at the same
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temperatufe. In Eig; 7(a), an example of barrelling is shown for
a similar tyﬁe of specimen stress-strain tested‘(é~lxlo_53ec-l) at
1200°cC.

3. Fracture )

Deformed single crystals often. showed macroséopically visible
cracks; these cracks usually emanated from tﬁe ends of the specimen
and proﬁagated partially into thé épeqimen. Nevertheless, the
overall shape of the corresponding stress—strain-cﬁrve wasvnot
‘seriously affected thereby.

Most péiycrystalline spécimens lost transparency during
deformation. The loss of transparency, however, was not necessérily
accompanied By the loss of load-carrying capacity or fracture.

For inétance, a' coarse-grained (~160pm) specimen was found to be
opaque at 12 strain, although the correspondiﬁg stress—-strain curve
had no indication of fracture; the curve showed strain hardening

up to this point.. On the other hand, macrocracks were not visible

in coarse-grained specimens deformed beyond a miximum load, indicative
of fracture. This behavior was in contrast with medium—grained
specimens where macrocracks could be seen clearly under‘similar
conditions.

Concerning the resistance to the loss of transparency, it was
observed to be a functionéf specimen character and_tesfing
condi;ion. Thus, when deformed fo 1,5% strain ét €~1X10-Ssec-l,
an as-received specimen remained transparent whereas a slightly

- coarser-grained (~15pym) specimen turned opaque under the same

conditions. On the other hand, the as-received specimen did not
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remain transparent at the same strain when deformed at the same

; A . -4 -1
temperature but a higher strain rate of 3X10 "sec ~. By the same
token, the lafter specimen could essentially retain its trans-
parency at 5% strain when deformed at 1200°C and strain rates that
were approximately two orders of magnitude lower than the above
value.

4. Texture Development

Laue backfreflection X-ray patterns were taken from'poly—ﬂ
crystalline specimens with.a grain size less than_30um that were
tested for stréss—strain and creep curves at both test températures.

_For all the cases examined,;there was no indication even after
true strains as large as 90% that any preferred orientation or
texture had developed during deformation.

B. Microscopic Observation - o

-

1. . Single Crystal Specimens .
a. Etch pits. At 1200°C, the general arrangément~of etch pits
- could be characterized by uniformly spaced slip bends that inter-
sected with each other, regardless of specimen types and of strain
rates. This is illustrated in Fig. 8(a) for a crgﬁt <111>
specimen as seen on a (100) plane. In fhis case, the opérative
'slip'planes were identified as {100} planes, since they were
parallel to tﬁe cleavage cracks that appea?ed in the same section
(not shown).v On a locaiiied scale, however, subboundaries were
observed to form in the case of a N<100> crystal deformed at
é~leO-53ec-l (Fig. 9). This may .be significant since‘Such

observation were not made at all in undoped <100> crystals under
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the same cohditions.

At 14005C, slip bands persisted in all stress-strain tested
specimeﬁs. Séecimens crept at low strain rates, however, tended
to develop subgfain stfuctures. Thus, in the case of <100> crystals,
subgréins,did‘not form when stress-strain tested at é“'.l><10--sseo:'—1 |
(Fig._lO(a)).' Whereas they were seen to férm locally when crept -
to a comparabie strain at strain.rates ghat were more than an order
of magnitude 1ower (Fig. 10(b)).

As mentioned above, N<100? crystals appearéd to be more
susceptible to subgrain formation. In Figs. 11(a) and (b), the_
extent of subgrain development is shown as a function of strain‘when
those crystals were crept at 1400°C and a stress of 8000 psi
by 12 and 277, respectively. At the smaller strain, slip bands
coexisted with open-ended subboundaries. These Boﬁﬁdaries did not-
seem capable of blocking edge dislocation since they were freely
_ crosséd by 'slip bands. At the larger strain, the boundaries were
fully‘developed encircling the subgrains, and slip bands could hardly
be seen.

It was,n§ted that <111> crYstals were most suscéptible to
,formation.of subgrains. Thus, even though the subgrain structure

shown in Fig. 8(b) corresponds to a specimen crept as much as 50%
straih, a similar structure was also observed in another specimen
crept by only 3% at lower stresses. |

b. Microcracks. The presence of microcracks wag revealed in all types

of sipgle‘
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crysﬁals crepf or stress—strain tested at é low strain rate.
Microcracks were observed at 1400°C in a <100> crystal (Fig. 10(3))
-and a N<100> crystal (Fig. 11(a)). Since examination of the cross-—
) sectionsvsuggested the occurrence of oblique intersections at
this.tempefature, microcracking could be considered;as an indication
of the difficulty involved in the oblique inpersection. Similary,
microcracks:preseht in a <110> crystal (Fig. 12(a)) and a <111>
crystal (Fig; 12(b)) after creep testing at 1200°C should also
‘be indicative of the intersection difficulty. This interpretation
" is consistent with the rapid strain-hardening observedvduring
étress—strain tests at the same témperature (Figs. 23 and 22(c),
respectively),

It is to be noted, however, that the microcracks tended not to
propagate. - It seemed that the microcracks were prevented by slip bands
’érom subéequéntlylpropagating.

2. Polycrjstalline Specimens

a. erain Growfh. Although érain growth by a factor of ~2 could
occur in thevfinest—grained or as-received (4ym) specimens during
heating prior to testing, subsequent grain growth during a stress-
stfain test was found to be rather neglible. A limited’further
grain growth (by another'factor of 2) was encountered in this

type of specimen crept for 600h at 1400°C, Another specimen of the
same type that &as annealed next to the déforming specimen during
the same fun, hqweyer, exhibited a remarkable grain growth, i.e.,

- a factor of 15. Such a large difference suggests that grain size

was wather stabilized by simultaneous deformation. Other types of
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specimens with a grain s.ize larger than 2Qum did not show any noticeaEle
grain growth during creep.
_ b. Grain Shape. .When a polycrystalline specimen was def@rmed'to
a large strain, there was a corresponding change in che'shaﬁe of the
_vgrains. Thus, at 1400°C, a fine-grained specimen crept to 5%
showed equiaxed grains (Fig. 13(e)), while anotﬁer:specimen of the
same type crept to 487 strain tended to develop ovqushaped
grains squeezed along the compression éxis (Fig. 13(£)). Tendency
toward the oval-shaped grains was also noted in a fiﬁer—grained
specimen crept to 99% strain at the same temperaturé (Fig. 14(b)).

On the pther hand, a medium—grained'(anneéled in Pt) specimen
could be characterizéd by its tendency to exhibit diamond~-shaped
grains that were aligned edge to edge at an angle to the
éompression axis. These features were obéerved throughout the specimen,
although some&hat stronger development was noted along the sPecim;n
ends. This behavior was indicated in the specimens crept at 1200°C
(Fig. 15(b)), and stress~straiﬁ tested at é”leO—Ssec—l or crept
at 1400°C (Fiés. 15(c) and:(d); respectively). Similar behavior
was also eﬁéountered in a finer-grained (~15um) specimen stress-
straiﬁ tested at 1200°C and é"l><10—ssec"l (Fig. 13(b)).

c. Subgrain Formation. Evidence of creep by dislocation motion

was provided By'subsgrain formation. Most distinct subgrains were
developed in»coarse—graiﬁed specimens crept at 1400°C

.(Fig 15(b)).. Although subgrains did not form and. grain boundaries
remained smooth at small strains (Fig. 15(a)), deveiopment of |

subgrains with increasing strain was accompanied by corrugation
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of the grain boundaries as illustrated in Fig. 16(b), It can

‘be seen that cusps (arrow) formed at the'intefsection of the grain

. boundary with é subboundary. |
Subgfains were also observed to form in medium-grained specimens

thatvgave rise to.diamond-sh;ped grains (Fig.15(b) through (d)),

and in‘an initially fine-grained sﬁecimen that was crept for a‘

period'of 600h at 1400°C, exhibiting oval-shaped gfaiﬁs (Fig. l4(a)).

In the latter case, however, subgrains were rather indistiﬁguishable

frbﬁ grains.. As indicated.in single cfyétals crept at 1200°C,

howe§er, subgrain formation did not appear to be a prerequisite for

the steady creep, 'since subgrains were sometimes absent in a

spécimen that was crept in the steady state (e.g., Fig. 16(a)).

d.  Grain Boundary Sliding. Direct and indirect_evidence that
grain boundary_slidihg (GBS) had occurred was obtained in all the
specimen types éxamined. Direct evideﬁce in fine~grained
séecimens is shown by scanning electron micrographé (Fig. 17(a)
and (b)). It can be seen that grains on the surface weré sdueezed
out as a result.of GBS. Note also that a grain a* the center
of Fig; 17(b), for instance, was rotated around the axis which.lieé
" nearly in the plane of the photograph; other neiéhgoriﬁg grains
also slid against the rotating grain and were squeezed further
out df the surface.

Also shown in Fig. 17(b) is indirect  evidence of ¢BS, i.e.,
widening of intergraﬁular separation (IGS). Complete IGS

occurred across a single facet of the grain, with the facet
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corresponding'to the tensile grain boundary that was essentially
parallel Qith tﬁe (vertical) compression axis. It is important
that the adj&cent faéet remained coherent while the 1IGS developed
on the teﬁsile facet continued to widen. This evidence.attests to
the stability of_IGS with respect to propagation as a crack.

The micrograph also suggests that such widening was associated with
GBS on thé adjacent facet;

Furthermbre, there was indication that IGS was caused by GBS.
Ianig. lS(é),,one area where no extensive IGS has yet occurred is
shown for a medium-grained (annealed in Pt) specimen étreSs—strain
tested at 1200°C'and é“lX1QTSsec_l. Note that localized deformation
(arrows) tobk place along the extension of the grain boundaries
that were favorably oriented for GBS.  Such feafures, termed a
"fold" by Chang and Grant,18 represent an accomodation mechanism
fof GBé. ﬁowever, more severe GBS that could notvbe fully_accomodated
resulted innIGS, as was_observed in different areas of the same
specimen (Fig; 18(b)). It can be seen that the séparation
. occurred in:spiée of the more advancéd folding as compared with
Fig. 18(a). Once the grains are separated along an edge A, GBS
_occufs'freely along the adjacent edge B. This not only widens the
gap at A, but also nucléates IBS at a third edge C. Thus, the
IGS spreadé (rather than propagates) throughout the body. After
extensive dévelopment, however, intérlinkage of IGS may occur to

cause intergranular fracutre (Fig. 15(a)).

e. Intergranular Separation. Complete IGS as described above was

most pronounced in the specimens stress-strain tested at a low
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temperature or at a high strain rate. IGS was observed as early
as at yielding stages. Thus, a fine-grained specimen stress—

strain tested at 1200°C and é“lXiO—Ssec~l exhibited IGS as shown

k4
o

in Fig, 13(a), at a strain of 1.5%. 1In this particular case, the
corresponding stress-strain curve showed strain-softening immediately
following yielding, although strain-hardening ensued at later
stages,
~In the case of a coarse-grained specimen, thére was a clear
.indication that IGS contributed di;ectly to the observed strain
(at the exﬁeqse, however, of a volume change of the specimen).

Namely, as shown in Fig. 19, a coarse-grained specimen (cloudy

.

prior to testing) stress-strain tested at 1200°C and '€~5><10_Sse<:-1

exhibited a barrelled shape in which the maximum local deformation

at the midsection was also associated with the widest IGS in this

specimen.
£. Cavitation. Partial separation of grain boundaries, or

cavitation, was characteristic of the specimens stress—-strain
tested at a high temperature or at a low strain rate. Cavitation
occqrred in'fiﬁe—grained as well as coarse-grained specimens.
While they were located pfimarily at triple points,-cévities were
also noted'to_ form on the grain boundaries. 1In thé-éase of a
coarse~grained specimen (Fig. 16(c)), it could be .seen that fhe
cévities were nﬁcleated at the points where the grain boundary ﬁas
'ihtersectedﬂby a subboundary (arrow). However, it was aléo
observed that the extenéion of IGS could be stabilized by the

intersection point (Fig. 16(d)).
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. In contrast with complete IGS, cavitation did not occur
preferentially on the tensile grain boundaries. Absence of cavities - -

. -

inside the grains suggestéd that grain boundary migration wa
stabilized.by the observed cavities or that the cavities migrated -
with grain boundarieé.

The number of cavities seemed to increase with increasing
strain. However, they were not necessarily interliﬁked even after

~ a large deformation. Such an example is given in Fig. 20(a) for

a medium-grained specimen crept to 92%. For a comparable st%ain,
less cavities were present in a specimen deformed at a lowér strain
rate (cf. (d) vs. (f) in Fig. 13).

g. Cracking. The term of a crack was reserved in this work to
describe the éeparation that extended beyond a gfain size. Cracking
was found to occur predominantly along intergranular paths, as can
be seen in Figs. 14(b) and lS(a).. This generally was true regardless
of material chafacter and testing conditions.

