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Superplastic deformation of a fully dense TZ3Y material,
having a starting grain size around 135–145 nm and depleted
of any amorphous phase at grain boundaries, has been investi-
gated using compressive creep tests in air in the temperature
range of 11001–13001C and the real stress range of 50–
100 MPa. The key parameters of the creep law have been de-
termined by performing temperature changes at a fixed stress
and stress jumps at a fixed temperature. From such experiments,
an average value for the apparent stress exponent of around 3 is
obtained when the applied stress varied from 50 to 100 MPa and
the temperature was kept constant in the range of 11001–
13001C. The apparent activation energy of the mechanism con-
trolling the creep deformation is evaluated at 577775 kJ/mol in
the temperature range of 12001–13001C, for a real stress of 70
MPa. The values of the apparent grain size exponent can be
calculated from the initial grain size in the as-sintered samples
and the grain size in the crept samples. In all cases, it was
determined to be around 2. Observation of the microstructure of
the crept samples, using scanning electron microscopy, reveals
grain growth but does not show any significant elongation of the
elemental grains. Transmission electron microscopy of a sample
crept under 100 MPa at 13001C reveals clear intragranular dis-
location activity. This dislocation activity seems to be mainly
confined in folds emitted at triple points. Because the creep
parameters (experimental and calculated using a simple geo-
metric model) and the microstructure observed are in good
agreement, we propose that the creep mechanism involved is
grain boundary sliding accommodated by dynamic grain growth
and the formation of triple-point folds.

I. Introduction

THE first observations of a high-temperature superplastic-like
behavior for polycrystalline ceramic materials were reported

at the end of the seventies and concerned UO2 (in the grain size
range of 2–10 mm)1 andMgO (initial grain size around 0.1 mm),2

deformed under compression in air (MgO) or in a specific
atmosphere (UO2).

Further experiments in the 1980s by Wakai et al.3 revealed
superplasticity in fine-grained zirconia. A 3 mol% Y2O3-tetrag-
onal ZrO2 polycrystal (TZ3Y), with a grain size around 0.3 mm,
exhibited an unusual, large strain (over 120% by nominal strain)
when elongated in ambient atmosphere, at a constant displace-
ment rate from 1.1� 10�4 to 5.5� 10�4/s, for a given temper-
ature of 14501C.3

Numerous investigations have since been completed on fine-
grained TZ3Y (grain size always below the micrometer) to iden-
tify the mechanism(s) possibly involved in the control of the
high-temperature superplastic behavior.4–10 Creep (constant
load) or constant displacement rate tests were conducted. Inter-
esting reviews, by collecting and interpreting a lot of results
originating from different teams around the world, have also
been published.11,12

The deformation of polycrystalline materials at high temper-
ature is frequently expressed with the following relation:13
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where _e is the steady-state strain rate, A is a dimensionless con-
stant, D is the appropriate diffusion coefficient, G is the shear
modulus, b is the magnitude of the Burgers vector, k is the Bolt-
zmann’s constant, T is the absolute temperature, d is the grain
size, s is the imposed stress, and p and n are constants termed
the inverse grain size exponent and the stress exponent, respec-
tively. The diffusion coefficient D may be expressed as
D0e

�Q=RTwhere D0 is a constant preexponential factor, Q is
the appropriate activation energy, and R is the gas constant
(8.32 J � (mol �K)�1). Then, relation (1) turns to:
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whereC is a constant at a given temperature (it is assumed thatG
does not vary significantly in the temperature range investigated).

Experimental investigations of the deformation of polycrys-
talline solids at high temperature typically lead to the determi-
nation of the n, p, and Q parameters. An attempt to identify the
possible rate-controlling mechanism, by comparing the values
obtained with theoretical predictions, can then be performed.
The theoretical models developed for high-temperature defor-
mation are divided into two broad categories: boundary mech-
anisms, which rely on the presence of grain boundaries and
occur only in polycrystalline materials, and lattice mechanisms,
which are independent of the presence of grain boundaries and
thus occur both in single crystals and polycrystalline materi-
als.13,14 Boundary mechanisms are associated with a dependence
on the grain size, with the grain-size exponent, p, from relation
(2) having a value equal to or above 1. Because lattice mecha-
nisms are confined in the bulk of the elemental grains, in this
case, the value of p is 0. Although most of the theoretical models
were originally developed for metallic materials, they can also be
applied to ceramics.13

Among the different possible mechanisms claimed to control
the high-temperature superplastic deformation of ultra-pure (no
amorphous phase at grain boundaries) fine-grained TZ3Y, four
have been developed to account for the experimental results:15,16
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(i) Two sequential processes: At high stresses, deformation
occurs by grain boundary sliding (GBS), which is the slower
process; whereas at low stresses, the deformation is controlled
by an interface-reaction process.4,8

