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Abstract: The superplastic behavior of 3Y-TZP with the electric currents in oxygen-lean atmosphere were
investigated. the superplastic deformation of 3Y-TZP can be promoted by the electric current at a strain rate of
6.67 x 104 s and a furnace temperature of 1200 °C. The stress exponent n within 2~3 indicated that the
mechanism for the deformation was the grain boundary sliding accompanied by diffusion. The applied electric
current decreased the apparent activation energy Q of the deformation from 465 kJ mol! to 315 k] mol*, resulting
in a transition of the diffusion mechanism from the lattice diffusion to the grain boundary diffusion. In addition,
the remarkable variation of the electric property and grain growth demonstrated that these phenomena were
mainly attributed to the enhancement of the cation diffusion caused by the electrochemical reduction reaction,
which induced by the electric current in oxygen-lean atmosphere.
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1. Introduction

Structural ceramics are attractive because of their excellent mechanical properties, such as high
hardness, high strength and low density. What they lack, however, is fracture toughness and
machinability to a desired shape. In recent years, some structure ceramics with grain sizes less than
1 um exhibited superplasticity [1-7], which the tensile elongation exceeded 100% through the grain
boundary sliding (GBS). Hence, superplastic forming is expected to be an effective way for fabricating
ceramic components having complex shapes.

Following the initial report by Wakai et al. [1,3,8]of a great elongation of 170% in yttria-stabilized
tetragonal zirconia (TZP), there had been a considerable amount of research activity on the
superplastic ceramics. Morita et al. [9] doped 30% spinel in zirconia at 1550 °C to obtain an elongation
of 660%. Yoshida et al. [10] reported the tensile deformation of TZP doped with TiO2>-GeO:, which
exhibited a largest elongation of 1053% at 1400°C. Recently, the electric field, reported by some
studies, was used for improving the plastic deformation of the structural ceramics. At different
electric fields field, work by Conrad and co-workers [11-16] on yttria-stabilized tetragonal zirconia
in air showed a significant enhancement in ductility. They also discovered that the flow stress with
the electric field can be decreased by retarding the grain growth. However, all these experiments were
operated at temperatures above 1400 °C and strain rates below 10+ s!, which would make it difficult
to achieve the industrial production of structural ceramics.

More recently, Raj and coworkers [17] reported that the sintering of yttria-stabilized zirconia can
be densified rapidly in a few seconds with a high DC electric fields (100 Vcm™) at low furnace
temperatures (<1000 °C). They believed that the applied electric field on yttria-stabilized zirconia
may accelerate the diffusional transport during the sintering. However, Luo and coworkers [18]
discovered that a reduced atmosphere can effectively promote the flash sintering of ZnO to achieve
nearly full densities at furnace temperature below 120 °C. In addition, Hulbert et al. [19] also
discovered that a high-strain-rate formable in ZrO:-Al2Os-spinel composite ceramics can be achieved
by using spark plasma sintering (SPS) equipment at a furnace temperature of 1100 °C. They believed
that this high-speed superplastic forming was made possible by taking advantage of the enhanced
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diffusional transport in the SPS chamber environment. Dong and Chen [20,21] reported that grain
growth in zirconia can be accelerated in N2 + 5%H2 atmosphere by an electric current. They pointed
out that this remarkable grain growth was related to the enhancement of cation diffusion in an
oxygen-lean atmosphere. Therefore, an oxygen-lean atmosphere will inevitably affect the
deformation behavior and mechanism of the electric field/current assisted superplastic deformation
on zirconia.

It is well known that the deformation behavior and the corresponding mechanism for structure
ceramics can be identified by the following constitutive equation:

¢ = Ac"d Pexp (—%) 1)

where A is a constant, ¢ is the steady state strain rate, o is the applied stress, d is the average grain
size, n is termed the stress exponent, the parameter p is the grain size exponents, and the Q, R and T
are the activation energy, gas constant, and absolute temperature, respectively.

