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Abstract

Nanocrystalline yttrium oxide, XOs; with 110 nm average grain size was plastically deformed between@afdd 1100C by compression
different strain rates and by creep at different stresses. The onset temperature for plasticity was@t Yiedd stress was strongly temperai
dependent and the strain hardening disappeared at°Cl0he polyhedral and equiaxed grain morphology were preserved in the de
specimens. The experimentally measured and theoretically calculated stress expolevds consistent with the plastic deformation by ¢
boundary sliding. Decrease in the grain size was consistent with decrease in the brittle to ductile transition temperature.

Keywords: B. Electron microscopy; C. Plasticity; C. Grain boundary sliding; D. Yttrium oxide

1. Introduction Different monolithic nanocrystalline and nano-compt
ceramics have been examined for their plastic and supe
Characterization of the plastic deformation and the respedic behavio® 1% However, high strain rates up to 1bs~!
tive deformation mechanisms in nano-materials is basic fowere reported only at high homologous temperatures
predicting their behavior for structural applications at elevated.65Ty,, where Ty, is the ceramic melting temperatuté
temperatures. These data are also beneficial for tailoring th€he well-known tetragonal zirconia alloy (Y-TZP) or its p
nanostructure for the enhanced plasticity. In the last two decadesanocrystalline monoclinic versidrf as well as soft nanocry
efforts have been directed to decrease the grain size of ceramitline MgO? did not reveal high strain rate plasticity at |
toimprove their strength and fracture toughness at room and higliomologous temperature. Albeit the superplastic behav
temperatures. The expected effect of the nanometric grain siadtrafine ceramics has been related to the grain boundan
on the low temperature plasticity and superplasticity of ceramicéng mechanism, the actual deformation mechanism is
have led to extensive efforts to fabricate fully dense nanocrysunder debate and may be material depend&rt Recentl
talline ceramics. However, the grain size—density trajectory is imew plastic deformation mechanisms by non-local honrr
jeopardy with the preservation of the nanocrystalline character ineous nucleation of nano-scale loop of partial dislocatid
the fully-dense ceramics, fabricated by conventional techniquesind unusual nonlinear stress and grain size dependémesg
Recently, the novel technique of spark plasma sintering (SPS$ssumed to facilitate the nanocrystalline plasticity.
has been used for rapid fabrication of fully dense nanostructure Yttrium oxide is an important high melting point ox
oxides™ (2450°C) used both as functional and structural ceramic k
its plastic deformation behavior is of a prime importance fc
fabrication and usage at the elevated temperatures. Plastic
mation of Y,Os single crystal®~1"as well as polycrystal§—2¢
* Corresponding author. Tel.: +34 95 455 4448; fax: +34 95 455 2870, With conventional grain size has been extensively invets
E- mail addressingela@us.e@. Gallardo-Lopez). at high temperatures. These investigations in single cr

http://dx.doi.org/10.1016/j.jeurceramsoc.2012.04.035



confirmed the high temperature dislocation activity to take place ' ' ' ' '

by glide at high stresses and by climb at low stres§édore- 800 | -
over high local stresses by indentation were observed to induce
plastic deformation by twinning. Superplastic-like behavior

was observed in polycrystalline;®3 with ultrafine graing:8-20 600 | 4
However, the only investigations exist on deformation behavior & — 800°C
of nanocrystalline yttria arise from densification studies and due 2 = 900°C

to the lack of appropriate fully dense specimens. Nevertheless,8 400 |- 7
recently dense nanocrystalline®@3; were successfully fabri- &

cated using spark plasma sinterfig2? In the present work, 1ooe
the plastic behavior of fully dense nanocrystallingDg at low 200 ]
homologous temperatures has been examined and reported.
2. Experimental 0 ' ' ' '
0 5 10 15 20 25 30