(ii) Interface-controlled diffusional creep: Where the flow
process is controlled by a Coble-like mechanism. Such a mech-
anism requires the existence of grain boundary dislocations, with
two requirements: the cores of these dislocations are perfect
sources and sinks for vacancies, and the dislocations are evenly
spaced in the boundary planes so that they can all climb at the
same speed.17

(iii) GBS with a threshold stress: With such a threshold
stress concept, all the high-temperature deformation parameters
of relation (2) can be explained by a single mechanism. The
superplasticity is due to GBS accommodated by the recovery
slip processes of grain boundary dislocations along the grain
boundaries, the climb of dislocations being controlled by the
lattice diffusion of cations.11,12

(iv) GBS accommodated by intragranular dislocation
motion (the recovery of the intragranular dislocations controls
the rate of deformation), with a possible threshold stress
contribution, at the higher stresses from 15 to 80 MPa and
Nabarro–Herring diffusional creep at low stresses.10,38

Which of these mechanisms is actually involved is still a
matter of intense debate.

In a previous paper, it has been shown that an ultra-pure fine-
grained TZ3 raw powder can be easily densified with minimal
grain growth using spark plasma sintering (SPS).18 We investi-
gate in this paper the high-temperature superplastic behavior
of such materials, where the relative density is close to 100%
with a minimal grain growth. The results are compared with
previous studies.

II. Experimental Procedure

A chemically co-precipitated commercially available TZ3Y raw
powder (Tosoh Europe B.V., Amsterdam, NL) was selected as
the starting material. It was intensively characterized in a pre-
vious paper.18 This powder is constituted by binder-less spher-
ical spray-dried granules having an average diameter between 10
and 80 mm.18 Each granule is composed of elemental spherical
crystallites having an average diameter between 50 and 70 nm.18

SPS experiments were conducted in vacuum, with the as-
received granulated raw powder (not precompacted at room
temperature before the beginning of the tests), on an equipment
(SPS-2080, SPS Syntex Inc., Kanagawa, Japan) located at the
Plateforme Nationale de Frittage Flash (PNF2, CNRS-CIRI-
MAT, Université de Toulouse, France). Details for the exper-
imental protocol used can be found in.18 Twenty compacts
having a final diameter around 8 mm were prepared using a
fixed heating rate of 501C/min, a fixed macroscopic compaction
pressure of 100 MPa (applied at 6001C and maintained through
the entire duration of the test), and the standard 12:2 pulse se-
quence configuration. The soak temperature was 11251C and
the soak duration was fixed to 5 min. All the compacts obtained
had a relative density around 95% (the density of fully dense
TZ3Y is assumed to be 6.1 g/cm3) with an average grain size
around 80 nm (see Fig. 6 from reference18).

To reach full densification, the samples have been submitted
to an additional hot isostatic pressing (HIP) step at 10501C for
45 min with an argon isostatic pressure of 200 MPa. Because the
as-hipped samples were not stochiometric anymore (black color
arising from the reducing conditions of the HIP treatment), they
have been annealed at 6501C during 60 min. Samples are white
again and clearly transparent/translucent. The final density of
the samples obtained has been measured using Archimedes
method with deionized water (three measurements were made
for each sample), proving that all are fully dense.

Parallelepipeds, having the dimensions 5 mm� 2 mm� 2 mm,
have been carefully machined in the fully dense samples. Then,
compressive creep tests in air have been performed on such

parallelepipeds. The real strain of the samples is continuously
monitored and the real compaction stress concept (compensation
of the load in function of the strain to maintain a constant stress)
is applied during each test.

Monotone creep tests have been preformed at 11001, 12001,
12501, and 13001Cwith a fixed compaction stress of 100MPa. To
evaluate the contribution of deformation to grain growth (dy-
namic grain growth), a reference sample, unloaded, is placed at
the close vicinity of the creeping sample during each experiment.

In order to minimize the influence of microstructure disper-
sion on the determination of parameters n and Q from relation
(2), these were measured by the stress or temperature change
technique, i.e. by modifying the applied stress or the tempera-
ture during a test at constant temperature or stress, respectively,
and by comparing the strain rates before and after the change.
For the determination of the p parameter from relation (2),
grain sizes at the end of creep tests and in the as-fully densified
material used to machine the creep samples are used, in con-
junction with the initial and final strain rates measured during
each test at a given temperature.

At this point, it is also critical to specify that, for all the creep
tests performed, the samples have been cooled after releasing the
applied compression stress.