Wakai.F et al. [1,8,22,23] investigated the superplastic behavior of ZrO: polycrystals without the
electric field, and the corresponding mechanism for the deformation was grain boundary sliding
accompanied by diffusion. Meanwhile, more reports on the deformation characteristics of yttria-
stabilized tetragonal zirconia also indicated that the dominant mode of the deformation for yttria-
stabilized tetragonal zirconia was grain boundary sliding, and the stress exponent had a change from
n=2 in high stress region to n=3 in low stress region [24]. Hines et al. [25] agreed with these views and
demonstrated that the transition in stress exponents could be explained by two sequential
mechanisms: interface reaction controlled by grain boundary sliding (n=3) and grain boundary
sliding (n=2), respectively. Moreover, for yttria-stabilized tetragonal zirconia (3Y-TZP), Conrad and
co-workers [12] reported that the of the stress exponent n of the deformation with field was the same
as without. which indicated that the dominant mode of the deformation for 3Y-TZP was not altered
by the electric field. However, there are few research concerned the behavior and mechanism of the
electric field assisted plastic deformation on zirconia ceramic in an oxygen-lean atmosphere.

Therefore, the present work aims to investigate the mechanism of the electric current assisted
plastic deformation on 3Y-TZP in oxygen-lean atmosphere. For this purpose, the flow behavior of 3Y-
TZP was examined at the different initial strain rates and temperatures.

2. Experimental Procedures

The starting materials used in this paper were powders of TZ-3Y, with a particle size of 27 nm
(Tosoh Co. Tokyo, Japan). The composition in weight percent was Y205=5.15%, Al205=0.005%,
5i02=0.003%, Fe205=0.003% and Na20=0.021%. The specimens for the deformation were sintered by
using this powders at 1200 °C, 30 MPa applied pressure and 1 hour holding time in a Hot Press
Sintering Furnace. The relative density of the as-sintered specimen was 99.3%, which measured by
the Archimedes method. The geometry of the as-sintered 3Y-TZP for the compression deformation
was cylindrical, with 10 mm in diameter and 10 mm in height. The SEM micrographs of the as-
sintered 3Y-TZP specimen was shown in Figure 1.
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Figure 1. The microstructure of sintered zirconia at 1200 °C.

The deformation experiment was operated by the self-designed equipment. In order to ensure
the electric current only passes though the specimen, the special graphite with an alumina tube wan
designed. The upper/lower graphite indenter was connected with a voltage stabilized DC power
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supply device by using electric wires. The deformation temperatures were set to 1200 °C, 1300 °C,
and 1400 °C, and the furnace was heated at a rate of 10°C-min~! until reached the set temperature. In
order to guaranteeing a uniform temperature, the specimens were kept at the deformation
temperature for 10 min before the deformation. A platinum-rhodium thermocouple was used to
measure the furnace temperature. The experiment was operated at different electric currents: 1 A, 3
A, and 5 A. For each applied electric current, the immediate height Hx and the load P were recorded
by adjusting the punch rates at 0.1, 0.2 and 0.4 mm-min-, respectively. The initial end face area Ao
and the initial height Ho of the cylindrical specimen are directly measured. The strain rate &, the true
stress o, and the true compressive strain ¢ of the specimens were expressed as the follow equations:

H,—H,_
g = X x—1 (2)
H,
PH,
= 3
7= AH, ©)
H,
= —In(-—= 4
€ In (Ho) 4)

The specimens were polished by a diamond paste of 1.5 pm in diameter and thermally etched
for 100 min at a temperature 50 °C lower than the sintering and/or deformation temperatures in
oxygen atmosphere. The microstructures of the specimen were characterized by a scanning electron
microscopy (SEM) system (S-4300, Hitachi, Japan). The average grain sizes of the deformed
specimens were calculated by using the linear intercept method. The relative amounts of the oxygen
vacancy were calculated by the X-ray photoelectron spectroscopy, which obtained from the X-ray
photoelectron spectrometer (Kratos, ultraPt>, UK).

3. Results and discussion
The stress-strain curves of 3Y-TZP specimens with and without the electric current are shown in

Figure 2.
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Figure 2. the true stress—strain date of 3Y-TZP with and without the electric currents at the different furnace
temperatures and initial deformation rates.

Evident in Figure 2 is that the electric current can effectively decrease the flow stress during
superplastic deformation of 3Y-TZP. For example, The Figure 2(a) showed that the 3Y-TZP specimen
at an initial strain rate of £, = 6.67 x 10™* s without the electric current exhibited a limited plastic
strain and high stress (268 MPa) at 1200 °C, compared to that at 1400 °C (48.52 MPa). By contrast, as
the electric current applied, the flow stress of deformation decreased sharply. The flow stress of the
specimen with the electric current (I= 5A) at 1200 °C was only 63.59 MPa. The flow stress decreases
during the deformation as the electric current increases (Figure 2(b)). In addition, the deformation of
3Y-TZP at different initial deformation rates can also be promoted by the electric current(Fig. 2(c)).
These results indicated that the electric current was instrumental in decreasing the flow stress and
the furnace temperature during the superplastic deformation of 3Y-TZP in oxygen-lean atmosphere.

