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ABSTRACT

Flash sintering has received wide attention lately due to its ultrafast densification process
at low sintering temperature. However, the deformability of flash-sintered ceramics remains poorly
understood. Yttria-stabilized zirconia (YSZ) was processed by flash sintering to study deformation
mechanism. Transmission electron microscopy studies show that the flash-sintered YSZ contains
ultrafine grains and dislocations. Strain rate jump tests at elevated temperature by in-situ
microcompression test indicate the existence of a large threshold stress. The activation energy of
deformation is ~145 kJ/mol, similar to the activation energy for oxygen vacancy migration. The

deformation mechanisms of the flash-sintered YSZ at elevated temperatures are discussed.
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The current study reveals the underlying deformation mechanisms of flash-sintered 3YSZ
that shows considerable plasticity over the temperature range of 450 ~ 650°C via in-situ

microcompression test.

1. Introduction

Field-assisted sintering technique (FAST) is of great industrial importance and widely
applied due to a significant energy saving by lowering sintering temperature and time [1]. Flash
sintering, one of the FASTSs, is a newly developed technique that permits the dramatic reduction
of sintering time and temperature and permits substantial currents to flow through specimens [2].
During flash sintering, an ultrafast densification process occurs by applying an electrical field at a
constant heating rate. When the furnace temperature is higher than the onset (flash) point, which
is dependent upon the magnitude of applied electric field, an instantaneous densification process
takes place within a few seconds [3]. Many ceramic systems, such as yttria-stabilized zirconia
(YSZ), titania, zinc oxide, and ceria have been successfully prepared by flash-sintering [4-7], and
the number of flash-sintered ceramic systems increases rapidly. Among these systems, YSZ is one
of the most widely explored ceramics in the field of flash sintering, as YSZ has a variety of
important industrial applications, such as thermal barrier coatings, dental implants, oxygen sensors,

and solid oxide fuel cells [8-11].

Mechanical behavior of YSZ has been intensively investigated. Among these there are
several studies on microscale mechanical testing, which mostly highlight superior superelasticity
and shape memory effect at room temperature owing to martensitic transformation [12-18].
However, our understanding on deformation mechanisms of microscale YSZ at elevated

temperatures remains limited. In addition, ceramics processed by flash sintering technique is



known to have intriguing microstructures containing a considerable number of charged defects
and ultrafine grain sizes [3,19]. Our previous in-situ study shows that the flash-sintered YSZ has
a high-density of preexisting dislocations induced by flash sintering and has a transition of
deformation mechanisms at 400°C [20]. Here, we report further studies on underlying deformation
mechanism of the flash-sintered 3 mol % yttria doped zirconia (3YSZ) at elevated temperature
(above 400°C). We utilize in-situ microcompression jump tests to avoid complicated data analyses
associated with nanoindentation [21]. These tests reveal the existence of a large threshold stress
for activation of dislocation creep. Furthermore, the activation energy for creep is measured from
in-situ compression tests and provides important insight on defect dominated deformation

mechanisms in flash-sintered ceramics.

2. Experimental procedures

The experiment was conducted in a customized thermomechanical analyzer (SETSYS
Evolution, SET ARAM Instrumentation). Disk-shaped 3YSZ specimens with a diameter of ~ 5
mm and a thickness of ~ 2 mm (using TZ-3Y-E powders, from Tosoh corp., with 40 nm grain size,
please see Table S1 for purity information.) were sandwiched between two Pt electrodes and an
alumina rod pushed the electrodes with a few kPa pressure to insure a rigid contact between the
sample and electrodes. A compact specimen dimension was intentionally used to minimize density
and grain size fluctuations throughout the sample. An electrical field of 150 V/cm was applied to
the specimen with a constant heating rate of 25 °C/min until the sample undergoes a rapid
densification at a furnace temperature of 1150°C. Right after the onset of flash, the applied heat

and electrical field were removed right away to prohibit grain growth.



Transmission electron microscopy (TEM) studies were performed on the as-sintered 3YSZ.
Sequential grinding, polishing, dimpling and ion milling (PIPS Il, Gatan) were employed to
manually prepare TEM specimens of the flash-sintered 3YSZ. TEM experiment were performed

on an FEI Talos 200X transmission electron microscope operated at 200 kV.