The microstructure of the as-processed fully dense material
and of the reference and crept samples has been investigated by
two different techniques. After thermal etching in air (201C
below the creep temperature, the heating step and the soak
duration represent a total of 70 min), scanning electron micros-
copy (SEM, S4700 FEG, Hitachi High Technologies Europe
GmbH, Krefeld, Germany) has been used to investigate the
average grain size (image analysis on at least 200 grains) and the
morphology of the elemental grains (the surface of the samples is
covered with a thin layer of chromium). Thin foils have been
also prepared by slicing and careful mechanical polishing
(to limit the tetragonal to monoclinic transformation of zircon-
ia) followed by ion milling. For the crept samples, the thin foil
section was always perpendicular to the direction of the applied
compression stress. The foils have been covered with a thin layer
of graphite and observed using a Tecnai G2 20 Twin transmis-
sion electron microscope (TEM, FEI Europe, Eindhoven, the
Netherlands, acceleration voltage of 200 kV, point-to-point
resolution of 0.20 nm). Additional investigations have also
been performed using the high-resolution transmission electron
microscopy (HRTEM) mode, especially at the grain boundaries.

III. Results and Preliminary Comments

The typical microstructure of the as-processed fully dense
material observed using SEM is shown in Fig. 1. No residual
porosity is detected. The elemental grains have an equiaxed
shape and the average grain size measured is 14378 nm.

500 nm

Fig. 1. As-processed (spark plasma sintering1hot-isostatic pressing)
microstructure observed by scanning electron microscopy. Annealing
treatment has been used to reveal grain boundaries.
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The typical microstructure of the as-processed fully dense
material using TEM is shown in Figs. 2 and 3. Almost all of the
elemental grains appear depleted of any dislocation activity
(multi two-axis tilting of the thin foil). Some moire patterns
are detected (Fig. 2, white arrows), exhibiting the same aspect
than those observed after completion of the SPS experiments on
the TZ3Y raw powder.19 They are specific to the densification
mechanism involved during SPS.19 HRTEM reveals the lack of
an amorphous thin film at the grain boundaries and some rare
tiny residual porosities are detected at triple points (Fig. 3).

Results shown in Fig. 4 appear interesting. At 11001C, a
steady state is reached where a constant creep rate around
1.2� 10�5 s�1 is obtained. For higher temperatures, no steady
state appears and a linear decrease of the logarithm of the creep
rate as a function of strain is observed (a small transient stage is
observed at 12001C). According to the work of Wilkinson and
Caceres,20 such a behavior could be a characteristic of dynamic
grain growth during the creep experiments. In the intermediate
strain rate regime and when static grain growth has a marginal
impact on the total growth rate, it has been shown that:20,39–41

_de � _d � _da � _d � abmd _e (3)

where _de is the sliding-induced grain growth rate, _da the static
annealing grain growth rate, _d the total grain growth rate, a the

contribution of GBS to the total strain rate (a ¼ _es= _e, _es � _s=d
is the strain rate resulting from GBS with _s being the GBS rate),
and bm the amount of grain boundary migration per unit sliding.

Assuming that abm is kept constant during the deformation,
integrating relation (3) leads to:

d � d0e
abme (4)

where d0 is the starting grain size of the material that will be
crept. In our case, assuming that the grain size will not change
significantly during the heating portion of our creep tests, d0 is
assumed to be the one measured in the as-processed fully dense
material (14378 nm).

Using relations (4) and (2), assuming a fixed temperature, a
fixed compression creep stress, and only one deformation mech-
anism characterized by constant values for n, p, and Q lead to:

Lnð _eÞ � K � pabme (5)

where K is a constant. Then, if grain growth is enhanced by
GBS, in which case dynamic grain growth acts as an accommo-
dation process, the variation of the logarithm of the creep rate as
a function of the strain should be a straight line with a negative
slope. This behavior is typically observed in Fig. 4, for creep
experiments on our TZ3Ymaterial, for temperatures in the range
of 12001–13001C and a compression stress of 100 MPa.

The differences in microstructure for the reference and crept
samples that have been exposed at 11001 or 13001C are shown in
Fig. 5. In all cases, whether the samples have been crept or not,
the morphology of the grains can be considered as equiaxed,
similar to the as-processed fully dense material (Fig. 1). How-
ever, the grain size is strongly increased in the sample crept at
13001C, in comparison with what is observed in the reference
that encountered the same temperature during the same time
(Figs. 5(c) and (d)). In the case of the sample crept at 11001C, the
grain size increase, in comparison with what is observed in the
reference sample, is clearly less pronounced than at 13001C
(Figs. 5(a) and (b)).

The direct comparison of the grain size measured for the crept
and reference samples is shown in Table I. Straightforward
calculations show that:

- for a temperature fixed at 11001C, the grain size increase in
the crept sample is around 9% with 100% of this increase being
related to dynamic grain growth. Such a total grain growth
fraction should be considered as marginal because it is compa-
rable with the uncertainty value related to the method used to
evaluate the grain size,

- at 13001C, the total fraction of grain growth is 69.2% in
the crept sample, including 52.4% from dynamic grain growth
and 16.8% from static grain growth.