The microstructures of the deformed 3Y-TZP at cross-section, which parallel to the compression
direction, are show in Figure 3.
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Figure 3. Microstructures of the deformed 3Y-TZP with/without the electric current at different furnace
temperatures: (a) 0A, 1200 °C, (b) 0A, 1300 °C, (c) 0A, 1400 °C, (d) 5A, 1200 °C(e)5A, 1300 °C(f) 5A, 1400 °C.
Average grain sizes: (a) 121 nm, (b) 138 nm, (c) 168 nm, (d) 163 nm, (e) 262 nm, (f) 359 nm.

Itis clearly that all deformed specimens exhibited uniform microstructures with equiaxed grains,
which the electric current had no effect on the grain aspect during deformation. Noteworthy is the
pronounced difference in the average grain sizes. Upon applying the electric currents, a notable grain
growth was promoted in the specimens during the deformation. The average grain size of the
deformed specimen with 5 A at 1200 °C, 1300 °C and 1400 °C were achieved 163 nm, 262 nm and 359
nm, respectively, which were larger than that without the electric current. This phenomenon was
different from that reported by Conrad and coworkers [26]. They found that the grain growth in 3Y-
TZP can be suppressed by the electric field during the superplastic deformation in air. Thus, the rapid
grain growth in present experiment was related to the oxygen-lean atmosphere. Recent studies by
Chen and coworkers[20] demonstrated that the application of an electric current to 3YSZ was effective
in promoting grain growth during heat treatment in the N2 + 5%H: atmosphere. And this grain
growth caused by the electric current was closely related to the enhanced cation diffusion in oxygen-
lean atmosphere. In addition, according to the black body radiation mode [27], the temperature of
the specimen with 5 A at the furnace temperature of 1200 °C was only 1266 °C. The corresponding
average grain size (Figure 3(d)) was obviously larger than that of the deformed specimen without
electric current at 1300 °C (Figure 3(b)). these results indicated that this remarkable grain growth
during the deformation was attributed to a mechanism of the cation diffusion enhanced by the electric
current, apart from temperature rise. And this enhancement of the cation diffusion will inevitably
affect the deformation mechanism.

The deformation mechanism is usually characterized by the stress exponent and microstructure.
And the stress exponents (n) are obtained by the deformation experiments with an initial grain size
of 0.11pm at the various initial strain rates. The relationships between the strain rate and flow stress
with/without electric current are plotted on a logarithmic scale in Figure 4.


https://doi.org/10.20944/preprints202307.1382.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2023 do0i:10.20944/preprints202307.1382.v1

5
10"
m d=0.11 pm, 0 A 3Y-TZP
e d=0.11pm, 1A pr—
il A d=011pm3A T=1673K
E v d=0.11pm,5A
- E ¢ d=0.51 pm [6] n=2.31 -5 g1
- < d=0.41pm [5]
(PRRT / e
~ ; n=2.V w
w
-4 / — ”
107 n=223 _ %
E <
n=2.1
10—5 1 1
10 100
o (MPa)

Figure 4. Variation of £ with ¢ on alogarithmic scale for specimens with the initial grain sized =0.11 pmm
deformed under the electric currents of 0A, 1A, 3A and 5A at temperature of 1400°C showing a change in n
from 2.61 to 2.05.

As shown in Figure 4, the strain rate increased with a constant stress, with the electric current
increased. The stress exponent of the specimens with the different electric currents at 1400 °C were
2.31, 2.23 and 2.05, respectively. The stress exponent of the specimens without electric current was
2.61. It is obvious that the value of the tress exponent n has a significant change while the electric
current varies. As the electric current increases, the tress exponent n shows a continuous decreasing
trend. According to the literature, the corresponding deformation mechanism were the superposition
of grain boundary slip and diffusion creep (grain boundary sliding accompanied by diffusion) while
the stress exponent n was between 2 and 3 [25]. Comparing with the microstructures, the strain rate
in current-assisted deformation with a larger grain size was higher than that without the electric
current. Thus, the higher strain rate with the electric current was is inevitably influenced by other
factors except the grain size. These factors are usually the grain boundary structure/chemistry, the
enhancement of diffusion, in particular, the diffusion enhancement via excess vacancy. In addition,
According to Equation (1), for a given combination of the grain size, strain rate and temperature, the
flow stress is determined by the diffusion mechanism, which is characterized by the apparent
activation energy Q. Therefore, the electric current did not alter the major deformation mode of 3Y-
TZP (grain boundary sliding). The lower flow stress in present study with the applied electric current
had a faster diffusion. And The variation of the stress exponent n may be related to the enhancement
of diffusion process induced by the electric current.