Ultrapure nanocrystalline Y03 powder (99.99%, 18nm Strain [%]

average particle diameter, Cathay Advanced Materials, Chinajg. 1. Stress versus strain curves of the nanocrystalline yttria specimens
was used for fabrication of 98.3% dense nanocrystalline discs afeformed in compression between 8@and 1100C in air at constant strain

8 mm diameter and 2 mm thickness. The disc Specimens werfate (5x 106 Sﬁl). Brittle failure occurred at 800C and 900C. The rest of
fabricated by spark plasma sintering at 11@0and 100 MPa the teosts were stopped before failure. Plastic deformation is easily attained at
for 20 min, using the heating rate of 180 min—?; this resulted 1o00c.

in 110 nm average grain size (diameter) and 18 nm average pore

size, located at the grain corners. The fabrication and the sinterét$ing precision ion beam polishing system (PIPS, Argon) at
material characteristics were described in detail elsewffere. 5kV. The average grain size was determined by direct mea-
Rectangular bars of 2mm2mm x 3.5 mm were cut from the suring of the largest diameter of the polyhedral grains from
discs using a diamond saw and then grinded with a discoplageveral TEM images for a given specimen, counting at least
to assure parallelism of all opposite faces. The bar length was20 grains.

perpendicular to the compression axis in the SPS process. The

bars were uni-axially compressed along their length at two dif3  Regits

ferent regimes. The first set of specimens was deformed at

constant crosshead speed (herednstant strain- rate regie Plastic deformation of the nanocrystalline yttria specimens
in an Instron machine (model 1185) using SiC rams. Eacly, constant strain rate occurred between €0Gnd 1000C
specimen was placed between the rams, h'eated in the furna@gg' 1). Tests performed at 80€ and 900 C resulted in early
enclosing the ensemblg and deformed while one qf the ramgyittje failure, but at 1000C a yield stress of 66@& 10 MPa
approaches the opposite at a constar_1t speed which was $8ts recorded with a strain rate~ 5 x 10-° s~ engineering
externally. The second set of the specimens was deformed &frains higher than 35% were recorded. The yield stress dras-
constant load (herelnonsFant stredsreep reglmy:i The Creep fically decreased to 168 10 MPa and 96 8 MPa at 1050C
tests were performed using a prototype machine designed fof,q 1100C, respectively. In addition, increase from 10@to

the compression tests using alumina rams as described in detqi oo- ¢ resulted in disappearance of the strain hardening during

elsewheré!! ‘The applied stresses range7d from 90 t°53?(1) MP3he plastic deformation; the stress—strain curve at 2CDGay
andthe strain rates varied betweex30~" and 3x 107°s™".  resemple that of the elastic—ideal plastic material behavior.

Most of the compression tests were performed in the temperature peformation at the temperature range 1050-FTD@vas

range 1050-1100C where grain growth was |nS|gn|f|céﬁa_nd thoroughly investigated since it allowed reduction of the stress
yet the plastic behavior was observed. Most compression tes{}.eqed for plastic deformation and avoided possible brittle frac-
were performed in air, although for some creep experiments, &gre damage; yet significant grain growth is inhibited. The stress
indicated, an inert Ar atmosphere was used to check for d'ﬁer'exponentsm, were determined using the constitutive creep equa-

ences in the plastic behavior, though no difference was found;g, (o adjoining segments with steady-state strain rate at the
as stated by previous works.Due to the shortage in speci- same temperature and different applied stresses:
mensno reference specimens were used for static grain growth