Despite being nonnil, we may consider that static grain
growth has a marginal contribution to the total grain growth
for all creep temperatures. Inversely, dynamic grain growth is
strongly associated with the high-temperature creep deforma-

200 nm

Fig. 2. General aspect of the as-processed (spark plasma sintering1hot-
isostatic pressing) microstructure observed using transmission electron
microscopy. Arrows indicate moiré patterns at grain boundaries.

3 nm

Fig. 3. Details of the as-processed (spark plasma sintering1hot-isostat-
ic pressing) microstructure observed using high-resolution transmission
electron microscopy: no amorphous thin film detected at grain bound-
aries and a residual porosity at triple point (arrow).
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Fig. 4. Creep rate in function of creep strain for different temperatures
and a fixed applied compaction stress of 100 MPa.
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tion of our TZ3Y material, for the experimental conditions re-
tained here, and this parameter cannot be ignored. Then, for
temperatures in the range 12001–13001C, relation (5) seems ap-
propriate for the description of the strain rate in the function of
strain. When the creep temperature is 11001C, the questionable
very small fraction of dynamic grain growth is not sufficient to
affect the shape of the ‘‘strain rate versus strain’’ curve and a
stationary stage is reached.

Results obtained for the stress jump experiments, performed
for different fixed temperatures in order to determine the value
for the n parameter in relation (2) are shown in Table II. The
strain rates are summarized, measured just before and after the
jumps. They are used to calculate the instantaneous n values (in
some cases, a small transient stage is present and extrapolations
are used for this calculation). For a compression stress in the
range 50–100 MPa, n has a constant value around 3, for creep
temperatures in the range 11001–13001C.

The results obtained for the temperature jump experiments
are shown in Table III. The experiments were performed for a
fixed compression stress of 70 MPa, in order to determine the
value for the Q parameter in relation (2). The strain rates are
measured just before and after the jumps, and are used to cal-
culate the instantaneous Q values (as previously, in some cases a
small transient stage is present and extrapolations are used for
this calculation). For a fixed compression stress of 70 MPa, Q
has a value of 577775 kJ/mol for creep temperatures in the
range 11001–13001C.

Using the linear interpolations of the logarithm of the creep
rate as a function of strain shown in Fig. 4 and knowing the

starting and final grain sizes for each creep experiment, it is
possible to calculate the value of p in relation (2). The param-
eters used for these calculations are summarized in Table IV.
For a temperature in the range 12001–13001C, p has a constant
value around 2.

The typical aspect of the microstructure observed for the
reference sample exposed to a creep temperature of 13001C
has been investigated using TEM. Two differences with what
is observed in the as-processed fully dense material must be
pointed out. Firstly, it seems that the amount of residual
pores has increased. Secondly, even if it is a rare event, it
appears that some grains contain a moderate dislocation ac-
tivity. Most of the time, they are one or two long segments
running through the grains. Both events may be related to the
relaxation of internal stresses, originating from the densifi-
cation process adopted for the preparation of the fully dense
starting TZ3Y material, during the exposition at the creep
temperatures.

The typical aspect of the microstructure for the sample crept
under 100 MPa at 13001C is shown in Fig. 6. A clear intragran-
ular dislocation activity is seen in a nonnegligible fraction of
grains, and in most cases, the dislocation activity is not gener-
alized in all the grain volumes where they do appear. The ac-
tivity is confined, forming pileups (Fig. 6(a)) running through
the grains. Sometimes, the pileups cross over the grain com-
pletely (Fig. 6(b)) and they seem to originate from triple points
(black arrow). Such typical observations are also reported in the
samples deformed at 12001 and 12501C. The sample crept at
11001C has not been investigated so far.

(a) (b)

500 nm 500 nm εε = 27.7 %

(d)(c)

3nm

500 nm500 nm εε = 69.0 %

Fig. 5. Microstructure after creep tests in comparison to reference samples exposed during the same time at the same creep temperature but without any
applied compaction stress, (a) reference sample—T5 11001C, (b) crept—T5 11001C, (c) reference sample—T5 13001C, (d) crept—T5 13001C. The
white arrow shows the compression axis.