As shown in Figs. 14(a) and 20(b), however, transgranular
cracking waé aléo observéd locally in some specimens with a
relatively small grain size that were crept to a large strain
exhibiting an extremely slow tertiary stage. 1In theée cases, it
can be notéd that -branching or secondary cracking also occurred. _ -
Secondary cracks appeared'approximately in pérallelvto, but
“thinner than the major, continuous crack. Since these specimens

-did not fail catastrophically despite cracking, if was considered
‘that the secondary cracking was characteristic ofvthe slowifracture
(i.e., the slow tertiary stage)‘ It is possible that secondary

cracking tended to dissipate the stress concentrations at the tip
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of the major crack, thus retartding crack propagation and reducing

the immediate damage to the load~-carrying capacity of the specimen.
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C. Mechanical Behavior

1. Shape of Stress—Strain Curves

True stress—true strain curves presented here are bésed on
the individual readings of load-displacement curvés taken atb
strain interval of 2.5 or 5%. Hence, the small variations within
this interval are not indicated. In general, the specimen character
was reflected in the shape of stress-strain- curves for the same
. testing condifiéns. The shape of <100> and N<100> crystals was
characterized by gradual yielding followed by approximately linear
strain—hardening (Figs. 21(a) and (b)) whereas <111> and <110>
single crystals (Figs. 22(c) and 23) exhibited a smooth paraboiic
shape with initially rapid strain-hardening. In the case of
polycrystals, however, various shapes were observed as a
function of annealing parameter, particulary when tested at 1200°C

(Fig. 24(a)).  Also, in addition to the features shown in the
figure, medium-grained polycrystals showed 'yield drop'", yield

- plateau, or sharp yielding, depending on the annealing condition.
Magnitudes of the yield drop are given in Table III. As indicated
in Fig., 24(b), however, the effect of material charactér on the
shape of the curve tended to diminish at 1400°C. - Yield drops were
also absent although the specimen annealed in Pt showed a limited
strain~softening. In this figure, it is élsq shown that
polycrystalline stress-strain curves are bracketed by the curves

for <100> and <111> single crystals.
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Exaept'when premature failure occurred as in coarse-grained
polycrystals, all specimens except for N<100> crystals tended to
approach a steady state when deformed at 1400°C and é~1X10_5sec—l.
Also, iﬁ the case of polycrysfals, the curves for fine-grained
‘and medium-grained specimens tended to merge as a steady state
was approached (Fig. 24(b)). For the same strain rate but at
1200°c, on_éhe.other'hand, the tendency toward a steady state was
overshadowed by either continued strain-hardening 6r premature

vfaiiure except for fine—grinea polychstals. As shown in Fig. 24(a),

a finé—grainedlpolycrystal with a grain size of 13um showed
strain~softening immediately following yielding, Similar behavior
has been observed previously by Evans eﬁ. al.19 for porous, hot-
pressed Mg0 specimens. This stage, however, was eﬁentually
replaced by.strain—hardening which led to a brief Steady state.

In the éase of a finest~grained polycrystal, an apparént

. steady state occurred followed by another steady state of a éhorter
duration (Fig. é&(a)); Thus, these polycrystals tended to approach
the séme flow (or fracture) stress at a large strain,  In the case
of <110> and %111> single cfystals as well as coarse-grained
polycrystals, the rate of étrain—hardening'continued to decfease
unitl a maximum stress indicative éf fracture -was rééched.

Alﬁhdugh the maximum also occurred in annealedm<100>‘and N<100>
crystals (Fié.s 22(a) and (b)), this occurrence was attributed to
the severe buckling encountered in these particular tests. On

the other hand,‘microcrackiﬁg that occurred in other tests of these
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types of crystals was not generally registered on the corresponding
stress—straiﬁ curve. In some cases, however, a sharp finite drop
of load signifying an extensive cracking was registeréd at later
stages, although the load sprang immediately back:to the level

that would have been observed in the absence of the drop; one
particular observation made with a <100> crystal deformed at

1200°C and &~3x10"%sec”! is shown in Fig. 21(a).

As shoﬁﬁ in Figs. 21(a) and (b), the curve fbr a {160> crystal
became essentially linear beyond yeilding when tested at.the highest
strain rate. VThe curve for the lowest strain rate, on the other
hand , showed three stages with a maximum slope occurring at the.
intermediate stage. This behavior is similar to that for NaCl
deformed at room temperature.20 These stages were less.notiéeable
at the higher temperature and in doped crystals. |

It can also be seen in Figs. 21(a) and (b) that é Ni-doped
crystal stréin—hafdened less rapidly than an undoped crystal, even
though the fo;ﬁerncrystals vielded at a slightly Higher stress. |
An exception, however, was observed when the test was run at 1400°C
and the lowest:strain rate. In this case, the doped specimen
continued to sfrain-harden while the undoped specimen reached a
steady state. |

Although not indicated in the figures presented; serrateé
curves were observed in the doped crystals; at low of high strain
rates for 1200°C and 1400°C, respectively. The serrations were
characterized by instantaneous stress drops rather than overshooting

above, or oscillations about, the general level of the curve, with
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a drop accouﬁting for as much as 5% of the total.stress. The
serrations Qére often accompanied by alzdﬁéed rate of strain-hardening
ovér a 1imitgd'strain. |

It is.worthwhile to note the effect of pridr treatment on
the stress—sfrain curve of éingle crystals obéerved as a function
of ﬁaterial‘character. Namely, prior annealing of a N<100> crystal
_ resulted iﬁ én[increased slopevof the curve despite the occurrencé
of severe buckling (Fig. 22(b)) whereas the identical treatment
of a undoped <100> crystal did not (Fig. 22(a)). In.the case of
.a <lli> crystal, annealing fesulted in a generél elevation of the
‘stress—strain curve over that of an>ﬁnannea1ed specimen and this
effect was more appreciable at the lower test temperature (Fig.
22(c)). Similar type of hardening was observed in the case of
a <100> crystal as a result of introducing mechanical damage
on the surface’by_grinding the specimen (Fig. 22(a)). This
observgtion suggests that surface effects could persist at a high
temperature. |

As indiCated above, the stress-strain curve of a given specimen
type was a sensitive function of the strain rate féf the same
temperature..’Thé degree and the nature of the sensitivity depended-
on the typevof\the specimen. For <100> and N<100> érystals,.the
gener?l sloﬁe of the curve was sensiti&e.to'the stréin'rate.
In this caée, the doped crystal was mére sensitivg than the undoped
crystal at 1200°C, while the‘opposite was fhe case ét 1400°C

(Figs. 21(a) and (b)). For <111> crystals (Figs. 22(b) and 25)

1
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and fiﬁe—grained polycfyétals (Figs. 24(a) and'26), an increased
‘strain rate resulted in increased fiow stresses which, hdwever,
started to aecay at early stages. Fine-grained poiycrystals
exhibited a greater strain-rate-sensitivity than medium-grained
specimens. :Hence, the former specimen was harder than the latter
at é~3XlO—4sec_1, whereas the opposite was obsefved at §:~1><10—'.5
sec—l (Figs. 24(b) and 25). On the other hand,.coérSe—grained
‘polycrystals showed an opposite response; the flow Stressesbwere
lowered uponian‘increase in the strain rate (Figé, 24(a) and 26).

In the interrupted stress-strain tests, the response correspond-
ing to a given instantaneous change in the crossheadiépeed (by
a factor of_2.5 to 25) was found to be a function of. specimen
character. Three types of responses are illustrated in Fig. 27
for an increase in the strain rate. In types A and B, little
instant (of’elastic) increase in the stress occurred, although
the slope of the stress-strain curve either decreased (type A)
or increased (type B). In type B, the larger the ratio of the.
crosshead speeds involved, the larger was the change in.the
slope. Whereas type C is charactefized by some ili-defined
instantaneous increase_in fhe stress. In §100> or N <100>
crystals, all types were observed.depending on tﬁe strain of
interruption; the type changéd from A for small strains through
B for intermediate strains to C for large strains.. In <111>
crystals or polycrystals, on the other hand, only:type C was

observed,
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In'aﬁothér type of tesﬁ interruptea for }ecoveryvto take

place, three types of response wefe observed upon reloading
depgnding a1$o on the specimen character. As shown schematically
in Fig. 28;’typevA represents a transien; effect produced by
recovery; élthough flow uponlreloading occurred at_a stress slightly
1oﬁer fhaﬁvthe stress prior to recovery, the shape of the original
stress-strain curve was soon restored. Type B ccrresponds to a mére
durable effect_i.e., general lowering of the curve over a period
Of‘deformation,;reminiscent of "ortho-recovery' described by Cherian
et al.21 ‘"Type C is of sbmewhat intermediate nature bétween types

A and B. In <100> "and N<100> crystals, all thr;e types .appeared,
»depeﬁding oﬁ the strain at which fhe specimen was_unloaded;

t&pesA, B and C appeared at initial, intermediate and final stages
of deformation,.respectively. At intermediate stages_(between

3 and 15%, ;pproximately), the type B became the mofeApronduncéd,
the ;onger the recover§ period; ‘Although the original stress-
strain curve waé eventually restored in most cases, an exception

was noted in 4JN<100> crystal deformed and recovered.at the lowest
strain rate»dSédvand at 1400°C. In this case, an extended recovery
resulted'in'flow’at avdecre;sed stfess followed, howevgr, by
_strain—hardéning ébove the lével ektrapolated from thé.pfevious
stress—stfaiﬁ cﬁrve.

In <110>, <111> crystals and polycrystals,vonly type C -

occurred regardless of strains and recovery periodé; However,

some variations of this type were also noted. Namely, in <111>

!
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crystals deformed at high strain rates_énd 1200°c, rec&very
resulted in appearance of the yield drop. As shown in Fig., 29,
magnitude of the drop accounted>;or a few 7 of the‘tbtal stress

at its maximuﬁ which occurred at a small intermediate strain. In
the case of‘fine—grained polycrystals, extended recovery gave

rise to a peak stress upon reloading (omax) which was greater than
the stress (Oo) that was maintained at a steady state prior to
recoveryr(Fig. 30). This behavior was termed "recovery-hardening"
and the différence, Omaxﬁoo’ is reported in Table IV as a function
of annealing and testing parameters. For a given testing
condition;_the effect is shown to be more pronoﬁnéed for a specimen

that was subjected to less extensive annealing prior to testing.

2. Shape of Creep Curves

For both single crystals and polycrystals, a small instantenous
straining upon ioading was usually followed by avpriﬁafy stage
characterized by monotonously decreasing strain rates, and sub-
sequently by secondary stage or steady state. While it was not
observed in single crystals, a pronounced tertiary stége was
encountered in a coarse-grained polycrystal crept a£ 1200°C
(Fig. 31). At 1400°C or for finer-grained specimens, this stage
was rather unnoticeable. Thus, for instaﬁce, a fine—grained or
a medium—grainéd specimen was crept to ~907 in true strain
(or ~60% in engineering strain) without a 'catastropic failure.

Concerning the primary stage, sigmoidal (S-shaped) curves

were observed in both single crystals and:polycrystals crept under
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low stresses and at 1200°C,'in particular. It is nofeworthy that
both undopéd énd Ni-doped %100> crystals exhibited such behavior

when crept at stresses lower than the yield stress: this stress

was found to be inSgnsitive to strain rates employed in stress-

strain testsT(Figs. 32(a) apd{(b)). For a medium-grained polycrysﬁal,
the initiél étfain.fates were so low that there appeared to be

an iﬁcubation period as indicatéd in Eig. 31.. it sﬁould be hoted,

: hoﬁever,ftﬁat'a fine-grained specimen_did not show sigmoidal creep

to any notigeable extent.

Primary strain, or the stfain at the onset of a.steady state,
was found tovincrease with stress and temﬁerature, ‘In Figs. 32(3)
and (b), straight lines are drawn to indicate aﬁ'average trend
where prima;y'strain increased with stress raised approximately to -
the third power. It can be seen that, for the same testing
conditions; Ehg primary period was most pronounced fof a fine-
grained polycrystal, less pfonoﬁnced for a <100>:érystal and least
pronounced fof a <111> crystal and a medium-grained or a coarse-
grained polyérystal. In case of a find—grained polyérystal,
apparent steady:flow occurred during the primary period until it
. was termiﬁatéd by transition to final steady state ét‘é very large
strain (Fig; 33).

Absolute strain hardening (ho) was defined as the ratio of
creep stress with respect to instantaneous strain uﬁon initial
loading. Thezresults are plotted in Fig. 34 as a function of
stress., It is ghown that the values for <ilO>, <lll>'cfystals ané

polycrystals are considerably higher than those for <100> and N<100>

crystals.
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3. Yield:Stresées_

Theifollowiﬁg‘remarks are of relevance in presentation of the
data. a) The_flow stress at 0.2% offset was defined as yield
stress. b) 'In'single crysfals, Schmid (or stress resolution)
factors for primary‘slip in a <100> anda <110”> crystal and for
secondary slip in a <111> crystal are 0.5, 0.25 and 0.47 respectively.
In this wdfk, however, compfessive yeild sﬁreéses rather than
' cri;ical resolved shear stresées are reported. ¢) For the plotsv
showing tempefature—dependency of yield stresses, fhe stress was
normalized reépect to the shear modulus (G). Thé éhear moduli
for <100> aﬁd.<110>crystals well as N<100> crystals ére the values
for a (110) plane, whereas the moduli for <111> crystals are the
values for a (110) plahe. The same sheaf moduli weré used for
‘both undoped and doped crystals, becéuse of unavailability of
doped data invfhe literature. Also, since the high temperature
data for Mgb are not available; they were estiﬁated by extrapolating

the dataldbt;ined ét lower.temperatures by Chung:andeawrence22
(Table II). d) When a temperature—depen&ency was observed, the
activation energy (Q) was estimated on the baéis of ;hevdata for two

temperatures employed. Thus,
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where R is the gas constant (or 1.987 cal/K.g mol), él and éz the

g

strain rates for a given value of C

at temperatures Tl and TZ’

respectively, and G, and .G, the shear moduli at T

1 9 and T,, respectively.

1 2
_Thus-determiqed activation energy is reported in Table V' together
with the streés;dependency. es In the Instron tests, the real
strain rate of the specimen at initial stages of 1eading differs
ignificantly ffom the nominal strain‘rate (€), or the crosshead
speed diQided by the eriginal length of the specimen. Thus, the

. real instantaneous strain rate for the specimen (éT) was given

by

hy AP

€ =8 -y = (1 -2%,

‘where hN is. the élope of e tangent to the load-deflection curve_et
the point df.interest‘in terms of engineering stress per unit
strain, EM tﬁe elastic'modulus of the machinevplué.loading trains,
.AP the ineremeht of load along the tangent of interest for a given
increment of deflection, APE the incfement of load:pertaining to

the same increment of deflection in the elastic region. £f) The
Iﬁstfon data‘are plotted together with the creep data. For.the
vlatter,.the meximum strain rates for a given creep sfrees were taken
“from tangentsvto the strain-time eurve eiéher»immediately after )
the instantaneeus straining (éi) or at the stationary point (émax)
for those eases where sigmoidal creep was:observed} The presented
daﬁa eorrespond to the initial loeding (prior to incremental

stressing) of different specimens. Henceforth, the term of stress-

dependency of creep rates will be used interchangeably as the term
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of strain-rate—sensitivity of creep stresses,

The Iﬁstron data fof both <100> (Fig._34(a)) and N <100>
Fig. 35(b)) crystals indicate that théir yield sfressés were
essentially insensitive to strain rates and temperétures within the
~ranges studied. It ﬁas also noted that a doped crystél yielded usually
at a slightly higher stress than a undoped one. The creep data,
however, iﬁ_contrast with the Instron data, shows a distinct
‘temperature and strain-rateFdepéndence. Thus, as shown in Fig. 35(a), .
for instance, élhigher stfess must be apblied under creep conditions
to realizevén initial strain rate combarable to that in the stress-
strain test.