studies. . ; -0

Selected deformed specimens from both test regimes (cod-— Ao exp(T) (1)
stant strain rate and creep) together with the as-received
reference specimen were used for the microstructure charaehereA is a structural parameter assumed to be constant for
terization by scanning (E-SEM Quanta 200, operated at 25 kVadjoining segments when the applied stress is suddenly changed,
and transmission (TEM, Tecnai?G20, operated at 200kV) o is the stressQ is the activation energy for the rate controlling
electron microscopes. Appropriate foils were cut by focused iomechanismk is the Boltzmann constant aridis the absolute
beam (FIB) which were further thinned to electron perforationtemperature.
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Fig. 2. Standard strain-rate versus engineering strain in constant stress inter- . . o
rupted creep test in Ar. The stress exponent valupstimated from individual ~ F19- 3. Stress versus strain curves of a specimen deformed in air at ¢
stress changes and the activation energies at each temperature change were iffiin-rate interrupted test with temperature changes. The values ofthe ac
cated. The values were calculated from the extrapolation of the quasi-stationaRf1€rdies estimated at each temperature change were indicated. The «
creep at the point of the stress or temperature change, as indicated by the dotR&gments are indicated by roman numbers.

lines. The different temperature segments are indicated by roman numbers.

tered non-deformed structure was dislocation-free except

_ _ low-angle grain boundaries between bi- or triple-grains re
An average value oh=2.0+£0.3 was determined for the iy from the grain rotation. SEM images from the surfac

stress exponent via stress stepping during a set of creep expgfagtically deformed specimens in air, at constant strain ri

iments (for instance, segments | and Il at 1080in Fig. 2). 7% strain and with temperature changes (1050—1100—0)
Thisparticular test was carried outin an inert argon atmospherei0 29% strain, were shown ifig. 5. The nano-grain structt

although similar results were obtained in the creep tests PeBt both deformed surfaces was homogeneous but yet ext
formed in air. Stress exponents with similar values were als%%r/

btained f ! h : ; i owth of the cavities between the nano-graiRgy(5a). The
obtained from strain-rate changes in a set of constant strain-ra erage grain and pore diameter in the 7% deformed spe

tests. _ o were 386+ 100 nm and 123 60 nm, respectively, both with It
Activation energies were also determined in both creep anﬂormal size distributions. Therefore, while the average grail

constant §trgin rate tests by Femperature stepping. In this cas&.ew by a factor of 3, the pore diameter grew by the factor of
the constitutive creep equatid) is used for two CONSeCU- g rasnect, a specimen with extended test duration, at the
tive steady-state segments with the same stress but at differefif ain_rate conditions but with the highest strain of 28% sh
temperaiures (f‘?f instance, segmen.ts | and II, at 05@nd average grain size of 41596 nm together with some larger c
1100°C, respectively, for creep testkig. 2). Several values of jiioq geveloped along several connected grain boundaries

activation energies were obtained, from each pair of steady—sta{ﬁe same order of the average grain radfigg. 5b and 6c
deformation segments with the same stress at different tempera-

ture, so an average value of 440 kJ mot ! was determined
from a set of tests. The stress—strain plot for a specimen tested i
air at constant strain rate5 x 10~%s1is shown irFig. 3. Tem-
peraturechanges (three segmentdHiy. 3) were performed for
the same specimen in order to estimate the corresponding acti
vation energies. The small strain hardening observed atD50
disappeared when stepping up by’8Dto 1100°C (segment Il
in Fig. 3) but appeared again when the temperature was steppe(
down by 50-1050C (segment lIl irFig. 3); the stress decrease |
in the last stage is due to the specimen degradation. Hardening
was also observed in most deformation tests after a significant.
strain.
The nanostructure of the as-received non-deformed spec
imen was previously characterizé®l.It consisted of dense
equiaxed polyhedral-shaped nano-grains with average diamete
110+ 10nm Fig. 4). Nano-pores with 18 16nm in average

diameter were also present at some grain corners and causgg 4. TEM image showing the equiaxed polyhedralD§ nano-grains wit
grain growth stagnation below 110G.22 In addition, the sin-  nano-pores at the grain corners (arrowed) in the non-deformed specime