Table I. Evolution of the Grain Size in the Reference and Crept Samples in Function of the Creep Parameters

Creep

temperature (1C)

Soak duration

(min)

Real

strain (%)

Initial grain

size (nm)

Final grain size in

the reference sample (nm)

Final grain size in

the crept sample (nm)

1100 348.0 27.7 143 (78) 136 (710) 156 (710)
1200 24.0 24.0 143 (78) 148 (710) 196 (710)
1250 8.8 57.7 143 (78) 158 (710) 209 (710)
1300 5.4 69.0 143 (78) 167 (710) 242 (710)

Real stress5 100 MPa.
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IV. Discussion

(1) Analysis of the Scenarios Exposed in the Introduction
Section for the Control of High-Temperature Deformation of
TZ3Y

Scenario (ii) is the most questionable because it does not involve
GBS at all. As demonstrated by Lifshitz21 and recalled later by
Ashby,22 during diffusional creep, whether it has a Coble or a
Nabarro-Herring characteristic or not, grains of the polycrystal
have to change their shape to reflect the overall strain of the de-
formed sample. Furthermore, if Coble creep is not accommo-
dated by GBS, intergranular cavities will also have to develop
when the strain becomes large as in superplasticity.14 When the
microstructure of ultra-pure fine-grained superplastically
deformed TZ3Y samples is observed, it clearly appears that the
elemental grains have retained their initial equiaxed
shape.3,8,10,23,24 In most cases, a lack of cavity is also observed
when samples are deformed in a steady-state regime.8,10,23 The
tendencies given by observing the microstructure of deformed
samples is not in favor of scenario (ii), unless grain growth occurs
during the test along with a mechanism of matter redistribution
that allows to keep the original equiaxed shape of the grains.

Depending on the experimental conditions, a limited grain
growth during the high-temperature deformation tests can be
observed3,8,10 or not.24 The limit of scenario (ii) appears more
clearly when looking at recent results, obtained on TZ3Y (grain
size around 1 mm), by Duclos.25 Using atomic force microscopy
performed on crept samples (compression in air, 100 MPa,
12601 & 13001C, real strain around 15%), he determined that
around 80% of the total strain of the sample is imputable to
GBS.25 Scenario (ii) actually forgets a key conclusion pointed
out by Raj:22 diffusional flow and sliding are not independent.26

They are coupled, and the resulting deformation is correctly de-
scribed either as diffusional (creep) deformation accommodated
by GBS or as GBS with diffusional accommodation.26

The description of scenario (i) is unclear. Owen suggests that
there are two regions for the creep deformation of a submicron
ultra-pure TZ3Y material:8 one at low stresses where n�3 and
p�1 (parameters from relation (2)) and another one at high
stresses where n�2 and p�3. The apparent activation energy
reported in both regions is around 550 kJ/mol.8 In this frame,
the rate-controlling deformation mechanism is thought to be the
operation of two sequential processes. It is claimed that at high

stresses, deformation occurs by GBS, which is the slower process
and therefore controls plasticity, whereas at the lower stresses,
the deformation arises from an interface-reaction controlled
process for GBS.8 This sentence emanating (slightly rewritten
by ourselves) from the original article of Owen, is not clear. We
understood that in the high stress regime deformation occurs by
GBS, accommodated by a mechanism not stated by Owen, and
that in the low stress regime deformation occurs by GBS ac-
commodated by the same unknown mechanism that is con-
trolled by an interface-reaction step (sources/sinks of matter/
vacancies are then assumed not perfect ?).

Because GBS is thought to be involved in both stress regimes,
it is necessary for an accommodation process to accompany it.
If not, extensive cavitation, especially in the vicinity of triple
junctions, would occur. Some of the most claimed accommoda-
tion possibilities for GBS are grain-boundary migration
(dynamic grain growth),20 diffusional flow22,26 and dislocation-
slip recovery processes.27–30 Sherby30 developed a phenomeno-
logical model where the n and p parameters in relation (2) are
equal to 2 and 3, respectively, assuming that the dislocation-slip
recovery process takes place by grain boundary diffusion for the
accommodation of GBS. It has to be underlined that the model
from Sherby is, from our knowledge, the only one found in the
literature where n is 2 and p is 3. Apparently, this could fit with
the n and p experimental values reported by Owen for their sub-
micron ultra-pure TZ3Y material deformed in the high stress re-
gime. The apparent activation energy measured by Owen,
around 550 kJ/mol, should have a grain boundary character.
Recent measurements of the grain boundary diffusion coefficient
of cations in a submicron ultra-pure TZ3material gave activation
energies of 370 and 390 kJ/mol for Zr41 and Y31, respectively.31

Both values are much lower than the one found by Owen during
superplastic deformation of TZ3Y, implying that Sherby’s model
does not apply for the high stress regime of the results reported
by Owen. In the low stress regime, if an interface-reaction exists
for the dislocation-slip recovery accommodation for GBS, the
apparent activation energy measured should be different than the
one measured in the high stress regime. This is not the case. For
these reasons, we estimate that scenario (i) remains confusing.