The diffusion mechanism of the deformation is always explained in terms of the lattice diffusion
or the grain boundary diffusion. The relationship between temperatures and strain rates were shown

in Figure 5.
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Figure 5. The effect of the temperature on the strain rate at 42 MPa.

The apparent activation energies were calculated for the electric currents of 0A, 1A, 3A and 5A
as 465, 362, 339 and 315 k] mol, respectively. It can be clearly that the apparent activation energy
decreased as the electric current increased. As mentioned by previous studies[29-31], the activation
energies Q for grain boundary diffusion and lattice diffusion of Zr# cation in 3Y-TZP were around
370 k] mol* and 530 k] mol, respectively [4,30]. Zapata et al[4] also found that the apparent activation
energies Q in 3Y-TZP were independent of grain size. These results indicated that the accommodation
process for superplastic flow on 3Y-TZP without electric current was the lattice diffusion (465k] mol-
). And the applied electric current can transform the lattice diffusion into grain boundary diffusion.

Generally, the cation diffusion, regarded as the rate-controlling species for the superplastic
deformation in Y-TZP, had an important effect on this diffusion process [28] . And the cation diffusion
in oxide ceramics can be promoted by the increase of point defects, which can also increase the
diffusion rate. In air, the defect changed of 3YSZ can be expressed by the following equation [32]:

1
0 =V, +2e' + Eoz(g) 5)

where Vg is the oxygen vacancies, Og is the lattice oxygen, Oy, is the molecular oxygen, e’ is the
free electron.

The concentration of Of is assumed to be constant, which is insignificantly affected by the
deviations of stoichiometry. The corresponding mass-action expression is expressed:

K = [V;1[e']2Py/? (6)

where K is a constant, Py, is the oxygen partial pressure and the [] notation indicates concentration.
Therefore, in oxygen-rich environments, the decrease Py, in will lead to an increase in the defect
change of 3YSZ. If in an oxygen-lean atmosphere, an electrochemical reduction reaction will be
occurred during the deformation [33].

dVy + Zr0, + 26e’ — ZrO,_s + 303 7)

In this reaction, the oxygen ions remove from the 3Y-TZP lattice to form oxygen molecules.
Correspondingly, the oxygen vacancies are incorporated into the 3Y-TZP lattice. In order to
maintaining this oxygen vacancies will capture the electrons as a result of the charge balance, which
will cause the specimen having a conversion from ZrO, into ZrO,_s [33-35] . The sketch
summarizing the main electrochemical reaction is shown in Figure 6.

1
0’0‘—)V EZe o= 7 0209 - V, +e =V, e =i
0
oxygen-lean

Zr0,

ZrOz_s

Electrochemical
reduction

V‘; + ZI'OZ + 28e' > Zr02_5 + 803

Figure 6. A schematic of electrochemical reduction reaction in 3Y-TZP subjected to the current assisted
deformation.

As the reaction proceeds, a large amount of the oxygen vacancies will inevitably be generated in
the specimen, and more electrons are enriched in the specimen. This extra oxygen vacancies
generated by this reduction reaction can effectively promote the cation diffusion. Yoshida et al. [36]
also believed that the lower flow stress and faster grain growth during the electric field assisted
superplastic deformation of TZP were mainly attributed to the significantly accelerated diffusional
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mass transport, which induced by the extrinsic oxygen anion vacancies that generated in reduced
Y20s-stabilized ZrOs.

The relative amounts of the oxygen vacancy in the deformed specimens are detected by the X-
ray photoelectron spectrometer, and the O 1s XPS spectrrum with 0 and 5 A of the deformed
specimens at 1400°C are shown in Figure 7.
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Figure 7. High-resolution O 1s XPS spectrum of the deformed samples: (a) 0 A, (b) 5 A.