pores present at the grain corners in the as-sintered
mens were developed, and in some cases extended alc
grain boundaries. This structural evolution is characteristi
the grain boundary sliding mechanism, when cavities grc
accommodate the strains induced at the grain boundaries
further indicates on the lack of sufficient diffusional accom
dating processes. The grain size effect, hence the grain bot
contribution to the plastic deformation may be manifeste
Fig. 7, where the vyield stress for polycrystalline,®; with
different grain size and at different strain rates versus the te
ature is presentetf1%-?5The strain rates in these investigati
were 10-8s1 for the single crystal8® and varied betwes
5.7x 1076 and 10°5s1 for the polycrystalline specimens,
which the yield stress was determined. The brittle to dt
transition (BDT) temperature in pure polycrystallingQj with
600 nm grains decreased with the strain rate decrease; th
est BDT of 1200C was at the strain rate of 16s~1.28 Our
resultsfor nanocrystalline ¥Ogz in Fig. 7 verify the consistel
effect of the grain boundaries on the onset temperature for
tic deformation; the BDT temperature decreased-i®00°C
with decrease in the grain size into the nanometer size ran¢
110nm).

In order to verify the contribution of the grain size i
the grain boundaries to the observed plastic deformatior
should refer to the well documented literature on the |
tic deformation of %0Os. Following the plastic deformatic
mechanisms reported for ;03 single crystals, dislocatic
climb and glide were proved to dominate at the lower
the higher stresses, respectively, above TZDQ0.54Ty,, the
oxide melting point):61%:26 Strong dynamic grain growth
temperaturesabove 1400C was reported in polycrystalli
Y »05.18:20 This dynamic grain growth, where the grains g
Fig. 5. SEM images from the surfaces of the ngo¢ specimens deformed in 3-6 times Iarger.durmg the c'jefp_rmatlon, .Was related t
air at constant strain-rate 065106 s~*: (a) deformed at 1050C and 120 MPa observed hardening effect. Significant grain growth was

to 7% strain. (b) Deformed with temperature changes (1050-1100236  Observed during the densification of pure nanocrystallip®3
28% strain (specimen fRig. 3). Cavities between the nano grains were arrowed. by SPS above 120 to the micrometer size ranﬁéHowever

plasticdeformation in the present study was tested at rela
Typical TEM images from deformed specimens by creep inower temperatures (1050-1100). Strain hardening appea
Ar and at constant strain-rate in air were showrrig. 6. The by decreasing the temperature by°&and disappeared
polyhedral and equiaxed shape of the nano-grains was cleariyicreasing the temperature by 8D (Fig. 3). Consequentl
preserved after the plastic deformation, regardless of the teglis observed hardening cannot be accounted for the dy
type. In both specimens the former sintering cavities at theyrain growth, as this process is faster at higher temper
grain corners grew and in some cases extended along the grdifstead, increasing the temperature is expected to enhanc
boundaries Kig. 6c). Tilting experiments at high magnifica- boundary diffusion at these temperatures, hence enhan
tions confirmed the presence of some dislocations along a fewrain boundary accommodation processes. Therefore, det
especially low-angle grain boundaries, as in the as-sintered speien by grain boundary sliding is the most plausible mecha
imens. However, ultrafine dislocation loops were visible in allin the present nanocrystalline specimens and supported
grains when the grain was brought into the dynamic diffractingnanostructure evolution.
conditions (arrowed ifFig. 6b and d). Nevertheless, the small  The calculated activation energies of 44@0 kJ mot* car
sizeof these loops blurred any contrast within them needed fobe compared to those for various diffusional processes

verification of their nature (i.e. stacking faults). the literature?’~2° The measured activation energy is clos
the value 410kJmoit measured for grain boundary dif
4. Discussion sion of Y3* cation in nanocrystalline ¥03.2° The measure

activation energies-320-386 kJ mot! reported for the plast

As was noted above, the equiaxed morphology of thedlow at higher temperaturé$§;26where significant elongation
nanocrystalline grains was preserved after the plastic deformahe grains were recorded. These latter activation energies
tion, although some grain growth has occurred. The nano-sizeost probably to diffusion of ¥ cation within the lattice fc