Scenario (iii) is appealing. All the experimental results
collected by Jimenez-Melendo on ultra-pure fine-grained
TZ3Y fits very well the phenomenological model developed by
Sherby, where n5 2 and p5 2 in relation (2),30 if a threshold

Table II. Parameters Used to Calculate the Stress Exponent Coming from Stress Jump Experiments at a Constant Temperature

Stress jump 50–60 MPa 60–70 MPa 70–80 MPa 80–90 MPa 90–100 MPa

T5 13001C Ln[S50]5�7.315 Ln[S60]5�6.908 Ln[S70]5�6.515 Ln[S80]5�6.215 Ln[S90]5�5.915
Ln[S60]5�6.815 Ln[S70]5�6.462 Ln[S80]5�6.146 Ln[S90]5�5.908 Ln[S100]5�5.623

n�2.7 n�2.9 n�2.8 n�2.6 n�2.8
T5 12501C (decreasing) Ln[S60]5�8.275 Ln[S70]5�7.615 Ln[S80]5�7.077 Ln[S90]5�6.592 Ln[S100]5�6.242

Ln[S50]5�8.827 Ln[S60]5�8.154 Ln[S70]5�7.535 Ln[S80]5�6.996 Ln[S90]5�6.538
n�3.0 n�3.5 n�3.4 n�3.4 n�2.8

T5 12001C (decreasing) Ln[S60]5�9.221 Ln[S70]5�8.629 Ln[S80]5�8.117 Ln[S90]5�7.660 Ln[S100]5�7.215
Ln[S50]5�9.800 Ln[S60]5�9.140 Ln[S70]5�8.548 Ln[S80]5�8.050 Ln[S90]5�7.538

n�3.2 n�3.3 n�3.2 n�3.3 n�3.1
T5 11001C (decreasing) — — — Ln[S90]5�11.962 Ln[S100]5�11.058

Ln[S80]5�12.308 Ln[S90]5�11.385
n�2.9 n�3.1

n13001C5 2.870.1/n12501C5 3.270.3/n12001C5 3.270.1/n11001C5 3.070.1 Sx means the creep rate (s�1) measured before/after the jump of interest.

Table III. Parameters Used to Calculate the Activation Energy Coming from Temperature Jump Experiments at a Constant
Compaction Stress

Temperature jump 11001–12001C 12001–12501C 12501–13001C 13001–12501C 12501–12001C

s5 70 MPa Ln[TS1100]5�5.396 Ln[TS1200]5�1.856 Ln[TS1250]5�0.523 Ln[TS1300]5 0.550 Ln[TS1250]5�1.233
Ln[TS1200]5�1.633 Ln[TS1250]5�0.315 Ln[TS1300]5 0.654 Ln[TS1250]5�0.990 Ln[TS1200]5�2.721

Q�635 kJ/mol Q�571 kJ/mol Q�466 kJ/mol Q�679 kJ/mol Q�533 kJ/mol

Q5 577775 kJ/mol. Sx means the creep rate (s�1) measured before/after the jump of interest.
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stress is incorporated in relation (2). Then Jimenez-Melendo
found an apparent activation energy of 460 kJ/mol in the high
stress regime.11,12 This value is not too far from 500 kJ/mol, the
activation energies reported for the volume diffusion of Y31 and
Zr41 in ultra-pure fine-grained TZ3Y.31 Such trends imply that
deformation may occur by GBS accommodated by a disloca-
tion-slip recovery process of grain boundary dislocations in the
vicinity of grain boundaries, the recovery process by dislocation
climbing being controlled by volume diffusion of the Y31 and/or
Zr41 cations.11,12 If the applied stress approaches the threshold,
Jimenez-Melendo argues that GBS becomes difficult and even-
tually cannot proceed at all if the applied stress falls below the
threshold one.11,12 Then they proposed that the threshold stress
may result from yttrium segregation at grain boundaries and its
interaction with the grain boundary dislocations involved in the
accommodation process for GBS.11,12 The expression proposed
for the threshold stress, s0, was

11,12:

s0 ðMPaÞ ¼ 5� 10�4 e
120kJ=mol

RT

dðmmÞ (6)

The as-processed fully dense TZ3Y material we investigated
exhibits a grain size of 14378 nm. If relation (6) is valid, it im-
plies that a threshold stress as high as 120–130 MPa should exist
when we are completing creep experiments at 11001C. Then, if a
compression stress of 100 MPa is applied at this temperature,
the sample investigated should not creep. However, it is clearly
not the case when looking at Fig. 4. When applying a compres-
sion stress of 100 MPa, the material we investigated reaches a
final real strain around 28%, the final grain size being around
156 nm. Furthermore, recent results from Lorenzo-Martin
et al.32 show that, when the grain size of a starting almost fully
dense ultra-pure TZ1.7Y material (the yttrium segregation at
grain boundaries is still present, as for TZ3Y) is around 50–60
nm, superplastic deformation is still possible for applied com-

pressive stresses and temperatures in the ranges 5–65 MPa and
11501–12001C, respectively. For such a fine grain size, the
threshold stress predicted by relation (6) should be around 230
and 160 MPa at 11501 and 12001C, respectively. Such high val-
ues are unrealistic and not supported by experimental results
obtained byLorenzo-Martin et al.32