The XPS spectrum of O 1s with 5 A (Figure 7 (b) can resolve into the different peaks centered at
531.0 eV and 529.2 eV by the deconvolution on spectrum. These different peaks conformed to the
non-lattice oxygen (oxygen vacancy) and lattice oxygen, respectively. The relative amount of the
oxygen vacancies is 79.1% in the deformed region with 5 A while 65.3% for that without the electrical
current, which calculated by the corresponding peak area. Obviously, the oxygen vacancies in the
deformed specimens were higher than that without the electric current. Meanwhile, Apurba et al [37]
also found that the oxygen vacancy in the ZrO,_s was much higher than ZrO,. Thus, these extra
oxygen vacancies generated in present experiment were mainly attributed to the electrochemical
reduction reaction induced by the electric current.

Figure 8 provides another evidence for the electrochemical reduction reaction. As shown in
Figure 8, it is clearly that the different electric current produced different initial voltages, and the
initial voltages decreases as the deformation proceeds.
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Figure 8. Voltage as a function of deformation time for different electrical currents at 1200 °C.

For example, by applying the electrical current of 5 A (blue curve), the voltage decreased from
28.10 V to 5.09 V. The decreasing of voltage can be divided into two stages: fast drop (before 100
seconds) and slow drop (after 100 seconds). For fast drop section, there was only slight change in the
geometrical shape of the specimen when the voltage decreased rapidly. This remarkable drop of
voltages indicated that the electrical conductivity may be changed during the deformation. Jane and
co-workers demonstrated [33] that this variation of the electrical properties in 3Y-TZP was attributed
to the electrochemical reduction reaction induced by the electrical current in oxygen-lean atmosphere.
Chen et al. [20]also discovered that the conductivity of 3YSZ in an oxygen-lean atmosphere can be
increased when the electric current was applied. They believed that the electrochemical reduction
reaction induced by the electric current led to a transition in partial 3YSZ from the ionic conductor
into the electron conductor, and further increased the conductivity. As reported by Narayan [38], the
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free electron from electrodes were always captured by the extra oxygen vacancies during the
electrochemical reduction reaction . As the oxygen vacancies were high enough, these electrons can
cause electron conduction as a result of the higher mobility of the electrons. More recently, in Ni-
doped MgO, the formation of Nio defects as a result of field treatment produced interesting electrical
property modification [39]. In addition, the applied electric fields, work by Yoshida [36], the almost
unchanged as the deformation proceeded in air. Therefore, this exaggerated variation of the voltage
with deformation time indirectly demonstrated the existence of the electrochemical reduction
reaction. For the slow drop section, the decrease of the voltage may be due to the decrease of the
current density and height caused by the change of the geometrical shape.

As mentioned above, an electrochemical reduction reaction can be induced in 3Y-TZP during
the deformation while the electric current was applied in oxygen-lean atmosphere, which produced
the extra oxygen vacancies during the deformation. Such extra oxygen vacancies can promote the
cation diffusion of 3Y-TZP, and further decreased the apparent activation energy of the superplastic
deformation. Furthermore, some studies demonstrated that the migration energy of the cations in
Z1rO2s was lower than that in ZrO, and the diffusion rate of cation ions in the oxygen-deficient oxides
increased with the value of & [31]. Therefore, in oxygen-lean atmosphere, the electrochemical
reduction reaction induced by the electric current is favor to the superplastic deformation of 3Y-TZP
by enhancing the cation deformation (lattice diffusion converts to grain boundary diffusion).

4. Conclusions

The compression deformation of 3Y-TZP ceramic with different electric currents in oxygen-lean
atmosphere were investigated. The results were summarized as follows:

1. The Superplastic deformation of 3Y-TZP was enhanced by the electric current in oxygen-lean
atmosphere. With the electric current increased, the flow stress during deformation had a
significant decrease.

2. The stress exponent n ranging within 2~3 indicated that the deformation was dominated by
grain boundary sliding. The cation diffusion in3Y-TZP was promoted by the electric current
during the deformation. For 0 A, the deformation mechanism was grain boundary sliding
accompanied by the lattice diffusion. Upon applying the electric current, it was grain boundary
sliding accompanied by the grain boundary diffusion.

3. The grain growth and variation of electrical property in 3Y-TZP indicated that an
electrochemical reduction reaction induced by the electric current during the deformation. And
the extra oxygen vacancies were generated by this reaction, which can apparently enhance the
cation mobility. The enhanced cation diffusion in 3Y-TZP decreased the apparent activation
energy Q of the deformation from 465 k] mol! to 315 k] mol", resulting in a transition of the
diffusion mechanism from the lattice diffusion to the grain boundary diffusion.
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