200 nm

(d)

Fig. 6. TEM images from the deformed ne®; specimens. (a and b) Interrupted creep in Ar (speciméiign2). (c and d) Deformed in air at constant strain
to 29% strain (specimen iRig. 3). The equiaxed shape of the grains is preserved. The arrowed nano-pores in (a and c) accommodate the strains at tk
characteristic for the grain boundary sliding mechanism. Dislocation loops arrowed in (b and d), visible in almost all grains under dynamic diffracting
indicate very slow lattice diffusion.

dislocation climb?’3% On the other hand, the stacking fault parametep which quantifies the relative contributions of dif

energy in .03 was calculated to be relatively low80 Jn12.16  sion (motion perpendicular to the gb, with a characteristic

The fact that small dislocation loops were observed within thézp) and shear (motion parallel to the gb, with a charact

grains is compatible with formation of such stacking faults,tic time ézs) to plastic deformation. Thg parameter is defin:

bounded by partial dislocatioR8. This is a manifestation of as:

the very slow Ia_tticg d'iffusion within the grains Whert_e cation Sts 380 78

vacancies remain within the grains. In parallel, the grain bound8 = e A d 2

aries act as sinks for the vacancies formed at the grain boundary e Y

mantle; the resultant deformation rate controlling mechanism igvheres is the thickness of gb diffusion layerQ.4 nm),o is the

then cation diffusion along the grain boundaries assisting theffective stress (applied stress or yield stred$0 MPa),y is

grain boundary sliding. the grain boundary energy, estimated for yttria as 0.833%¢
The stress exponent value of 2:M.3 agrees with some of andd s the grain size, taken as 110 nm.

the uncorrected values reported for sub-micrometer size poly- Theg parameter has a directinfluence on the stress exg

crystalline Y203 deformed in tension at 1400-15%0 with according téL:

strain-rates similar to our experimerifsDecrease in the value

of the stress exponent from 2 to 1 is expected as the grain = ——

size increases, as stated when deformation by grain-boundary 1+p

sliding via pure-shear motion is accommodated by lattice or Therefore, the stress exponent tendsnte2 when 8 is

grain-boundary diffusiod! In this respect, we can estimate the small, to say the shear contribution by diffusion along

©)
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Fig. 7. Yield stress versus temperature for single crystal (solid line) and poly-
crystalline Y>O3 with different grain size. The grain size and corresponding

strain rates for each test were indicated. The effect of the grain boundaries in the
nanometer range on decrease of the onset temperature for plasticity is visible.

grain boundaries is much faster than diffusion perpendicl0-
ular to the gb, into the grain bulk, and tends to 1 when
the characteristic times for shear and diffusion becomg,
comparable.

Substitution of the above data for the present nanocrystalline
Y203 in Egs.(2) and (3)results in values oB=0.00194 and 12
n=1.99. These theoretical expectations are in good agreement
with the measured stress exponent value. This may additionally,
confirm the significant contribution of the gb processes to the
plastic deformation in nanocrystalline,®3 at lower tempera- 14
tures. 5

5. Summary and conclusions
16.

Nanocrystalline ¥O3 with 110 nm average grain diameter
was plastically deformed by compression at constant strain rafe’-
and creep tests at different stresses betweefi@@nd 1100C.
Yield stress was strongly temperature dependent and the strajg
hardening almost disappeared at 1160 The deformed grains
grew but preserved their original equiaxed morphology, whilel9.
the nano-pores grew and extended from the grain corners
along the grain boundaries. Microstructure analyses of thé®
deformed specimens was consistent with the stress exponejt
n=2 measured experimentally and calculated theoretically for
grain boundary sliding. The calculated activation energy was
in agreement with diffusion of ¥ along the grain bound- 22
aries. Consistent with the literature data, the decrease in the
grain size led to decrease in the brittle to ductile transition,s
temperature.
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