A second weak point of scenario (iii) should also be men-
tioned. GBS is claimed to be accommodated by a dislocation-
slip recovery process of grain boundary dislocations in the
vicinity of grain boundaries, the recovery process by dislocation
climbing being controlled by volume diffusion of the Y31 and/or
Zr41 cations.11,12 Up to now and to our knowledge, such grain
boundary dislocations have never been observed using TEM
investigations.11,12,15,24

More recently, Gomez-Garcia et al.42,43 has proposed new
models to explain the threshold stress approach, in which grain
boundary dislocations are not necessary. The main idea of both
models is that yttrium segregates at grain boundaries. As a con-
sequence of segregation, grains behave as structures with
charged interfaces, separated by a small charge compensating
layer. Despite being of a great interest, the models fail to predict
the n and p experimental values obtained during our investiga-
tions. Furthermore, a clear intragranular dislocation activity,
that cannot be ignored, is also observed in the present paper.
Both new models from Gomez-Garcia do not take into account
such an important feature.

Results obtained by Morita,10 to built scenario (iv), are in-
deed very similar to the ones exposed just above in the present
paper. For an almost fully dense ultra pure fine grained (0.35
mm) TZ3Y material, deformed by tensile creep tests in air with
an initial stress range of 0.8–80 MPa and a temperature in the
range 13001–14001C, Morita reported:10

- a significant grain growth that cannot be ignored,
- in the high stresses range region, the values of the n, p, andQ

parameters from relation (2) are 3, 2 to 3 and around 570 kJ/mol,
respectively,

- in the same stress range, intragranular dislocation motion
is noticeably activated.

Then, they claimed that, for the stress range 50–100 MPa,
intragranular dislocation motion contributes to the accommo-
dation of GBS and the recovery of the intragranular disloca-
tions, thanks to a climbing process within the bulk of the
elemental grains, controls the rate of deformation.10 This inter-
pretation has been challenged by Balasubramanian16 and Dom-
inguez-Rodriguez.15 Basing their analysis on the expression of
the critical tensile stress required to nucleate a dislocation,
Balasubramanian argued that this value is roughly 130 MPa
at 14001C,16 therefore much greater than the lowest stress of 15

Table IV. Parameters Used to Calculate the Grain Size
Exponent Using Initial (As-Sintered) and Final (End of Creep)

Conditions

Temperature (1C) d0 (nm) Ln[S0] df (nm) Ln[Sf] p

1300 143 �5.509 242 �6.682 2.2
1250 143 �6.354 209 �7.225 2.3
1200 143 �7.461 196 �8.089 2.0

p5 2.270.1. S0 and Sf mean the creep rates (s�1) measured at the beginning

and at the end of the creep test.

(a) (b)

100 nm160 nm

Fig. 6. Typical aspect of the microstructure observed using transmission electron microscopy for the sample crept at 13001C with an applied com-
paction stress of 100 MPa, (a) note intragranular dislocation (arrows), (b) intragranular dislocation fold originating from a triple point (black arrow).
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MPa that has been applied by Morita and where dislocation
activity has been reported.10 Then, Balasubramanian and Dom-
inguez-Rodriguez focused their argumentation on the pileup
structure reported by Morita, such pileups being a potential
proof for stress concentration at multiple-grain junctions in-
creasing locally the applied stress. Using simple calculations to
investigate the shear stress at the head of grain boundary dislo-
cation pileups along planar boundaries, they concluded that the
stress concentration factor is too high to be induced at multiple-
grain junctions during GBS.15,16 They concluded that the pile-
ups structures observed by Morita must be formed during the
cooling step following creep, the cooling step being completed
under load.15 In a pertinent reply,33 Morita underlined that the
analysis of Balasubramanian is erroneous because a grain
boundary dislocation pileup structure has been considered.
Such a structure does not fit with the intragranular dislocation
pileups configuration they reported.10

At that point, considering the experimental results reported in
the present paper, it appears that scenario (iv) emanating from
Morita10 could be the relevant one controlling the high-temper-
ature creep deformation of the fully dense ultra-pure fined
grained TZ3Y material we investigated. However, there is a
slight difference between the dislocation configuration we re-
ported and the one reported by Morita. Morita reported a dis-
location activity that appears ‘‘generalized’’ in the grains
volume.10 In our case, it seems that the dislocation activity is
more confined in ‘‘folds’’ (in the planar section of the TEM thin
foils, a fold exhibits a narrow band morphology containing dis-
location pileups) running through the grains (Figs. 6(a) and (b)).
These folds seem to originate from triple points (Fig. 6(b)). In
the following section, it will be explained that such a particular
microstructure could be the consequence of one of the mecha-
nisms that accommodate GBS during the high-temperature
creep deformation of the TZ3Y material we investigated.