In comparison with <100> or N<100> crystals, <111> ‘crystals
(Fig. 35(c)) as well as polycrystals (Figs. 35(d).and (e)) are more
sensitive to strain rates and temperatures. The strain-rate-
sensitivity was increased further in a low strain rate region typical
of creep rates, while the temperature-dependency appeared to remain
unchanged (See also Table V). 1In Fig. 35(d), a paréllelism or an
agreement is:indicated between <111> crystals and annealed polycrystals,
despite the fact that the polycrystalline data represented thé
specimens ﬁith various annealing'histories.- Accordihg to the
figure, thé'annealed polycrystals appéar to be somewhat stronger
than <111> crystals at 1400°C. However,‘the disparity would tend
to be insignificant if the strain rates were also normalized with
respect to G, or if neither the stresses nor the strain rates were
norﬁalized. NeQertheless, it was considered significant that the

temperature-dependency or the apparent activation ehergy for polycrystals
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tended tb be lower than that for <111> crystals (Table V).

| Because the behavior of as-received or finest-grained poly-
crystals was substantially different from that.of annealed poly-
crystals, éhe‘data for the fq;mer spécimensbare plotted separately
in Fig. 35(ec). It is shown that as-received polycrystals exhibited
a higher stréinhrate—sensitivity (or a lower stress—dependende)
‘in a lpw strain rate region'in comparison with both <111> crystals
and annealed polycrystals.

For a'giveﬁ strain rate and teﬁperéture, polycr&stalline yield
stress;s measured in stress-strain tests werevprimariiy a function
of the grain'siZe. 'In Figs. 36(b) and (c), these data are plotted
against tgrain size)—-l/2 fo ﬁest the applicability of the well known o
Hall-Petch relation,

o = cyo+k(GS)_1/2

where 0 is thé‘yield (or flow) stress, 00 and k the material parameters
and GS the grain size. The Qalue of OO was taken as the yield stress
of the <100> siﬁgle crystal, inasmuch as it corresponds to the yield
stress for the infinitely large grain size. In Fig; 56(3), the daté

of elastic (or proportioﬁal) limits are plotted to show a parallelism
between them and yield stresses. It can be seen fhat:the data are

in qualitative agreement with the Hall-Petch relation, except for -

the fine-grained specimens for whichré negative deviation from the

relation occurred. However, it can be noted that polycrystals

v
»

/
were not harder to any appreciable extent than a <111> single ¢rystal.
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Thﬁs; an uPﬁerllimit for the Hall-Petch relation was defined by the
yvield stress of the <11l > crystal corresponding to. the critical
resolved sﬁear st;esé of the more difficuiﬁ slip systéms. vOn the
other hand,vaviower limit coincided with'the yield stress of the
<100> crystal representing the less difficult slip systems.

In Figsf 36(b) and (c); it is also shown that the yield stress
is not always a unique function of the grain size.. Thus, even for a
given grain‘éize, yielding could occur at different stresses
depending Qn,the annealing parameters used.to obtain the grain size
of concern, For instance, annealing in air for 170h at 1400°C
}esulted in a.considerably lower yield stress than‘annealing at a

4 .

higher temperature would have shown, regardless of test temperature.
In this compéfison, it should be recalled that the fofmer specimen ’
was cloudy as a fesult of annealing while all othér tyées of annealed
specimens were ndt. It is also indicated in Fig. 36(b) that a shorter
annealing period:(70 vs, 110h) in Pt at 1500°C gave rise to a lower
yield stress when tested at 1200°C, evén fhough the grain sizes were’
similar.

" Effect 6f strain rate on the grain~size-dependénce of yield
stresses is shown in Fig. 36(c). . In general, the data‘;ended to
obey the Hall-Petch relation at all strain rates with the upper
limit always coiﬁciding with the yield stress of a <111> crystal for
the correspondihg strain rate. As the strain rate was increased,

however, the grain size at which the upper limit occurred was shifted

to a smaller value.  Hence, the fine-grained specimen became the
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hardeét i.e;g yielded at the same stress as a <111> crystal at the
highest stfainlrate used, although it was considerably softer than
the latter crystal at lower strain réte;. Also, the yielding
resistance deferiorated with increasing strain rate, particularly
in coarse‘gréinéd specimens; deterioration was also observed for
ﬁedium—grainéd specimens in response to an incremeﬁt in strain rate
larger than tﬁét sufficient to.cause similar effects in coarse-

grained specimens.

&, Frattufe Stresses. For <110>, <111> single_crystals and poly-
crystalline specimens, fracture stress was defined as the maximum
stress on.é stress—strai# curve beyond which the stress decreased at
an increésingvrate. It may be worthwhile to point odﬁ that in
compressionvtésts,vthe stress corresponding.té a ﬁaximum load is usually
.sméilér than the maximum (true) stress unless the maximum load occurs
ét‘a small stréin. For <100> and N<100> single crystals, fracture
stress was defined aé the stress at which the first, abrupt stresé
drop occurred. In thbse casés where the steady stéte was observed
without fracture, the steady state flow stress was co§sidered'as
the fracture stress. In the caée of a fine-grain (~15um) polycrystal
that exhibited,strain—softeﬁing following yielding (Fig. 24(a)),
é maximum (or steady flow) stress reached in the later stages was
considere& as a fracture stress, even though this value was
smaller-ﬁhaﬁ‘the yield stfess.

While éinglé crystal déta are given in Table VI, poiycrystalline
Vdata are plottediagainst (grain size)—l/2 in Fig. 37."Iﬂ this

figure, the follbwing observations could be made: - (a) The
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difference between small and medium grain size that was exhibited
at the yielding stage has now diminished at both deformation
temperatures fﬁr tﬁose specimens annealed in air at 1500°C prior
to testing. (b)' In coarse grained materials, howeve:, the fracture
stress decreased with increasing grain size as waé observed for the
yield stress.. (c¢) Among medium grained materials with a comparable
grain size, the specimen annealed in Pt fractured at a higher stress
than the one annealed in air. The specimen annealed 170h in air
at 1400°C fractured at the lowest stress. )

The cdmpafison with single cryétal data reported'in Table VI
reveals that: (d) At 1200°C, the highest fracture stress observed
for polycrystalline specimens is much lower than the fracture stress
for a <111> single érystal and is in the order of the (projected) -
frécture stress for a <100> cryétal. At 1400°C, the highest fracture
stressbfor polycrystalline specimens is still much lower than the
fracture stréss for a <111> crystal but soméwhat highef than the
fracture stress (or steady state flow stress) for a <100> crystal.

It may bé added that: (e) Coarse grained specimens not only
yielded at, but also fréctured at, lower stresses under a higﬁer
strain rate.
5. Dﬁctilities. Ductility or fracture strain for_the stress-strain test
was defined as the strain where the above-defined fracturé stress

was observed. Fracture strain for the creep test was defined as

the strain at the end of the steady state,




Ductilitigs for single crystals observed iﬁ stress—strain tests
‘are reporgéd in Table VI as a function of straim rétes and temperatures.
Duétility,_in general, increased with increasing temperature or
decreasing stfain rate, rang;pg from 5% to a value exceeding 50%.

For a given'tésting conditibn, <100> and N<100> crystals were more
ductile than <110> and <111> crystals. Nickel dopant tended to
enhance the ductility of a <100> crystal, particularly at a low
temperature ‘and a high strain rate.

Polycrystalline ductilities are plotted agaiﬁst (grain size)"l/2
in Fig. 38:tq'facilitate a correlation with other plots for yield
and fracture stresses shown in Figs. 36 and 37. Ductilities
fahged from less than 17 for coarse—grainéd specimens to more than
50% for thé.assreceived (fine—grainedl speCimen, depending also on
annealing paraﬁeters as well as testing conditions. 1In general,
ductility increased with decreasing grain size, increasing temperature,
and decreaSing‘strain rate, although some exceptions were also
noted.- )

In furfher agreement'with such generélizations, a crept
specimen showed a greater ductility than a stress¥s£rain tested
specimen. ~For_iﬁstance, ductility of a medium—gréined specimen
(annealed 110h in Pt at 1500°C) at 1200°C increased from 8% for a

strain rate bf '].><10"Ssec_1

~3x10_7secf;.

to 15% for a steady creep rate of

It is also shown in Fig. 38 that ductility was the more sensitive

to temperature_dr strain rate, the finer the grain size. Alternatively,
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ductility became more dependent on the grain size with increasing
temperature or decreasing strain rate-whereas no-grain size
dependence of ductility could be observed at the highest strain
rate used whefe all specimens showed a dﬁctility of less than 2%,
regardless of temperature. Under these conditions, even an as-
received ﬁdlyéfystal proved to be less ductile than a <ill> crystal,
following yielding at the same stress.
As an exception to the above generalization, however, it was
.noted that coarse-grained specimens showed a slighf but distinct
increase'in ductility with either decreasing temperature or
increasing strain rate (Fig. 38). In the same figure, the variability
of ductility as a functiom of annealing parameters is indicated for
a given grain size and testing condition. For instaﬁce, the
cloudy specimens obtained by annealing 170h in air at 1400 C
exhibited little ductility as compared with other élear specimens
. with comparabie grain sizes, obtained under different annealing
conditions.-'Qh the other hand, it shouldlbe pointed out fhat a
difference in annealing history did not always lead to different
ducfilities for the same grain size. Hence, as can be seen.in
Fig. 24(a), a ﬁedium-grained speéimen annealed in Pt fractured at
essentially thevsame strain as a medium-grained sbecimen annealed
in air;.even théugh the fracture stress reflected a difference in
the specimén character.

6. Recovery Rates

a. Measurement of Static Recovery. The static recovery rate (rE)

was defined as
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where GO is the stress prior to unloading, 0, the elastic limit upon

_ E
reloading and At the time elapsed between the moment 6f'interruption
and the ﬁoment that the specimen was reloaded td elastic limit;

It_was necessary to minimize the recovery period (At) to avoid
gross underesﬁimation of initial recovery rates which should
correspond to the dislocgtion structure obtained during deformation.

A preliminary investigation sﬁggested that parallel results can be
obtained at different strain rates if different values of At were

‘used accordingly. Thus, At was reduced from 5 - 10 minUtes to
0.5 minutés'as the strain rate was 'increased from l‘><lO—5 to 3x10°
sec_l.

For recovefy measurements, fhe specimen was only partially
unloaded to a level slightly below the internal stress. Thus,
it was neceSSar§ to assess the effect of application of such finite

. stress on recovery. For this purpose, speciai tests were made
under randomly chosen conditions; In one case, thé sﬁecimen was
completely ﬁnloaded, except for the small preload that was

necessary to maintain the alignment, In another case, the specimen
(and the loading column) was allowed.to-relax fromnthevdeformation
stress by stoﬁpiﬁg the crosshea& movement. After ;he same period

of recovery, the specimens were reloaded and the rate of recovery

was determined, In Table VII, the corresponding results are presented
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to be compared with the values determined by the usual technique

i
i
i
1
1

wﬁere reC§yery todk place under the applied stress slightiy less
than the internal stress. For all specimen types and testing
conditions, it is clear that the application of a small stress

did not cause:any noticeable change in the recovery rate as long
as the applied stress was smaller than the internal stresé. This
implies that 'there was indeed no extenéive dislocation motion to
intérferé with.recovery under such cdnditions. However, it can be
seen that thé reco&ery under stresses above the internal stress,
i.e., during relaxation, resulted in consistently lower, rates of
recovery thanﬂthat under lower stresses. This means that the §
recovery effect was overshadowed by the concurrent strain hardening
and'therefore,.does not corroborate the notion of strain-enhanced
recovery.23

b. Measurement of Dynamic Recovery} It was desirable to establish

whether static recovery rates measured in the absence‘of strain-
hardening coﬁld represeﬁt dynamic recovery condition. In the case
of <100> and N<100> crystals, dynamic récovery rates (fd) could
be measured in the presence of strain-hardening utilizing the

relation, _ T -

where h is the apparent strain hardening, hO the absolute strain

hardening in the absence of recovery contributioﬁ; and ¢ the
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strain rate. . .
Thus, if a change in the applied strain rate is not accompanied
by a change in dislocation structure, then the dynamic recovery

rate should be given by

hy-hy

1/52—1/6l

where él and éé are.fhe instantaneoﬁs strain.rates of tﬁe specimen
immediately befqre and after a sudden increase in the crosshead
- speed, hl arid,h2 tbe correqunding rates of strain hardening.
It was fqund that a small increment (2 or 2.5 times) of the crosshead .
speedbwas usualiy.sufficieﬁt_to give a measureable inqrease in the
raﬁes of strain-hardening. Negative responses of.fype A in
Fig. 27 Were_nét_utilized. |
Thqudetgfmined dynamic recovery rates are compared with static
recovery rates in Fig. 39 for two different base strain rates.
Since there‘is excellent agreement between these fecbvéry rates,
it was .concluded that the simuyltaneous deformation'did not affect
the feéd&ery»kinetics at lgast in <100> and N<lOO>.cryétals.
Also-detefﬁihed with the dynamic reéovery rate was the absolute
rate of stféin hérdening (ho) given by |

T
{

hz-hl(él/éz)

l—el/ezv
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where the_symbols have the same meaning as before. The results are
shown in Fig. 34.as a function of flow stress and.temperature. It : . é
can be seen that the absolute rate of strain-hardening increased
with stress wﬁich, in turn, increased with strain, thus suggesting
increased difficulty of slip at later stages. Furthermore, the
higher ho valﬁesvat a higher temperature seem to reflect increased |
oblique intersections. It is also indicated that thus-determined
values are quité comparable to the results obtained independently ' ’

from creep tests.

c. Static Recovery Behavior. For a given strain rate and temperature

static recovery rates during the stress-strain test increased

.. rapidly as deformation proceeded or as strain-hardening occurred.