To investigate the microscale mechanical behavior of flash-sintered 3YSZ, micropillars
with ~ 3 um in diameter and ~ 8 um in height were fabricated by focused ion beam (FIB) technique
inan FEI 3D FEG scanning electron microscope. The pillars were prepared on a dense area (judged
by SEM studies) and thus the pillars from this region contain only a few nanovoids. The specimen
was mounted on a ceramic stage heater in a Hysitron Pl 88xR nanoindentation system. A 5 um
diameter diamond flat punch tip equipped on a piezoelectric transducer for collection of force and
displacement was used to compress the micropillars. The diamond flat punch and specimen were
heated to desired temperature (450, 550, and 650 °C) at the same ramping rate of 20 °C/min. The
microcompression tests were conducted when thermal equilibrium is achieved to minimize
mechanical and thermal drifts. Thermal drift rate, less than 1.1 nm/s, was measured prior to each
compression tests for 40 s. True displacement data compensating the displacement offset were

acquired by the nanoindentation system.
3. Results

TEM micrograph (Figure 1(a)) shows ultrafine grain size in the flash-sintered 3YSZ. A
systematic grain intercept method reveals the average grain size of 159+70 nm with a large
variation, and the flash-sintered 3YSZ has a 98% density. TEM studies also show a significant
amount of preexisting dislocations (Figure 1(b)). Strain rate jump tests were carried out on
numerous micropillars at different temperatures (450, 550, and 650 °C) to study the underlying

deformation mechanisms. A strain rate of 5x10* s was applied in the elastic region (~ 2%) of the
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stress-strain curve, and strain rates of 3x103 s, 1x102 s, 5x102 s, and 3x10* s were applied
in the plastic deformation region to obtain flow stresses at each temperature. Figure 1 (c-e) shows
SEM snapshots of the tested pillars at various strains at each temperature. Cracks propagated
downwards from top surface, but no catastrophic failure was observed after tests at elevated
temperatures. Figure 2 (a-c) shows multiple stress-strain curves of strain rate jump tests at three
temperatures. The stress-strain behavior shows good reproducibility taking into consideration the
porous nature of ceramic materials. As test temperature increases, the flow stresses tend to decrease,
and crack density and propagation speed reduce significantly. The flow stresses for each strain rate
were obtained at a strain of 6%, which is the half of the maximum compression strain (12%). Such
a strain value permits the least extrapolation for stress analysis at each strain rate. Also, every
stress-strain curve collected at three temperatures shows the obvious stress plateau above 4 to 5%
strain, indicating that the strain from which the flow stresses is collected should be larger than 5%

strain.
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Figure 1. Microstructure and strain rate jump tests on the flash sintered 3YSZ. (a-b) Bright
field TEM micrographs of the flash sintered 3YSZ showing (a) ultrafine grains and (b) an array of

preexisting dislocations. (c-e) SEM snapshots of the pillars tested at 450, 550, and 650°C at 0, 3%,



6%, and final strains (11-12%). Several cracks propagated from the top surface of the pillar. Crack

length and density reduce as test temperature rises.
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Figure 2. Stress-strain curves for strain rate jump tests on the flash sintered 3YSZ at 450,
550, and 650°C. Stress-strain curves for three strain rate jump tests at (a) 450°C, (b) 550°C, and
(c) 650°C. Strain rate of 5x10™* s was employed in the elastic region. Strain rates of 3x103 s,
1x102 s, 5x102 s, and 3x107 st were utilized in the plastic region to obtain flow stresses at

each temperature. The flow stresses increase with increasing strain rate and decreasing temperature.
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The flow stresses at various temperatures and strain rates were extracted and plotted as a
function of strain rate after taking natural logarithm (Figure S1 (a)). Strain rate sensitivity (m) at a

fixed temperature and strain can be calculated by

dino

m = (3,)er (@,

where o is an applied stress and ¢ is strain rate [22]. m values obtained from the slope of the fitting
line in Figure S1 (a) at 450, 550, and 650 °C are 0.043+0.022, 0.034+0.011, and 0.030+0.030,
respectively. The deformation mechanism of materials at elevated temperature follows an
Arrhenius-type relation under the assumption that the deformation is dominated by a single process

[23] and can be expressed by
&= A,0"exp(— RQ—T) 2),

where A, is the pre-exponential constant, n is the stress exponent, and Q is activation energy of
the dominant deformation mechanism. When we assume the constant stress exponent and applied

stress, Equation (2) can be rewritten as,

¢ = Ajexp(— =) ©)

where A; is a constant, which includes the applied stress term [24]. The assumption of the constant
stress exponent for the power law means that there is no transition in deformation mechanisms
within the test temperatures. When the applied stress is fixed at 2,000 MPa, the corresponding
strain rates can be obtained at each temperature by drawing a horizontal line in Figure S1 (a). By

plotting Iné vs. 1000/T, the activation energy can be calculated from the slope (Figure S1 (b)). The
activation energy so calculated is 347 +£151 kJ/mol. Plotting ln(e‘exp(RQ—T)) vs. Ino with a

substitution of the activation energy of 347 kJ/mol into Equation (1) yields an unusually large
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stress exponent of ~ 30 (Figure S1 (c)). The unphysically high stress exponent obtained using this
method implies that threshold stresses must be taken into account for exploring the underlying
deformation mechanism. The threshold stress, o,, can be graphically determined by plotting £/

vs. o at each temperature as follows:

£ = A,(0 — 0,)"exp(— ) (4)

The threshold stress is determined from the intercept between the linear regression of
extrapolated data points and the stress axis (when & = 0) as demonstrated in Figure 3. To
determine the threshold stress, the value of the stress exponent must be known. The most common
deformation mechanisms of YSZ system are diffusional creep (n=1), grain boundary sliding (n=2)
and dislocation creep (n=7) [25,26]. Figure 3 (a-c) shows /" vs. ¢ plot when we assume that the
dominant deformation mechanism is diffusional creep, or grain boundary sliding, or dislocation
creep, respectively. When the stress exponent is assumed to be 1, the fitting of data points
significantly deviates from the linear regression dotted lines, indicating that n =1 is an unlikely
scenario. Similarly, the assumption of n = 2 also leads to noticeable deviation from the linear
regression line. When n = 7 is assumed, the linear regression lines exhibit best fits for data points
at all three test temperatures, indicating that the same deformation mechanism takes place during
this temperature range, which justifies the assumption of a constant stress exponent in Equation
(3). Therefore, the threshold stresses at each temperature were obtained from the linear
extrapolation of the experimental data using n = 7. The data was replotted in Figure 4 after taking
the effective stress (o — g,) into account. Plotting In(o — g,) vs. In€ in Figure 4 (a) shows
corrected strain rate sensitivities of 0.15540.085, 0.1424-0.050, and 0.15440.151 at 450, 550, and

650°C, respectively. The corrected activation energy of 145+74 kJ/mole was obtained at a constant



flow stress of 500 MPa by plotting Iné vs. 1000/T. The strain rate sensitivities become much
greater and the activation energy significantly decrease after the correction of the flow stress. The
determination of the threshold stresses with an imposed stress exponent of 7 naturally returns a

self-consistent stress exponent of 6.7 as demonstrated in Figure 4 (c).
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Figure 3. The determination of the threshold stress for the flash sintered 3YSZ at 450, 550,
and 650°C. (a) The determination of the threshold stress with a stress exponent of 1. The actual
data points are significantly deviated from the linear regression lines as indicated by the curved
dash lines. (b) The determination of the threshold stress with a stress exponent of 2. The actual
data shows better linear fit than those with a stress exponent of 1, but still deviates from the linear
regression lines by exhibiting positive upward curvature. (c) The determination of the threshold
stress with a stress exponent of 7. The linear regression lines match well with the actual data. The

extrapolation of the linear line to zero strain rate describes the threshold stress.
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Figure 4. Corrected data processing from strain rate jump tests on the flash sintered 3YSZ

at 450, 550, and 650°C in consideration of the presence of the threshold stress. (a) The

corrected flow stress as a function of strain rates at each temperature. The strain rate sensitivities

after the correction increase to 0.15. (b) Temperature dependence of strain rate at a flow stress of

500 MPa. The activation energy is estimated to be 145474 kJ/mole. (c) The corrected flow stress
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versus the normalized strain rate. The data correction with an imposed stress exponent of 7 returns

the stress exponent of 6.7.

4. Discussion

A majority of ceramic materials have little dislocations, unless deformed at high
temperatures. Prior studies on the flash-sintered 3YSZ show that abundant grains of 3YSZ retain
arrays of dislocations. Some dislocations exist near the triple junctions where the stress is
concentrated during the flash sintering process [20]. This noticeable presence of high-density
dislocations in the flash-sintered 3YSZ is surprising. It has been shown that flash sintering can
induce significant amount of point defects in ceramics [19]. We anticipate that substantial mass
transport during flash sintering, 4-5 orders of magnitude faster than conventional diffusion, results
in considerable plastic flow, which is accommodated by generation and migration of a high-density
of dislocations [3]. We also hypothesize that during flash sintering, the transient high current
densities through specimens promote sintering and introduce a significant number of defects, such
as Frenkel defects [2], dislocation loops, and stacking faults. The formation or nucleation of these
defects facilitate the plastic deformation of flash sintered YSZ via a defect (dislocation) dominated
plasticity. The activity of dislocations may not play a significant role in the deformability of 3YSZ
at room temperature as the glide of dislocations is often hindered by the strong covalent and ionic
bonding. However, the nucleation and activity of dislocations in bulk 3YSZ were often observed
after mechanical tests at high temperatures (> 800°C) [27,28]. In the current study, abundant
intragranular dislocations and entanglement were already generated during the high strain rate
mass flow in the flash-sintered specimens. Furthermore, the plastic deformation of ceramics by

dislocation glide in micromechanical tests has been observed previously because the
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miniaturization of specimen decreases strain gradients and the population of intrinsic flaws [29-
31]. Therefore, it may be possible that the numerous preexisting dislocations contributes to the

deformability of the flash-sintered 3YSZ at the intermediate test temperatures in the current study.