Subsequently, the static recovery rate was found to increase with
the stress raised to the power n. The recovery rate also.increased
with increasing temperature. These results are indicated in

Fig. 39 through 44 and summarized in Tablé V for différent fyées_

of specimens tested.

In <lOQ> and N<100> crystals, however, the récovery rate
depended not only on the stress but also on the straiﬁ rate at a
given temperéture. Thus, an increase in the strain réte by'a
factor of 30 was accompanied by an increase in the recovery rate by
a factor of ~3 (Figs. 39 and 40). |

In <lll? crystals and polycrystals, on the other hand, less
dependence on the strain rate was indicated, since>the data for

different strain rates ranging from l><10—5 to 3><10_4sec_l could be
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represented.by a single straight‘iine (Fig. 41 andv42(a)) although
fine¥grainedjpolycrystals deformed at the lowest strain rate at
1400°Cvtendeafto deviate from this behavior (Fié.v42(b));

In addition to stress and-strain rate, anothér.factor was
indicatéd_in a <100> crystal deformed and recovered at 1200°C
and é~1X10_SSéc-l. As shown in Fig.'43, threé stages could be
ascribed t0‘£he corresponding recovery data, recalling that an increase
in the stresé was associated with increasing s;rainvin this case.
If a single straight line were drawn through thém; however, the
corresponding n would be at ﬁariance with that fqr the data
either at 1400°C_(Fig._39) or at a higher strain rate:(not presented) .
Similarly, it WQuld also be at variance with the Behavior of doped
~ crystals which exhibited a constant n regardless of temperature |
and strain rate (Fig. 40). On the other hand;‘it can be noted
bthat the;e ié'a correspondence between the break points shown in
the plot and the beginning and thé end of the second stage
exhibitedvon the continuous stress-strain curve, obtained?under the
same,deformation conditions (Fig. 21(a)). On this basis, it can
be seen ;hat the second stage was accompanied by the tendency for
~ recovery to sloﬁ down. In Fig. 43, thé effect of.Ni doping is
’.valso shown:v wﬁile there is no stage-dependence of recovefy, a
doped crystal recovered more readily than a undoped:crystal,
particularly at later stages of deformation.

- By .the same token, the hardening of <111> crystals as a result

of prior annealing concurred with an increase in the flow stress



required for a given recovery rate, or equivalently, with an increase
in recovery‘resistance. This observation is in agreement with
polycrystalline results. In Figs. 42(a) and (b),_it is shown that
polycrystals_obtained by annealing (in Pt) are more resistant to
recovery as.compared with as-received polycrystals. This behavior ?
“is in accord ﬁith the greater flow resistance exhibited by the : E
former type of specdimens. ’ = ‘ i
In Fig. 44, staéic recovery rates as well as flow stresses
at the timé of interruption (marked by open circles).are plotted
as a function pf strain for a fine-grained (~10um) polycrystal. !
It can be seén that the overall shape of the thus-constructed

stress—-strain curve is practically identical with that exhibited

by the same specimen type (~13um) in the uninterrupted test

(Fig. 24(a)).  Of significance are the concurrence of decreasing

flow stress and increasing recovery rate following yielding, and the

increasing flow stress'and decreasing recovery rate af later
stages. fhé»slight disparity between the flow stress minimum ' » ]

and the recovery peak is not very surprising, however, considering
the simultaneous effect of stréin hardening on deformation.

i
7. Steady State Creep Rates o _ 'g
|

In presehting data, it is to be pointed out that steady flow
stresses observed in stress=strain tests were included in plots

- of the steady state creep data. Also included are the fracture

stresses of a magnitude comparable to the steady flow.stresses

that were observed for other specimen types under the same testing

conditions.
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As shoWn in Figs. 45(a) through (d), the steady-state creep rate
for single érfstals ﬁas found to be proportional to the stress-
raised to ﬁhe power n within the observed range bf.stxain rates for
all specimeﬁ typés tesﬁed. The values of n or stréSs;dependency
afe summarizeg in Table V. In the Ease of polycrystals, on the
other hand, ﬁo_single values of n was applicable throughout. Thus,
n valugé of23 and 4.4 were ascribed to a low stress énd a high
stress rggioﬁ; respectively, as can.be seen in Figs; 46(a) and
'(b)f Fine?grained.specimens'qrept under low stresses at 1400°C,
hqwever, exhibited n=1.

Under otheF creep conditions, neither grain-size-dependence,

" nor dependence on prior annealing conditions of the steady creep
‘rate‘was indicated.for polycrystals deformed at avgiven stress.
Similarly, prior annealing of single crystals did not give rise

to any noticeable effect on the stgady creep raté. Comparison

of polycrystalline data witﬁ.single crystal data represented also

' ln Figs. 46(a) and (b) as dashed lines strongly suggests a
correlation between single crystals and polycrysﬁals. Namely,
polycrystals tended to be indiétinguishable with <100> crystals
when crept at 1200°C and under higﬁ stresses, in pafticular; At
1400°C, on'ﬁhe:other hand, éolycrystals tended to be similar to
<111> crystéls, especially when the creep rates were-ﬁot very high.
As mentioned,abdve,'however, fine-grained speéimens showed a notable
deviation from this behavior. According to Fig. 46(b) in its

presented form, one might even conclude that polycrystals become
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more creep~resistant than <111> crystals ét low stresses. If the
creep rates were also normalized with respect to G, however, this
conéiﬂgion would be untenable,

iAé reported in Table v, all'undoped single cfystals, showed the
same éétivaﬁion energy of 75 kcal/mole, whereas the doped crystal had
a 1owér activation energy of 43 kcal/mole. It is rather significant
that polycrystals were also characterized by a lower activation
eﬁérgy»of ~53_kcal/mole, regardless of n; the same activation energy
was measured by Dorn's technique where n = 1. According to this
technique, the activation energy for the tertiary stage ( as shown
.in Fig. 31ufof.a coarse—grained.specimén) was essentiaily identical
wiﬁh the values obtained in the same specimen befofe_the tertiary
stage occurred. Furthermore, these results showed é good agreement
with_the conventional activation energy determinedvfrom the steady

creép’rate vs. stress plot for the test temperature used.
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IV. DISCUSSION

A, Single Crystals

Undersfaﬁdiﬁg of slip in single crystals is fundamental to the
studies of polycrystalline deformation by dislocation motion, In
the followiﬁg, the difference between primary and secondary slip
and the effect of Ni doping will be considered.

1. Primary vs. Sécondapz,SliR

The behavior of <100> or <110> crystals corresponds to. the primary
slip, i.e:;.sliﬁ {llb}b planes whereas that of <lll§ crystals
corresponds to the secondary slip, i.e., élip on {100} planes.

It can be .predicted on the basis of structural considerations that
the dislocations would always be less mobile on {100} planes than
on {110} planés. The greater flow stress for a <111> crystal than]
a <100> crystal observed throughout the whole raﬁge of strain rates
and tempefatures studied is thus consigtent with the pfediction.

-However, such plastic anisotropy decreased with decreasing
strain rates in accord with a decrease with increasing temperatures.
This resulﬁ is equivalent,to saying that the flow sttess of <111>
crystals is more sensitive to strain rates than the flow stress éf
<100> crystals. The differe?ce in strain rate sensi;ivity(_SRS)
is most pronounced at small étrains. As an extreme.case, the yield
stress of stress—strain tested <100> crystals is eséentially constant
regardless of‘strain rate (aﬁd témperature). The SRS of flow stress

at a given strain increases as the strain is increased. The

difference in the SRS between <100> and <111> crystals is thus reduced
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wheﬁ steady flow stresses are considered; howevef, the former f
crystal still exhibited a smaller SRS than the latter. In terms

of the‘stress-depéndence of steady creep rates (or in inverse of

the SRS), the corresponding valuesbof <100> and <111> crystals are

4.0 and 2.7, fespectively. These respective values ére quite comparable
vto 4.1 and 3.1 observed for LiF single crystals cfépt at higher
hom;10gous_tehperatures.

The stress dependence of ~4 for <100> crystals suggests that

'Wegrtman's climb modelll is applicable where the fate—controlling
process is dislbcation climb to overcome the barrier. According _ vé
to the'modelg_the activation enérgy for steady creep:corresponds ;
to diffuéidﬁ. The apparent activation energy estimated from the
tempefature-dependence of steady creep rates is ~75 kcal/mole.

The value is significantly smaller than 110 kcal/mole for intrinsic
lattice diffﬁsion of oxygen and somewhat greater tﬁan §60 kcal/mole
for pipe or éktfinsic diffusion of oxygen (Table VIII)T It seems
likely that the observed value represents a weighted average between
predominant éoﬁtribution from pipe diffusion and less prounced

contribution from intrinsic diffusion.

Since dislocation glide bn {100} planes.is accompanied by
electrostatic faulting, it may be reasonable to associate the greater
creep resisténcé and the stress dependence of ~3 for <111> crystals
with the Peieris mechanism. Weertman42 has proposed a model for such
a mechanism predicting stress-depéndence of the same magnitude as

observed here. In his model, however, the rate-controlling mechanism
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is the thermally-activated overcoming of the Peierls barrier and
hence the‘activation energy is nét due to diffusion, Whereas the
activation energy for <111> crystal is of the same magﬁitude as for
<100> crystals and thus can be identified with‘that for diffusion.
Therefore, the'present resultjis not in full accord with the model,
while it agreeé with the éarliériresult.on <111> LiF.single crystals
in that Fhe obéefved activation energy compares facorably with that
fo; diffusion.v

A reaction can occur in a <111> crystal between dislocations
moving on {iOO} planes;

. | ’ a a ey a
<, : 7 [100] + 5 [011]= 3 [101]

4

The resultant dislocation lies on a { 101) plane for which there is

no resolved shear stress. Hence, this disloéation is immobile

with respecf to glide. However, it can climB out of.the( 101)

plane. »Conéequéntly, the rate of deformatioh will be determined by
the rate of.dislocation.climb. The subboundaries ogserved in a crept
specimen (Fig;-8(b)) indicate that dislocation did'clamb. Therefore,
it is suggestéd-that crégp of <111> crystals is dependent on
dislocation ciimb. In view of similarity in the:temperatufe
depeﬁdencies (Table V); yielding and subsequent stress-strain

deformation is also likely to be controlled by disldcationvclimb.
43
It is noted that Nabarro's steady-state creep model,
postulating deformation by dislocation climb alone, predicts a

similar stress dependence but strain rates much slower than observed

ST . N
values., According to Weertman's modification,
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where ) is the atomic volume, D the diffusion coefficient, O the

: appliedbstress, b the Burgers vector, G the shear iodulus, k the

Boltzmann constant, and T the temperature. Takiﬁg D = 3.0><10--3
_ 62,700 ' o
e RT for pipe diffusion of oxygen as reported by Narayan and

Washburn,45 and pertinent values for other parameters, the steady
state creep rate is calculated to be 1.06><10-'85ec'_1 at 1400°C
and 0 = 18,000 psi. This value is about two orders of magnitude lower

than -the experimental value of 2.26X10_6sec—1.

2. Effect of Ni'quiné

,Nickel.ioﬁs are completely soluble in MgO, as may be anticipated
from their/éizé and valeﬁce in comparison with those for Mg ions.” ~
On this basis, any significant effect of doping on the dislocation
glide seems unlikely. Nevertheless} Ni-doped MgO has been observed
: .prveiouslyaé_to‘exhibit softening when stress-strain tested at
high temperagures in a reducing atmosphere. The occurrence of
interpénetréting slip on oblique systems was indicated by the .
enhénced ten&ency toward subgrain formation. This béhavibr was
attributed to tﬁe accelerated climb of dislocations with the aid
of extra vacanéies generated by remoﬁal of oxygen. As mentioned
earlier, theré is a possibility that extra vacancieslgenerated during
crystal growth are present in the speciﬁens used in the present work.

Considering the similarity between the present and the previous
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observations, i.e., the low flow stresses accompanied by enhanced
subgrain formation and considerihg'the high suscéptibility to
recovery Of £he doped crystal, the above possibility could not be
ruled out, Tﬂe hardening as a result of prior amnealing or recovery
for an extendéd period as observed in the presenf study can also

be explained iﬁ terms of extra vacancies, the number bf vacancies
being decreased by such treatments,

However, it is importantthatfhe softening effect of doping did
not persist at‘the‘higher temperature. It will be recalled that the
stress—strain curve of the doped sbecimeh_for‘a strain rate of
leO—Ssec_l'showed continuous hardening over that of the undoped
specimen atw1400°C, whereas the reverse was observed a; 1200°C
(Fig. 21).J Also, the doped crystal is more resistant to creep at
1400°C than the‘undoped crystal, although the opposite was the case
at 1200°C (cf, Figs. 45(a)»and (b)). The softéning or hardening
dependenﬁ on témperature can be explained if a deformation mechaﬁism‘
with a 1owef activation engrgy'is operative. The stress exponent
of 3 observedif&r the steady creep suggests Weertman;s microcreep
mechanismAz'wheré the dislocation glide'is controlled by diffusion
of the solute. The solute being Ni ioné, the observed low
activation Qneréy for the doped crystal can be taken as that for
.diffusion of Ni ions through MgO or interdiffusion between Ni and
Mg ions(ﬁTable VIII). Cannon and Sherby47 have reéently advanced
a similar suggestion for the creep behavior of‘polyérystalline

NaCl-KCl solid solutions.
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As lqng.as the catibn diffusivity is enhanced by doping, dis-
location élimb:can be ekpected to occur raﬁidly. There would be
no need to_iﬁvoke the extra vacaﬁcy argument. The increased climb
rate will facilitate the overcoming of barriers and hence’the oblique
intersections. The oécurrence of oblique slip isiborne out by the
éﬂditional observation that the absolute rates of sfrain hardening
(ho) corresponding to a stress-strain test at 1200°C are ipcreased
by doping (Fig; 34). Since, however, the recovery‘iates are also
increased,the flow stresses are actually lower fof the doped
specimen.‘

It should be recognized that dislocation mobility is not

necessarily reduced by the presence of dopant, whether the dislocation

motion is controlled by cation diffusion either directly or
indirectly via climb. ' .

B. Polycrystals

1. Deformation by;Slip

That slip or dislocation glide was a major mode of deformation
under most testing doncitions employed is indicatéd by the correlation
found between single crystalé and polycrystals. Al;hough the
combination of high temperaiure and a low strain fate (or stress)
gave rise to deformation by masé transport in fine-grained specimens,
this behavior does not represent a majority of’the observations and
will be considered later. Thus, the experimentai fesults described
earlier can be summarized as: follows.

Concerhing flow stresses,the present polycrystals were not

harder than a <111> single crystal, nor softer than a <100> crystal
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for a given testing condition. Depending on grain size and testing
condition, however, a pol}crystal could be as hard as <111> crystal,
or as soft‘as.<100>. The‘gfain size dependence of flow stress was |
most pronounced at yielding stages, but tended tovdiminish as a.
steady state was approached unless the achievement of a steady
state was preeented by premature failﬁre. When the steady flow did
occur at 1260°C3 hence with extensive (and yet nonpropagating)
intergranulaf'Separations, polycrystals behaved similarly to <100>
crystals iq‘terms of steady flow stresses. . However, polycrystals
tended to be similar to <111$ crystals at 1400°C where the extent

of intergfanular separation decreased. Thus, under Creep testing

conditions at 1400°C, polycrystals Wepe quite comparable to <111>
4 . . .

crystals, as iong as diffusional creep was not operative.
Concerning_ductilities observed during stress—strain tests,
on Qhé other_hend, it was observed that polycrystals could be
considerabiylless ductile than single cryeta;s. ‘Polycrystalline
" ductility incfeased ﬁith decreasing grain size, Ductility for a
grain size 1afger than isum, however, was less than that of a <111>
crystal at 1400°C, even when the polycrystal yielded at the same
stress as-the:crystale Fine;grained specimens were mere ductile’
. than a <111> crystal, following.yielding at a lower stress than the
latter. |
Pileﬁp of dislocations at grain Eoundaries in mediUm— and coarse-
.grained speciﬁehs is Borne out by the observed gfain size dependence

of yield stresses in qualitative agreement with the Hall-Petch
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relation. Because of the lower critical resolved shear stréss,
dislocation motion will be initiated on the primary slip plane.
Since stress concentrations are generated due to subséquent pileup
of these dislocatiqns at grain boundaries, the critical resolved

shear stress for the secondary slip plane can be reached locally,

provided that the grain boundaries can withstand the stress concentra-

tion without losing their coherence. Indeed, evidence of the localized

secondary slip along grain boundaries was obtained previously in a
coarse—grdined LiF deformed at room.temperature.48 "Thus, yielding
_may occur wifh the help of localized secondary slip; A large
ddctility,‘howe?er, seems unlikely in a coarse-grained material,
since the interior of grains must deformvwith less degrees of

.

freedom provided only by'primary slip systems. Furthermore,

there are indications that intergranular separations (IGS) occurred

causing premature yielding in coarse-grained and medium-grained
specimens as will be considered in a forthcoming section.

As mentipned above, no polycrystalline specimens tested were
harder than a <111> crystal for a given testing conditionms.
vThis observation sdggests that aétivagion of the seqondary slip
systems, and hence all five independent slipvsystems, sets an upper
“1limit to polyCrystalliné strengths and thus to applicability
of thé Hall-Petch relation, provided that no impufity—associafed
hardening is effective. In view ofAfhé absence of F in single
crystals, however, it may be suggested that the presence . of F in
polycrystalliné specimens did not cause any appreciable impediment

to dislocation motion on secondary slip planes, in particular.'
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Regarding medium—érained specimens that yielded-af'essentially
tne same stress as <111> crystals, it can beIStated.that extensive
primary slip could not occur in a polycrystalline body until
secondary slipr(or‘other accomodation mechanisms) oecame operative.
. This statement'is substantiated by the data of elastic limits
(Fig. 36(a))v_which should correspond to the initiation of macroscopic
flow. It is, tnerefore, apparent that pfimary slipvon a microscopic
scale could not produce sufficiently high stness soncentrations for
these particular grain sizes.v Magnitude of the observed slastic
iimit also suggests that no grain boundary sliding could take place
as a deformation mode independent of slip so as to casue yeilding
at a stress lower than the observed level. It can be deduced
further that grsin boundaries remained largely cohsrent until the
elastic 1init was exceeded; if IGS occurred to any appreciable
extent, then fhe elastic limit should have been lower than was
observed, for IGS would trigger. the premature yislding as will be
discussed later,

As has been discribed previously, yielding in.these medium~
grained specimens was also characterized by a yield nrop (of
_ plateau); these events occurred shortly after the stress-strain
curve deviated from the elastic region. The yield.drop may seem
analogous tovthe sigmoidal_creep of the same type-of specimens,
both corfesponding to the rapid multiplication of dislocations.

The drop, Howener, is characteristic of these polyorystals,
since it was not observed in <111> single crystals. Eariier, Evans

5 ' '
et al 0 have made a similar observation with CaF2 polycrystals;
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fhe yeild dro? or the distinct yield point was then attributed to
IGé. | | |

- This obsérvation is also consistent with the microstructural
evidence of IGS obtained in a fine-grained spécimen deformed to a
point where‘fhe flow stress had just started to deéreaée, immediately
following yielding tha;'occurred at the same,stréss level as for
medium—graiqéd specimens (Fig. 13(a)). Hénce, it is suggested that
the yield drop of the medium~grained specimeﬂs may élso be
accqunted for by IGS;

Corresponding to the drop, the IGS of concern_must have occurred
‘rather suddenly and only after yielding at the same stress level
as a <lll>vcryStal. Henée, it is to be distinguished from the
IGS that occurtéd at early stages in coarse—grained §peciﬁens without
exhibiting-é distincf yeild point. Recalling the earlier discussion
on single crysﬁél behavior, primary slip can procegd at a considerably
greater rate tﬁan secondary slip if both slip systems are activated
simultaneously at a given stress. Consequently, sucﬂ plaétic
anisotropy Shbuld play a substantial role in causing the IGS_
and hence the distinct yield point. Thus, it cannot.be over-
emphasized that IGS may still occur despite the fﬁlﬁillment of the von.

Mises requirement. In this connection, it is also noteworthy that

medium-grained specimens are less ductile than fine-grained specimens.



O
<
L
&
i
o
€]
i
£
£

-59-~

2. Diffusion Contribution

It is élear that diffusion should play an increasingly important
role as the deformation temperature is increased.  Among other roles,
stress—directed diffusion can directly prdduce strains'as it occurs
in the diffusional creep, The diff;sional creep was indicated in
fine-grained (<15um) specimens crepf under. low stresses (lowér than

7000 psi) at 1400°C. The steady creep rates wefe characterized
by a,lineér stress-dependence (Fig. 46(b)) and reduced creep
resistance with respect to that of <100> crystal. ‘The corresponding
activation enérgy was 56 kcal/mole which was comparable to that
of either extrinsic or grain boundary diffusion (Tablé VIII).
Subsequently; three models preaicting a viscous beﬁavior were
applied to the specimen with a grain size of lSuﬁ:érept under 3000
psi at 14006C. According tq Nabarrol and Herringz,diffusion across
the grains results in deformation, while diffusion along the

'grain boundaries is postulated by Coble.3 Recently,'Ashby and
Verrali51 put forward a superplasticity model where strains are
produced by‘grain boundary sliding accomodated bf.diffusioh

along the grain boundaries as well as across the graiﬁs. As shown
‘in Appendix III, Coble's mechaniémfseeﬁs to be operative in the
.present case. However,bthe superpiéstic mechanism connot be‘
ruled out‘cdmpleteiy in view of the highly ductile behavior of the
fine-grained specimens. ‘

In either case, the observed acfivation energy would correspond

to that for grain boundary diffusion (presumably of oxygen).
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As can be noted from the literature data (Table IX),.Coble creep
with truly liﬁear stress-dependence Waé not observed in F-free MgO.
This evidence points to the fact that grain boundary diffusion was
enhanced by the presence of F within the grain boundary zone;
the electfoheutrality requirement would dictéte the production of
extra catidn vacacies due to the presence of F ions. Since
the diffusional creep of Li-containing MgO66 did not indicate the
operation of the Coble mechanism, it can be deduced that it is
F and not Li which accentuates the grain boundary diffusion.
Diffusion within the grains becomes important under the
conditions where dislocation creep is predominant, as the rate of
climb of edge dislocations within the grains is controlled by a
diffusion process. ‘The fact that dislocation motion was involved
in creép af‘high stresses is indicated by the formation of dislocation
subboundaries in the crept specimens (e.g:, Fig. 18) as well as the
large stress—dépendence (greater than 3). Dislocation climb as
a rate-limiting process is suggested from the activation energy
of 53 kcal/mole,rwhich is of the same order of maghitude as that
of'grain boundary, pipe or extrinsic diffusion reported in the
iiterature (Téble VIII). Grain bouﬁdary'diffusion,vhowever, is
‘unlikely in this case, since the steady creep rate for a given
stress is indepéﬁdent of the grain size at high stresses (Fig. 46).
In view of ﬁhé sizable difference in the actiﬁation energy between
single crys#als and polycrystals, it seems that extrinsic diffusion
is operativé due to F. This conclusion would then imply that a
sufficient amount of F is present withiﬁ the grains as well as at

the grain boundaries to cause the extrinsic behavior.
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When deformation occurs by dislocation motion, ghe interaction
between.diéioéations could cause strain—har&eping.. At elevated
temperéturés, however, strain-hardening can be effecﬁively counter-
acted by cohcufrent recovery which involves reduction in the
dislocation density or rearraﬁgement of dislocations. Thus, the
participation Qf dislocation climb in the high-temperature
deformation ééuld facilitate the process of récove;y, whiie enabling
the blocked &isloations to overcome the Barriérs'as Qell; the létter
process has beén incorporated in Weertman's creep.model.

These factofs‘WOuld tend to attenuate the severity of dislocation
pileup which might lead to crack nucleation. On'this‘basis, one
might be able‘to correlate the ductility with.the fecovery rates.
It has been subsequently found that the duétility‘ié greater for
the‘fine-grained specimens which are also more susceptible to
recovery as compared with the medium—grained-specimeﬁs. It is also
noteworthy that a fine—grained-specimen yielded at tﬁé same

. stress as a <111> crystal when stress-strain tested at the highest
strain rate employed. While this fact would be indicgtive.of the
1§peration of ail five independent slip system, no significant
ductility was ekhibited. These observations corréborate the
occurrence of dynamic recovery and its importance iﬁ ductile
deformation.

From the aécomodation viewpoint, it is importaﬁt to recognize
the role of dislocation climb. Since Nabarro43 has.shown that
67

~dislocation climb alone can produce strains, Groves and Kelly

- have recently pointed out that dislocation climb, by itself or in
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conjunction with glide, can provide the degree of freedom required.
for a genéral éhange of shape. 1In the case of a cubic crystal such‘
as Mg0O, either six independent climb systems corresponding to six
<110> vectors ;r four independent climb systems plus two
independenﬁ, non—-orthogonal primary slip.systems:are needed to
produce such an effect.

The actual occurrence of this accomodation mode was indicated
by finé~grained polycrystals. When stress—straiq'tested; these
specimens yiélded at stresses lower than the stress required to
extensivély activate the secondary slip, i.e., the yield stress
for a <111> crystal. Nevertheless, a full accomodation must have
been achieved at the grain boundaries since the specimens remained
transparent through the yielding stages.

Previously, Copley and Pask68 have suggested that high applied
stfesses may be not necessary if the grain boundariés were sufficiently
strong to withstand the stress concentration that can 1oca11§
activate thérsecondary slip. If this were the case, ﬁowever, the
larger the gxéin size, the longer will be the slip band and hence
the highér the stress concentration. Thus, medium-grained specimen
should have yiélded at even lower stres§es than fine-grained specimens.
.The opposite effect has been observed from grain sizes less than
15um. Therefore, the observed effectrcén be attribufed to the accomoda-
tion involving diffusion process such as dislocation climb; the

diffusion contribution would be enhanced in the fine-grained

materials because of the shorter diffusion path. This conclusion
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is also consisﬁent with the observation that the yield stress
increased with increasing strain ratelor decfeasiﬁg temperature,
i.e., with_deéreased diffusion contribution.

The simuifaneous operation of glide and climb for accomodation
is to be distinguished from the mecﬁanism of grain.béundary
sliding (GBS). The latter phénomenon has been p;oéosed to occur
by altefnatiﬁé glide and climb along the grain boundary.69 Hénce,
the observed GBS (Fig. 17) is merely a concurrent process. That
GBS does not constitute an accomodation méchaﬁism‘has been.

70

previously pointed out.

3. Intergranular Separation

The complete or partial épearaﬁidn at the grain boundaries was
observed in-ail polycrystalline specimens tested,.in many cases
immediately following yielding. It was also notedgihowever, that
the extent of the complete intergranular separation (IGS) was
limited to a single grain facet, suggesting its sfébility against
subsequent propagation as a crack. Under such conditions, the

" IGS may be ébnsidered as an accomodation mechanism'iﬁ view that
it was Observedvprior to fracture, i.e., the acceléfatéd loss

of load-carrying capacity. Namely, the IGS would allow not only
stress concentrations to be dissipated but also the barrier of
grain boundafyvitself tovbe removed. This effect wéuid bé
équivalent tdfthe relaxation of the von Mises requiremént.