Initial plots of the experimental data from the strain rate jump tests, following Equation (1),
yield the stress exponent of 30, too high to physically describe the appropriate deformation
mechanisms. Such an abnormally large n value has been seen before, and the introduction of
threshold stress as shown in Equation (4) returns a more appropriate n value and activation energy
[32-34]. Following the similar methodology, the linear regression of the data using a n value of 7
provides the best linear fit as evidenced in Figure 3(c). Furthermore, the usage of modified creep
equation returns a self-consistent n value of 6.7, indicating the methodology applied here is
appropriate. n value of 7 corresponds to dislocation glide dominated creep mechanism. Thus, the
current study suggest that the dislocation activity may be the dominant deformation mechanism in
the flash-sintered 3YSZ over 450 ~ 650°C. This temperature range is lower than the onset of

dislocation controlled creep in conventional YSZ, typically much greater than 800°C.

Table 1. Flow stress, yield strength and threshold stress at each temperature and strain rate.

Temperature Strain rate Flow stress Yield strength Threshold stress
(°C) (sh (GPa) (GPa) (GPa)
450 0.003 2.14+0.14 1.324+0.25 1.67+0.05

0.01 2.27+0.11
0.05 2.424+0.10
0.3 2.61+0.10
550 0.003 1.71+0.05 1.1940.10 1.39+0.02
0.01 1.76+0.05
0.05 1.84+0.07
0.3 2.00+0.05
650 0.003 1.48+0.11 1.07+0.13 1.2440.11
0.01 1.52+0.12
0.05 1.60+0.11
0.3 1.71+£0.13
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The threshold stresses obtained from the intercept of the linear extrapolation with the stress
axis are 1.67, 1.39, 1.24 GPa for tests at 450, 550, and 650°C, respectively. Higher temperature
weakens the strong covalent and ionic bonding of 3YSZ, such that the threshold stress for
dislocations to activate is mitigated as temperature increases. Furthermore, the calculated threshold
stresses are somewhat comparable to the yield strength of specimens at each temperature as shown
in Table 1. In general, yield strength of polycrystalline ceramic materials indicates the stress
necessary for microcracking, phase transformation, or dislocation movement [35]. In addition, it
was reported that dislocation dominated plastic flow is favorable at the low homologous
temperature and high external stress [36]. The highest test temperature in this in-situ study is
equivalent to 0.3Tm and the applied external stress is higher than 1 GPa. Aforementioned evidences,
including abundant preexisting dislocations, best linear fit with n value of 7, and threshold stresses
comparable to yield strengths, imply that the major deformation mechanism of the flash-sintered

3YSZ may be the dislocation creep over 450 - 650°C.

Table 2. Activation energy of grain boundary and lattice diffusion for Zr, Y, O, and oxygen
vacancy (Vo).

Grain boundary diffusion (kJ/mole)  Lattice diffusion (kJ/mole)

Zr 310 [37] 390 [37]
Y 290 [37] 440 [37]
0 188 [38] 220 [38]
Vo - 96.5 - 164 [39-42]
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In addition, the activation energy for the rate controlling mechanism is ~145 kJ/mol after
taking the presence of threshold stress into consideration. Such a value is less than the activation
energy for grain boundary diffusion and lattice diffusion of Zr, Y, and O, but comparable to the
activation energy for oxygen vacancy migration (96.5 ~ 164 kJ/mol) in YSZ (See Table 2) [39—
42]. Dislocations activated by the external stress are often immobilized by point defects and/or
grain boundaries, in which dislocation climb comes into play to retrigger dislocation movements.
Abundant oxygen vacancies induced by flash sintering would diffuse through the lattice of YSZ
for dislocation climb to occur. Therefore, the activation energy of 145 kJ/mol obtained from the
strain rate jJump tests may indicate that the rate controlling process in the flash-sintered 3YSZ at

450 ~ 650°C is dislocation climb through the oxygen vacancy migration.

5. Conclusions

In summary, 3YSZ was processed by the flash sintering technique under an electric field
of 150 V/cm. In-situ microcompression tests on the flash sintered 3YSZ was performed at 450 ~
650°C to study the underlying deformation mechanism. Strain rate jump tests lead to a stress
exponent of ~ 7, and threshold stresses comparable to the yield strengths. The calculated activation
energy of 145 kJ/mol is comparable to the activation energy for oxygen vacancy migration. This
study suggests that the abundant defects induced during flash sintering (oxygen vacancies, and
dislocation) lead to improved plasticity, and the deformation mechanism may be dislocation climb
assisted by oxygen vacancy migration over the temperature range of 450 - 650°C for the flash-
sintered 3YSZ. This study sheds lights on the mechanical behavior of an important class of ceramic

materials that have wide spread industrial applications.
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