As suggested by the microscopic evidence, grain bouﬁdary sliding

along the facet adjacent to the separated one could be facilitated
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thereby, resuiting in a continuous widening’of the.iﬁﬁergranular
gap. The»pfdééss ofblateral widening will givévrisé‘to a
longitudinal shrinkage of the compressive specimen. Thus, the IGS . ’ ;
can also confribute directly to the deformation accompanied, however,
by a corresponding increase in the speqimen volume, For tensile‘
specimens of ﬁatels, Widmer and Grant7l observed thaf the axial
opening due to IGS couid account for 10 to 50% of thé‘total strain.
A qualitatiﬁely similar observation is illustrated in Fig. 19. ' ;
Such roles of IGSvaé described above might explain the stress-—
stfain behavior of the cparse—gréined specimens. Thgy showed
apparent yielding at stresses lower than that necessary to
activate the secondary slip in <111> single crystal, - Since the
IGS was observed shortly after yielding, it is not likely that the
low yield stresses were due to strongly bonded grain.boundéries.
’The\strong‘grain boundaries would withstand a high stress
concentration to locally activate the seéondary slip sof;hat
" yielding coﬁld-occur‘at a low extefnally applied‘strésé.‘ The
1aEter was proposed previously by Copley and Pask68 ﬁo be‘the
case for their specimen of a comparable*grain siéeVWhich,exhibited ' o
a low yield stress in association with large ductility. The
relatively iﬁsignificant ductilites encountered in the present
case, therefdre, support the othef conclusiqn that apparent
yielding may occur due to the IGS at a low stressrlevel. The
observed deCrease in the yield stress with increasing strain
rate lends further support, since the increase in strain rate

would enhance the likihood of IGS by increasing the critical
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resolved shear stress for the secondary slip. The p?écipitous
decrease in tne yield stress with increasing grain size and

hence the increased neviation from the Hall-Petch type of relation-
ship (Fig. 36(5)) is also indicative of the increasen susceptibility
to IGS. Thié‘is consistent ;ith the estimated 1nrg¢ amount of F
per unit aféa of grain boundary (Fig. 2), i.e., a rapid decrease

in the strengﬁh‘of intergranular bonding.

There are further indications that a difference in mechanical
behavior can be encountered for the same gfain size as a function
of the cohesive strength of the‘grain boundaries; a) Particulary
weak intergfanulaf cohesion for the gloudy specimen (annealed in
air for 170 h at 14OO°C),Fagﬂindicated by the grain boundary
features or IGS (Fig. 1), gnve rise to low flow stresses and
" ductility (Figs. 36 through 38) when compared wifh the specimen
annealed at a_higher temperature without the loss of‘transparency.
b) Little further grain growth occurred when the annealing time
v (in the Pt at 1400°C) was increased from 70 to 1105. Therefore,
the lower yield stress of fhe former specimen (Fig. 36(b)) must
be accountea.for by the greater retention of F, or the weaker
grain boundaries. ¢) Proviaed that the observed yield drop was
lcaused by IGS, the magnitude of the drop may be a.neaénre ofvthe
grain boundaty strength for the same grain size and testing
"conditions. As shown in Table III, the drop was moré pronunced
for the lower annealing temperature (1400°C for 170h vs. 1500°C

for 110h), or for the greater amount of residual F and hence, the

weaker grain boundaries. Similarly, annealing for a shorter time
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reéulted in ;:larger drop (12h in air vs. 110h iﬁ Pt); This
observationris also consiétenl with the fact that the former
specimen deformed at lower stresses than the latter (Fig. 24(a)).

As long as‘the IGS facilitated deférmation, one might expect
.deéreased floﬁ-stresses at all stages. Hence, the ﬁegative
deviation of'fhe steady-state flow stresses for pclyérYstals from
those for %1115 single crystals may be attributed to the IGS-
induced weakening. The more extensive the IGS, the greater will Be
the deviation{_ Therefore, the deviation will increase with
increasing strain rates. This was probably reflected in fhe high
stress—dependénce of 4.4 at high strain rates, as.suggested for
Zrog and Alzoio_in earlier studies.

It must‘bé'pointed out, however, that iGS does“not facilitate
deformatiéﬁ ;f the strain rate is too high or tooalow. If the
strain rate.is high, the diffusion-controlled proceés'of grain

boundary sliding and hence the ﬁidening of intergranular gaps

cannot occur rapidly. Under such conditions, the IGS can only

" lead to a premature failure. If the strain rate is low, on the

‘other hand, the accomodation by slip on five independént systems

becomes easy due to the reduced plastic anisotropy.  The IGS now
occurs in the form of cavities which are not very effective in

relaxing the von Mises requirement.
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C. Correlations

1. Correlation between Stress—Strain and Creep Tests

Stresé—strain tests differ from creep tests in the boﬁndary
testing cdnditidn and thé strain rates involved. Whereés the'n
applied.stresé:or load'is maintained constant under creep condition,
it is allowed to increase during é stress-strain fést so that
deformation can proceed at a cqnstant rate of st?aining or
vstressing; .The difference in the boundary condition, however,
'Becomes imm;tetial at steady States, because the co;fesponding-
flow stress is constant for a given strain rate and hénce'the
'stress—strain and creep tesfs are identical. Seéoﬁdly, the
strain‘fates involved in creep tests are usUaily much - lower than
. those for stréss-strain tests.

It was noted that either of these differences copid be
associated with differeﬁt mechanisms of.deformation operative,
depending on.the spécimen typef‘ Thus, in the case‘df-<100> and
N<100> crystals, while little temperature- (and stréin—rate—)
dependence was=pbserved for yielding in stress—sffain.tests, a
strong,teméerature (and stress or strain—faté) depéndénce was
exhibited during initial stages of creep. This would indicate
'thatvthermaliy—activated deformation is a neceSsity under creep
cgnditions. »It is, however, interesting tx$note that-the‘stress—
dependency of'initial.(of maximum) creep rates for <100> crystals
is.still greater thén that for <lll> crystals. This behavior is
in accord withvﬁhe'extremé stress-sensitivity of stréin rates
'(or, equiValently, the lack of stfain—rate—sensiti?ify.of yield

stresses).indicated in stress—-strain tests of <100> grystals
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as compafed with <111> crystals.

Similarly,vfhe occurrence of diffusional creep observed in
as—received'polycryétal specimens at a high temper;;ure and low
strésses (or étrain rates) is consistent with the stress—strain
behavior. vit will be recalled that the low yield stresses and
high strain—rafefsensitivity of this'specimeﬁ type could be
accounted fdrvin terms of increased diffsuion contribution.

It must be gautioned, however, that the increééed diffusion
contribution»coqld allow éoarserfgrained’(e.g. 15um vs 4um for
the as—recéivéd condition) polycrystals to exhibit a similar
behavior, i.e., the diffusional creep if the strain fate is
sufficientlyjlow. This would be in contrast with the stress-
strain behaViof corresponding to a higher strain rate, i.e.,
the high yieldlstresses for the same specimen typevin compafison with
the as—receivéd'spécimen. The grain-siie effect §n the flow
stresses during stress;stfain test, however, diminished at a
steady staté.

Also, whiie somewhat persistent effects of pfior‘annealing
were noted én-stress—strain curves of single crysféls‘at 1200°cC,
such effepts én:steady creep Wére not observed., Therefore, it
can be seen.that steady creep behavior cannot be predicted from

the information on the early stages of stress-strain curves.

2. Correlation between Deformation and Recovery

High temperature deformation is often characterized by the fact
that the rate of observed strain-hardening is decreased and a

steady state tends to be approached with continued straining.
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IhiS~fact iélindicative'of the occurrence of dynaﬁic recovery.

It is widély accepted that the increased creepiresisténce of two-
‘phase matefiélé derives from the capability oflstabilizing
deforﬁatiqnvstructufe; i.e., the resistance of recovery. Isﬁida

3

and McLean72 ﬁave shown that‘én increase in the creep resistance:
by alléyiné'ﬁaé accompanied by a corresponding’iﬁcfease in the *
recoﬁefy résistance. Hence it may be suggested that the deformation‘
_reSistance_ié aetermined'by aislocation structurg which, in turn,

is affecte& by the‘recovery process. Dislocations méy deqréase |
in £heir density or rearrange themselves during recpverylso as to
reduéé the strﬁctural resistahce to glidiﬁg dislbcatiéns. High
recovery rates‘ﬁould then reflect a high élide mobility. On this

v basis, a corfélation was sought between flow stresses and recovery
rétes pértéiﬁing to étress—strain tests.

Concerning»fhe.correlation 5etween flow stresslahd recovery rate,
severallbbservations éould be cited. a) From é givgh stress—
‘strain Curvé,5the.shape of the curve reflected the cdrfesponding
change in the recovery rate. For instance, for tﬂe étress—étrain
curev as shownvin Fig. 445 it can be seen that the iﬁitial decrease.
in the flow stress was accompanied by incfeasing fecovery rates
and the éubsequéntvstrain—hardening by'decreasing reéoVery rates.

The séress;sﬁrain curve shown in Fig. 21(a) for a <100> éingle

-1 at 1200°C exhibited three stages.

~crystal tested'at €~1X10_§sec
These stages could be matched with three subdivisidns of the

corresponding recovery plot (Fig. 43). Namely, the initial,and

the final stages of the stress-strain curve cOrresponded.to the
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regions of fhe plot where the recovery rafe increased with the

stress to the fourth power. The intermediate stage characterized

by the steepest‘slope corresponded to the middlé région where the
recovery rate did not increase as_rapid;y. b) A similar

correlation can be made when the strgss—strain curves_for‘similar
specimen types are compared. At 1200°C ahd é~lX10—5sec_l, the

doped <100}’crystal strain;hardened less rapidly than the undoped
<100> crystal (Fig. 21(a)) in accord with the higher recovery rates
for the forﬁer (Fig. 43). A <111> crystal shows,a géneral elevation
of tﬁe stress-strain curve as a result of pridr aﬁﬁealing (Fig. 22(c).
" The elevatipn, however,.is accompanied by the decreased susceptibility
to recovery ( Fig. 41). The increased ilow stresses for medium- :
grained polycrystals (annealed in Pt) over those‘for fine-grained

(as received) polycrystals (Figs. 24(a) éqd (b)) are consistent

with the lowér'recovery rates for the former specimens (Fig. 42(a)
.and (b)).

Although the above examﬁles demonstrate a clése;relation
between the deformafion resistance and the recovery rate, the
correlation is not applicable between dissimila; specimen types.

For instanée, <111> crystals are considerably harder than <100>
crystals, and yét the forﬁér specimens_fegover more rapidly than
the latter (c.f; Fig. 41 and Figs. 39 and 43). Thisvapparent
anomaly can, however, be explained by the extremely rapid strain-
hardening (Fig. 34) that accompanies that high recévery rate of

<111> crystals;'
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So far as the recovery has a counteracting effect on the strain-
hardeniﬁg, it’might be expected that the dislocation pileups leading
to crack nucléétion are thereby attenuated. Therefore, the possible
correlation Qas examined between recovery rates and ductilities.

The polycrYstélline ductilit; increases as the gréin'Size is
decreased. This is in agreement with the obégrvation that a
fine—grainéd specimen is more resistant to the loss of transparency
and recovers.@ore readily than a medium-grained specimen. It is
also consistent with the fact that ducility increases with
increasing-temperature and decreasing strain tate. Such correlation
between fecovery rate and ductility tends to emphasize the
importance of'miérocracking (intergranular separatién in this case)’
in determining the load-carrying cépacity in terms of the stréin,
even though visible macrocracks may.not occur. It should be

pointed out, however, that a similar correlation canndt be extended
to specimens of a different type. Namely, a mediﬁm—grained
polycrystal recovers more rapidly than a <100> crysfal, although

the former is iéés ductile. Again, such disparity'éaﬁfbe attributed
phenomenologicélly to the‘rapid strain hardening associated with

the former type.

If the corrélation is limited to the polycrystals, the faster:
recovery of fine-grained specimens can Be correlated with the
larger primafy'creep strains (Figs. 32(a) and (b)) aé compared
with coarse-grained specimens. This observation is consistent
with the result that the primary stfain increases with increasing

temperature or stress, since the recovery rate increases accordingly.
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Such behavior can be understood if one considers that the primary

period corresponds to a net strain-hardening; recovery will tend -

to delay the achievement of the steady state by counteracting

strain-hardening.
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V. SUMMARY AND CONCLUSIONS

1.. Plastic anisotropy between {110} and {100} slip plenes was

reduced not only with increasing temperature but also with decreasing

straiﬁ rate. It was considered that the anisotropy was associated
with the stfgss drop immedia;ely fdllowing yielding and limited
ductility as‘observed in medium-grained specimens stress-strain
tesked at 1200°C. . In thése specimens,yeilding occurred at
essentially the same stress as a <111> crystal, fﬁus suggesting
simuiﬁaneous activation of slip on both planes. It .was also noted
that no pquérystéls tesfed were harder than a <lli>”érystal under
given teéting.condition.

2.  There aré at 1eést two accomodation modes operative in poly-
crystalline Mg0O in addition to thevmodgvinvolving slip on all

five independenf slip systems, i.e. on both {110} and {lOd} planes:
a) Oﬁe mbdé is primary slip plus dislocation climb as suggested
by Groveé and Kel1§.67 Thi;.mode occurred in\fine—grained (<15um) -
specimené éharéctefized Sy a high but strain raté'sehsitive

ductility in.comparison with coarse-grained specimens. Thus, except

for the highest strain rate used, these specimens yielded at a

lower stress than medium-grained specimens, deviating from the
Hall—Pétch relation. The susceptibility to diffﬁéibn contfibufion
in this type of specimen was also demdnstrated‘by high recbvery
rafes during étress—strain tests and Coble creep exhibited ét

1400°C and é<6X10—7sec—1.
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b) Another mode is intergranular separation limited to a .single
‘grain faéet/tﬁat relaxes the von Mises requirement-While contributing
direétiy térthe observed strain. Except for coarse-grained specimené,
steady flow and a considerable compreséive ductility during stress-
strain test as well‘és creep was not prevented thereby. The
increased stress—dépendency of steady strain rates in a high

‘strain rate region or at a low temperature, howe&er, was attributed
to the weakening caused by intergranular separation.’ In coarse-
grained speciﬁens, there were iqdications that apparent yielding

. occurred féilo&ed by a premature loss of load—carfying capacity

due to intergranular separation. Cavitation that occurred at a

high temperature or low strain rates did not, however, appear to
have a direct influence on accomodation nor on failure.

3.‘ While the grain size was a mjaor material parameter determining
the yield stress and the ductility, little grain size depéndence

was obserﬁed-for the steady flow stresé as long as no diffuéional
creep mechéﬁism was operative. Also, variability of the mechanical
propérties was‘noted for a given grain size as a functioh of

prior annéaiing, and was attributed to the variable strengths

of intergranular cbhesioﬁ as affected by F concentration at the
grain boundaries.

4. Fluoriné was also considered responsible for the extrinsic and
the grain bounaary diffﬁsion indicated in the poiycrystalline
specimens studied. Similarly, it was shown that the.mechénical
beha?ior of a single crystal could be affected by a soluble dopant

such as Ni. 1In this case, a change in deformation mechanism resulted
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from doping, involving.interdiffusion between cations.

5. Dynamié:fecovery was closely associated wifh high temperature
deformation, as suggested by the correlation bétweeh the recovery
rate and thevstress—strain curve, the brimary creep strain and the ’
ductility. |

6. Comparison of steady creep resiéfance on tﬁe bésis of yield
stresses was basically valid between <100> and <lil>vcryétals whefeas
it was not ambng the polycrystals studied. Comparison between

single crystals an& polycrystals was only valid for certain grain

size and testing conditions,
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APPENDIX I
~* THICKNESS OF GRAIN BOUNDARY "FILM" OF FLUORINE

The thickness of the film on each side of grain boundary is

given by %% where v is the volume of the film per unit volume of

the sample, and S the total area of grain boundaries per unit volume.

For a grain size of GS (in um), the average chord length of the

grains is » as determined by lineal intercept method. The

G
1.27

.magnitude of S is then given by

_ esx10”%

. : 2/ 127 = 2;54X104/GS(cm2/cm3)

By taking thé.values for atomic weight of 19.0 and the ionic radius
of 1.36A for a F ion, the density of the film consisting solely of

_ F ions that are arranged in simple cubic packing is calculated as

19.0x1 ='1.57 g/em®
(2.72x10’8)3><6.023x1023

The F content in the bulk of F (in ppm) corresponds essentially to
. . 6

-6 Fx10 ° 3 - 1 3 .
Fx10 g o; 1.57 cm- of F per g Q? 3.57 cm- of MgO. Hence the
magnitude of v is given by
Fx10”° 1 -6 3 3
/ = 2.28x10 ~ F cm” of fluorine/cm™ of MgO.

1.57 3.57
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Therefore, the "film" thickness, as an indicator for the amount of

F concentrated at grain boundaries, is given by

®r

v _ _2.28X10 11

4.49%10°
25 5o, 54x10%/0

(F)* (Gs), cm

1]

4.49x107 (F)- (68), A

 4.49%107° (F)(GS)
- 2.72

1.65%1073 (F)'(GS);vatomic layers.

The residual amounts of F in the bulk after annealing for 12 and.
40h in air at 1500°C have not been measured. Instead, they were
estimated assuming that the fluorine content decreased linearly '

with time. Thus

F = 415 - 3.16t ppm

where t is thebannealing time in hours.

According to this assumed relation, the F content after 4 h
of annealing is calculated go be 402 ppm as compared with the
measured value of 390 ppm. There; the assumption.of'iinear.time

dependency may be considered not too unreasonable.
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APPENDIX II
PREDICTED STEADY CREEP RATES (&)

1. Nabarro-Herring Creep

- 13.3QD0

3=

€
NH d2kT

where § is the atomic volume, D the lattice diffusion coefficient,

0 the applied stress, d the drain size, k the Boltzmann constant, T

the absolute‘temperature. Taking Q = 1.88X10_23cm3.

6 - 62400
¢ TRT

o = 3000 psi,

14

‘d=um, T = 1673°K, and D = 2.5x10~ = 1.75%10"* cn?/sec

for extrinsic lattice diffusion of oxygen as reported by Oishi

and Kingery,Bo éNH is calculated to be 1.76X10_9Seéql.' This

- predicted value is 1/77 of the observed value of 1.35X10_7sec—1.

2. Coble CreéQ'

where Db is the coefficient of grain boundary diffusion, w the

width of the boundary and other parameters have the same meaning

and values as above. The magnitude of Db w was estimated from

the oxygen data obtained at higher temperatures bY‘McKenzie et

al.?2 for their as-received MgO bicrystals,

D w = 24x10 10pl/2

b cmB/sec

at 1670°C (or 1943°K).
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If it is'assumed that the grain boundary width:is indépendent
of temper;;ufe as suggested by Wuensch and Vasilqs énd that the
activafiqﬁ energy for g;ain boundary diffusionv(Qg) is half of
that for lattice diffusion (Q), as noted for FCC metals by James
and Leak,531then
10 1/2 3

_Db w = 24%X10

/sec
~at 1400°C (or 1673°K). It, however, Qb>Q/2, theh the proportidnaiity

constant will decrease, as indicated in the data by McKansie et al.sz

6 - 62,400 400

RT l 75%10° Aémzlsec for extrinsic

Taking D = 2.5x10

lattice diffusion of oxygen as above,
—%— 2.12x10 3cmz/sec

Therefore, the upper limit of éc is calculated to be 7.43*10_85ec

" which is 1/1.8 of the actual value.

3. Ashby-Verrall Cregg

- ' D.w ° P
. _ 1009 d ~d
€y = 2 (D+3 3 ——) (0-0.72 )

d"kT

When Pb is the grain boundary free energy and qthers have the same
meaning and values as above.  Since the magnitude of Fb is in

3 2
the order of 10” erg/cm , the second term in the second parenthesis

’

is negligible compared with the applied stress. Also, the

magnitude of D is negligible in comparison with ﬁhe second term in
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the first parenthesis, if D is taken as the value for extrinsic

lattice-diffusion-of oxygenw- Subsequently, is calculated

tice: fav
to be 5.24X10-7sec—1. This value is 3.9 times thé experimental

\
value.
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Table I. Composition of MgO Specimens

(A) Spectrographic Analysis

Specimen Type (wt%)

Undoped Ni-doped “ As-received

Constituenc* Single Crystal Single Crystal Polycrystal

Mg Principal constituent in each type

CLi Less than Q,l% in each, not detected

Ni 0.001 : 0.8 | 0.001

ca 1 .015 .003

Fe .01 .02 o .007

si .01 .001 -~ .002

Al .004 .003  . .002

Ti 003 .001 -

Co -- .003 -

cr .001 .006 R—

Cu .001 .001 | .001
Total

.130 .850 ' .016

*Constituents reported as oxides of the.elements indicated except

for Li which is not included in the total. Analysis performed by

American Spectrographic Laboratories, Inc., San Francisco, Calif.
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"Table I. Composition of MgO Specimens

(B) Neutron Activation Analysis of Pol&crystalline Specimens

ééecimen Type | : vE (ng)*
' As-recéived j-_ | ' 415

Annealed 4h in air at 1500°C 390

Annealed 110h in Pt at 1500°C ‘ o133

Annealed 110h in air at 1500°C ND <67t

- *Analysis performed by Dr. L..E. Kovar at General Activation Analysis,
Inc., San Diégo, Calif.

TND = not detected. Upper limits (<) are based on three standard
deviations from counting statistics.
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Shear Moduli (G, x 106 psi) of‘MgO Specimens

Specimen Type

Single Crystal
<100> |
<110>

N <100>

<111>

Polzcrzstél

As~received

Annealed

25°C

17.74

22.44

18.91

1200°C

11.76

(19.76)* .-

(14.22)*%

1400°C

(10.68)*

7 .(19.28)*

(13.37)*

"2
*Extrapolated from low temperatures. 2




. TABLE III. Magnitude of Yield Drop .

(Test Temperature = lZOOdC)

Specimen Type < Strain-Rate Elastic Limiti prér Yield'Point—Lower‘Yield
o ' (éechl) ;l ..(psi)‘. | Péiht=Magﬁitude of Drop ( psi)
Annealed 170h in Pt at 1400°C  1x107° 25600 27400 = 25400 = 2000
| 3X10—4 25000. ’ 26900 - 21700 = 4300
Aanealed‘iZh:in air at 1400°C  1x107° 22000 25800 - 24800 =" 1000
“ | 1X1O-4- ' 22100 26100 - 25800 =- 300
Annealed 110h in Pt at 1500°C 1x107° 28400 29400 - 29300 = 100
Annealed 450h in Pt at 1400°C . lX].O—5 25300 ‘28400 - 28400 = O1
507 24500 28800 - 28800 = 02

_E 6_

Note: 1;‘ Sharp yeild

2. Yield plateau




‘Table IV. Recovery-Hardening

) ' *
Test Temperature Strain Rate Prior Heat Treatement Recovery Period (Omax_co)’
-1 .
°cy (sec 7) - : ' () - - (psi)
1200 3x107° As-received 2 1/2 4100
1400 3%107° Annealed 4h in air at 1400°C 2 1/2 2600
1400 3x107° Annealed 12h in air at 1500°C 2 1/2 900
1400 1x107° Annealed 4h in air at 1400°C 1 . 1700
1400 1x107° Annealed 110h in Pt at 1500°C 1 o0 b
. _ : : i
*
omax = maxXimum stress upon reloading after recovery.

00 = steady state stress before unloading for recovery.
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Table V. Activation'Energy (Q, kcal/mole) and Stress Dependency (n)

Specimen Type Steady Creep Static Recovery Yielding
Q n Q n Q - n
~ Single Crystal .
| - 41.8° 4.0 (86.2° 5.9
<100> ©73.9 4.0 4 .
79.7 4.0 0 b
| ' : (56.3% 3.0
N<100> _ . 43.2 3.0 43.0° 3.0 _ 2
. 0 -
<110> . 75.3 3.0 -- - - -
| o 52.8 5.6 70.0°6 3.0
S<11l> .. 7500 2.7 s ) -,
: 87.9 5.6 - {73.2 6.2
Polycrystal
- L (5441 3.0 30000 (45.700 1.9
As~received . 2 : 9 _ g - 2
v ' 50.6 4.4 . 46.6 5.0  140.6 6.2
56.1° 1.0 51.21°% 3.0
Annealed dsast 3.0 se.2 4.0 50.62 6.2
150.6> 4.4
‘Note: * Determined by Dorn's technique -
1 Low-stress region
2 High-stress region s -1
3 Early stages (e~1x10 “sec )
4 Later stages ( " )
5 Annealed prior to deformation _
6 Creep data (initial or maximum creep. rate)
; v

Stress-strain data
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. Table VI. Fracture Stress and Strain

(Single crysEalS)

Specimen‘Type - Test Temperature Strain Rate Fracture Sﬁress Fracture Strain
(°C) - (sec”h (psi) (%)
<100> | 1200 1x107° 28,200 >40
3x10™4 15,100% 9
1400 1x107° 10, 400 >36
3x10”% 29,000 >51
N<100> 1200 1x10™2 16,800 >59
3x10™% 26,100% 37
1400 1x107° 14,600 >48
| 3x10™% 28,800 >60
<o 1200 1x107° 38,300
o S 44,800 |
1400 1x10"° 23,500 29
| x10™4 36,200 8
<111> 1200 1x10™° 50,100 n
| | x1074 66,600 5
1400 1x10™° 25,900 37 .
3x10™% 46,700 11
NOTE:

*Stress corresponding to the first cracking.
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Table VII. Effect of Recovery Stress on Recovery Rate

Specimen Type Test Temp. Strain Rate Deformation Recovery Stress Recovery Period - Recovery Rate
°c) (sec ™) Stress (psi) (psi) (min) (psi/sec)
Single Crystal ‘
<100> 1200 1x107° 12,400 { ~*10, 800 5 0.69
<%%12,400 0.39
5x107° 15,200 { ~to 5 1.74
~12,700 1.80
1400 1x107% 9,400 { ~0 1 8.23
~6, 400 7.55
N<100> 1200 1x107° 12,600 { ~11,000- 5 1.58
, <12, 600 1.05
3x10°% 19,200 .0 5 6.87
~12,500 4.55
A <19,200 2.80
1400 1x10™" 12,700 { - ~0 5 6.20
~ 9,300 5.88
_ N | | | <12,700 4.91
<110> 1400 5x107° 26,800 i ~ 5 20.8
» : 8 : - 1~17,500 25.9
<111> 1200 1x107° 36,600 { 726,800 10 19.0
- : . <36,600 7.94
1x10™ 40,700 { ~0 5 19.9
' ~28,100 15.6

Note: t Unloaded to a preload level ( 1000 psi)

o
w

Slightly less than
%% Being relaxed from

_L6_



Table. VIII.

Activation Energy

(Q) for Diffusion in Mg0 (Literature Data)

Diffsuion

Diffusing Rate Process Specimen Type Tempverature Q Investigators
Species (vcal/mole)  Mechanism
Oxygen Shrinkage .of isolated Single crystsal 1100-1430 110 intrinsic  Narayan and ‘25
. dislocation loop - Wwashburn (1973) 7" -
Oxygen Electrical conduction Polycrystal 1100-1300 T+ 120 intrinisic Davies ( 1963) 36
1000-1100 62 extrinsic .
Oxygen Tracer 4iffusioa Polycrystal 1060 82 — Rovner ( 1966) za
- Growth of dislacation Single Crystal 1240-1430 76 —-— Groves and Kell‘y
1o0ps (1563)28
Oxygen Breakup of Single crystal 930-1370 61-63 pipe Narayan and 29
_ dislocation dipoles Washburn (1972)¢
Oxygen Gas/solid exchange Powder 1320-1750 62 extrinsfic Oishj ard R
Kingery (1960)39
Cxgyen Cas/solid exchange Powder (grain- 1100-1400 60 grain- Hashimoto_et al.
. size of 15 ym) boundary (1972)38
Cxygen Grasu growch Polycrystsl 1300-1650 66 grain- Kapadia and
. boundary Leipoid?® (1974)
- Initial sintering Powder 1300-1500 27 grain- Brows (i965)33

bourdary




Table VIII. Activation Energy (Q) for Diffusion in Mg0 (Literature Data) (Continued)

grain boundary

Diffusing Rate Process Specimen Type Témperature Q -Diifusion Tuvestigators
“Species S ’ ' (v.cal/mole) Mechanism ’
Magnesium . Tracer diffusion ‘Single crystal -1%00-1600 79 intvivsic ‘Lindner and -,
: Parfire (1957)°¢
‘Magnesium  Electrical Conductilon Polycrystal 1000-1350 81 intrinsic Davies (1963)‘6
. . 77C0-1000 22 extrinsic
Maguesfum Trancer diffusion single crystai _191(‘;—2350 80 dntriesic Harding}gnd Price
P - : 1540-1300 56 extrinsic (1972)
1i00-1450 76 precipitation~
inflvenced
Magnesium Grain growth Polycrystal 1450-1650 76 intrinsic Gupta( 1971)36
- (porous) - '
Magnesium Electrical conduction Single ecrystal 1006-1500 30 - Mitoff (1962)37
Magnesium Inicial sintering Powder 800-1110 48 Grain Yestran.and-Culter
C ; ) ) bouadary . (1964}
Nickeli Impurity diffusion Single crystal 1000~1850 43 -— Huensch and 39
' Vasiles (1962)°
Nickel Interdiffusion Single crystal 1200-1400 43 -—- Blank and Pask
b 40
B (1963)
Rickel Penetration along Polycrystal 1400-1900 23-46 Grain- Wuensch aond
: boundary “Vasilos (1964)%41




Table IX. Activation Energy (Q) aund Stress-Dependency (n) for Creep of MgO (Literature Data)
*A. Li/F - Free Polycrystals (Continued)

Specimen. . Stress Tgmperature Q : } ’ -
Characteristics . (psi) - B ()] .. (kcal/mcle) n Proposed Mechanisa . Investigators '
P 1 = 0, 5% 6-5 S : Nabarro- ug © @ as “'.. 1.

orosity = 0.5% 1000-5000 1116-1530 GEx 1.0 Nabarro-Herriug controlled Pa:sroGZ et a
GS = 2 um (Four~point by intrinsic diffusion of (1966)
Banding) magnesium.
Porosity = 0.5% 1000-5000 1110-1530 Sar 1.5 Nabarro-Herring contrciled Passmore et al.
GS = 5.5-20 um (Four-goint . by extrinsic diffusion of { 1966)60
Bending) . oxygen or cable contronlled

by grain-boundary diffusion.

Porosity ~0% 1600-2800 1180-1260 T4% 1 Nabarre-Herring controlled Vasilos et al.
GS = 2 un . (Four-roint by intrimsic diffusion of ( 196&)61' _:4
. Bindiug) . magnesium. Eg_
Porosity = 3% = ——eee 1650~1800 83 - ’ —— ‘3akunov et sl. !
GS = 50 um (Four -point . : _ (1966)%2
Bending)

*Determined by Dorn's technique

**Injtial G5 (final GS = 20 - 40 um)




Creep of Mg0 (Literature Data)

Porosity = 1.5-3%
Gs < 20%*um

(hree-point
Bending)

by intrinsic diffusion of

wagesium {or oxygen).

Table IX. Activarion Energy (Q) and Stress-Dependency (n) for
A. Li/F - Free Polycrystais
Specimen Stress Temperature Q
Characieristics (psi) (c°) (kcail/mole) n Proposed Wecnanism Invesitgators
fPorostty = 21 . 1000-6550 1200-1500 111 2.6 Accomodation of grain bound- Hensler and Cullen -
{GS = 13-68um . (Compression) : siiding at triple points (19¢€8) 4
z}’orosity = 5% 10,000 1323 107% .3 Growth of three-dimensional Birch and Wilshire
GS = 12 um " dislocation network control- (1971.)55
led by intrinsic diffusion
of oxygen.
Porosity = 12 11,000~20,009 1200 110% 7 Climb of edge dislocatlous Snowden and Pask
GS = 17 um - (Compression controlled by intrinsic (1974)56
diffusion of oxygen.
Porosuy = high —_—— 1205-1425 62 4.5 Dislocation mechanism. Kreglo and Smothers
( Refractory) (Compression) (19(:07)57
5?orosity -2 1200-2600 1100-1300 46 3.5 — Wygant (1951)°°
{6S = 13 pa (Torsion)
—— 1200-1500 - 104 1 . Nabarro-Herring controlled Tagai and Zisner

(1968)°°

-T0T-

&
1551




CS = 42 um

magacsive,

Table IX. Activation Enetgy {Q) and Stress-Dependency (n) for Creep of MgO (Literature Data)
B. LiF ~ Added Polycrystals
Specimen Stresy Temperature - .Q _ » )
Characteristics, (psi) (c°) (kcal/moie) n - Proposed Mechanism’ Investigators
+ : )
LiF <2% Growth of three-dimensional  Bilde-Sorensen
Porosity 0.2% 3500-7800 1300~1460 76 3.2 dielocation network control- (].972)63
GS = 100-1906 un led by extrinsic diffusion
of oxygen.
L1 <360 ppm+ Climb of edge dislocations Huro and Escaig
Porosity = 0.1% 2060-17000 '12000-1700 .G 3.4 controllcd by pipe diffusion (1973)°%
GS = 13-150 un (Compression) " of oxygen.
LiF <3zt
Porosity 0.2% 5,000—20,000 1200 51% ] 3.3 Ciimb of edge dislocations Langdon and Pask
GS = 12-52 um controlled by extrinsic (1970)65
diffusion of oxygen.
'szo <0.ZZ+ 70-500 1500-1620 30 1 Naparro-Herring controlled Yasuda exr al.
Porosity 0.2% (Comprecsion) ' by intrinsic diffusion of (19/'2)66

+ Aacuat added prioc te h@t-nrgssing.

* Teterwined by Dorn's technique

|

=
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FIGURE CAPTIONS
Fig. 1. TWo sections of grain boundary features present in cloudy
‘polycrystals after dnnealing liOh in air ét 1400°C.
Fig. 2. ’Graiﬂ-size—dependence of_the amount of Fvassociated with unit
area.of grain bounda;y ("film thickness').
Fig. 3. Créin;growth behavior during annealing prior to testing.
Fig. é' Laue back-reflection X-ray photographs of undeformed
~poiyéfyétals (a) in the as—reqeived condition (b) after
annealing 12h .in air at 1500°C (grain size = 4 and 23um,
, respectivély); |
Fig. 5. <100> crystal crept to ZOZvat iéOO°C, (left-hand side was
grqund,off after test).v Compression axis is vertical.
Fig. 6. Laue X-ray patterns .for the specimen shown in Fig. 5:
(a) from a -flat surface, and( b) from a curved surface.
Cdmpression axes vertical.
Fig. 7. (a) Fine;grained polysrystal (annealed 4h.in'air at 1500°C)
streés—sfrain tested to 317 at 1200°C and é*lxlo_ssec—l.
(b) As-received polycrystal crept to 40% at 1400°C.
( ¢) As-received polycrystal crept to 45%&éf 1400;C;‘this
speciﬁen was deformed 127 more thanvthe'épe¢iﬁen shown in
(b) at low stresses (<6000 psi). >Compression axes vertical.
Fig. 8. A (i00) .plane of <111> crystals crept(-a) to 26% at 1200°C; and
(b) to 69% at‘l4QO°C. Compression axes not’shown.

/
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Fig. 9. N<1005 crystal stress-strain tested at 58% at 1200°C under
é;lgld_ssec—l. Compression axis vertical.

fig. 10. <100> crystals deformed at 1400°C (a) stress-strain tested
to 62% and £~1x10"Jsec™, (b) crept to 52% at o = 8000 psi.
Compression axes vertical.

Fig. 11. N<1 0> crystals crept at 1400°C and o = 8000 psi (a) by
137 (aftgr prior defofmatiop of 29%); (b) by 31% (after
érior deformation of 437). Compression axes vertical.

"Fig. 12. A (110) plane of (a) <110> crystal crept to 26% at 1200°C, and
(b) <111> crystai crept to 33% at 1200°C. Compression axis
indicated by the arrows facing each other.

Fig. 13. Finefgrained polycrystals (annealed 4h in air at 1500°C):

V(#) Stress—strain tested to 1.5% at 1200°C and €~1X10_Sséc_l,
: (b) stress-strain tested to 31% ‘(beyond fracture strain) at

1200°C €~1X10_Ssec-l, (¢) crept to 14% at 1200°C,

( d) stress-strain tested to 537 at 1400°C andv€~1X10—ssec_l,

( e) crept of 5% at 1400°C,'(f) crept to 48% at 1400°C

(é<1X10—6sec-l). Compression axes verticalm_:

Fig. 14. Two different areas in as-received polycrystal crept to 99%
(béyond the fracture_strain) at 1400°C. Coﬁpreséion axes
vertical. |

Fig. 15. Medium-grained polycrystals (annealed 110h in Pt at 1500°C>:
(a) Stfess;strain tested to 117 (behond fracture strain) at

-1

1200°C and é~5X10-Ssec , (b) crept to 467 (beyond fracture

straih) at 1200°C, (c) strain-strain tested to 197 (~

fracture strain) at 1400°C and é~lxlofssec_1, (d) crept to 92%




Fig. 16.
Fig. 17.
Fig. 18.
Fig. 19.
Fig. 20.

-105-

(beyond fracture strain) at 1400°C. Compression axes

vertical.

A

(A) Coarse-grained polycrystal (annealed 40h in air at 1500°C)
crept to 4% at 1400°C, (b), (c) and (d) Three different areas

in a coarse-grained polycrystal (énnealéd 600h in air at

14006C) crept to 29% at 1400°c. Compression axes vertical.

Scanning electron micrographs of unpolished surface for (a)
as-received polycrystal stress-strain tested to 16% at 1400°C

andfé~leO_Ssec-1, and (b) fine-grained polycrystal (annealed

,4h.in_air at 1500°C), stress-strain tested to 227 at 1200°C

and éflxlo_ssec_l. Compression axes Vertical._
Twoldifferent areas-in:a‘medium—grained polycrystal
(annealed 150h in Pt at 1500°C):stress-Strain tested.to.
5% (Béyond fracture sﬁrain) af 1200°C and §~1le_ssec—l.

Marker scratch shown as transverse line in (b) ~(Optical

micrographs of unpolished surface). Compression axes parallel

to a -longer edge of the protograph.

Coarse4grained polycrys;al (annealgd 170h in‘air at 1400°C)
stres;;strain tested Lo 47 (beyond fracturg strain) at
1200°C and. é~5X10_Ssec-l. Compression a#isfverticay.
Medium-grained polycrystal (annealed 100h in Pt at 1500°C)

crept to 92% (beyond fracture strain) at 1400°C.

Compression axis vertical.




Fig. 21.

Fig. 22.

Fig. 23.

Fig. 24.

Fig. 25.

Fig. 26.
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Stress-strain curves of <100> and N<100> cr&stals, as a
fqnéfion of the strain-rate at (a) 1200°C, and (b)
1400°C. Open circles correspond to QEZZvoffset yield
stresses. |

Effeét of prior annealing treatment on the stress-strain

‘curves for (a) <lQO> crystal deformed at 1200°C, (b)

N<100> crystal deformed at 1200°c, (c) %lll> crystals
deformed at>1200°C and 1400°C (é~leO—SseC_l). Open
circles correspond to 0.2% offset yield.st;eSSés.
Streés—strain curves for <110>.crystal as compared with
<lQb>’crysta1. Open and solid.circles cofrespond to
0.2% offset yield stresses.

Sfress-strain cdrves for polycrystals as a functioh of
grain size when deformed at (a) 1200°C, and (b) 1400°C.
Open and solid circles correspond to 0.2% offset yield
streéses. ‘

Stresé—strain curves for polycrystals as compared with a
<lli; crystals at 1200°C and 1400°C (é“3xld_asec—l).
Opgn_énd solid circles correspond to 0.2% offset yield
strésses.

Stress—-strain curves for polycrystals Qith several grain
sizes at 1200°C (é~5x10—ssec-l). Open circles

correspond to 0.2% offset yield stresses.
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Fig. 27. Schematic stress—strain.cqrvgs in response to an increase
in éhe applied strain rate from'él to‘ﬁz,

Fig..28§'.Schématic streés—strain curveé after recovery.

Fig. 29. Yield‘dfop upon reloading <111> crystals sﬁreés—strain
tested at 1200°C. | |

Fig. 30. Stress—strain curves of an as-received polycrystal after
fecovéry.

Fig. 31. Creep:curves of polycrystals with seve;él'grain sizes at
lZOOfC (o0 = 10,000 psi)..

Fig. 32. Pfimary creep strain vs. normalized stresg at (a)
1200°C, and (b) 1400°C.

Fig. 33. Creep.rate-vs. strainvfbr an as-received specimen at_1200°C
-(o;‘% 15,000 psi).

Fig. 34. Absalute rates of strain hardening obtained frbm stress-
strain and creep tests.

Fig. 35. Strain rate vs. normalized stress at iﬂitial stages when
deformed at 1200°C and 1400°C (a) '<iOO> crystal, (b)
‘N<100>_crystal, (¢) <111> ‘crystal, (d) annealed poly-
crystals, (e) as-received bolycrystal. A

Fig. 36. Yielding data for polycrystals as a fgnctiqn of grain size:
(a) elastic limits at 1200°C and é~lX10—Sseﬁ—l,v(b) yield
stresses at 1200°C and é~1XIO_5séc_l, (c) Yi€1d

stresses at 1400°C undervdifferent'Strain rates.
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Fracture stresses for polycrystals as a function of

_l).

DuCtilitiés for polycrystals as a function of gréin size,
strain rate and temperature.

Statiq and dynamic recovery rates vs. normalized stress
<100> crystals at 1400°C.

Reco&ery rate vs. normalized stress for N<100> érystals.
Réquery rate vs. normalized stfess for unannealed énd
annealed <111> crystals;

Compafison of recovery rates between as~received and
medium-grained polycrystals at (a) 1200°C, and (b)
1400°C.

Coﬁparison of recovery rates between <100> and N<100>

‘ecrystals.

Stress-strain curve and recovery’fates for a fine-grained
(anneéiéd 4h in air at 1500°C) polycrystal ét 1200°C

and &~1x10’sec” T, |
Steady state creep rate vs. normalized stress for single
crystals: (a) <100> crystal, (b) N<100> crystal,

(c) <110> crystal, (d) <111> crystal. .

Steady state creep rate vs. normalized stress for poly-

crystals at (a) 1200°C, and (b) 1400°C.
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(a)

XBB 756-4444

(b)

Fig. 10.
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XBB 756-4441

Fig. 12.
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(a)
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(e)

XBB 756-4440
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Fig. 13.
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Fig. 14.
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Fig. 15.
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(c)
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Fig. 16,
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XBB 756-4984

Fig. 19.
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or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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