(2) Prospect for the Mechanism Involved During the High-
Temperature Creep Tests Reported

For the experimental parameters used, Table I showed us that
dynamic grain growth is an important phenomenon associated
to the high-temperature creep deformation of the TZ3Y material
we investigated. Assuming that the deformation enhancement of
grain growth is due to damage created at triple junctions by
GBS, Wilkinson has perfectly shown (by the use of a geometrical
model) how the recovery of this damage by boundary migration
enhances the normal grain growth process,20 meaning that dy-
namic grain growth is an accommodation process for GBS.

Let us now recall the climbing rate for an edge dislocation,
assuming that climbing proceeds by jog propagation along the
dislocation line by absorbing/emitting vacancies. If Vc is the
climbing rate of the dislocation and Vj is the propagation rate for
the jog, the climbing rate of the dislocation is simply given by:

Vc ¼ CjVj (7)

whereCj is the jog concentration on the dislocation line. Straight-
forward calculations resumed by Poirier34 enable to calculate the
expression of the climbing rate:

Vc ¼
Dvsb

3

kTðld þ XÞ (8)

where Dv is the volume diffusion coefficient, s the applied stress,
b the magnitude of the Burgers vector, k the Boltzmann’s con-
stant, T the absolute temperature, X the average distance bet-
weens jogs on the dislocation line and ld ¼ b

2p
Ln R

b

� �

a structural
parameter. The expression of ld is directly coming from solving
the diffusion problem for a dislocation, positioned at the center
of a cylinder having a radius R, and admitting that the vacancy
concentration far away from the dislocation line is the same as
the one for thermal equilibrium (C0).

34

The dislocation model proposed by Weertman has been fre-
quently cited for the climb-controlled creep mechanism in metals
and alloys35 and has been simply resumed by Poirier.34 It is
based on a typical hardening (dislocation multiplication)/recov-
ery (dislocation climbing) equilibrium, the recovery step con-
trolling the creep strain. As shown in Fig. 7(a), it is assumed that
dislocation loops are emitted from sources (S), situated in neigh-
boring reticular plans separated by a distance dr. It is also as-
sumed that L is the radius of the heading loops and that the
average loop radius is L/2. The creep rate expression is given by:

_ew ¼ rmb
L

D
Vc (9)

where rm is the density of mobile dislocations, L and D are the
sliding and climbing distance, respectively. The dislocations of
Fig. 7(a), that form a dipole, climb towards each other, anneal
and enable emission of a new loop. Then, the average sliding
distance is L/2 for a climbing distance of dr/2.

Straightforward calculations resumed by Poirier34 (assuming
some hypothesis proposed by Hazzledine for the maximum
number of dipoles which can be formed between two sources36),
using expression (8) for the climbing rate, lead to the following
expression for the final creep rate:

_ew / 1

gb

Gb3

kT

Dv

ld þ X

s

G

� �3

(10)

where G is the shear modulus and g has a typical value around
6.36

We can now use the model shown in Fig. 7(b) that has been
slightly modified with respect to the original one developed by
Gifkins.37 It is now assumed that the dislocation activity, based
on the formalism developed by Weertman and exposed just
above, is confined in triple-point folds (gray lamellas in
Fig. 7(b)) that extend into the elemental grains forming a poly-
crystal. Such a behavior is seen as a consequence of stress con-
centration at triple edges, imputable to GBS, which is assumed
to be the deformation mechanism. Then, it signifies that the
formation of triple-point folds will be seen as an accommoda-
tion process for GBS. Implicitly from the model developed by
Gifkins, the grain boundaries are supposed to be inert for the
dislocations motion. It signifies that dislocations are free to go
from one grain to another one without any limitation and that
they are able to reach the sample surface at the end of their
travel. In a certain sense, it seams that grain boundaries and
triple points, where the generation of folds proceeds, are only
seen as a periodic array, dispersed in a monocrystal, enabling
dislocation emission.

If a sliding distance s causes a dislocation, having a Burgers
vector b, to move a distance u�in the fold, there will be an effec-

(a)(b)
σ

L

2δ

s

L2

y

(c)

L1
σ aβ σ

Fig. 7. (a) Dislocation configuration used in Weertman’s model,35 (b)
(derived from Gifkins37): (b) model used for calculation of creep rate de-
pendent upon dislocation glide and climb, (c) details for progressing ac-
commodation of grain boundary sliding within a grain by triple-point
fold formation.
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tive offset m�at the specimen surface due to the dislocation
movement. Then:

m� ¼ u�b

L1

(11)

With a mobile dislocation density per fold r�
m
, the offset per

fold may be approximated to (the surface of a fold is assumed to
be a rectangle):

m�r�
m
ay (12)

where y is the fold width and a its extension in the grains, as
shown on Fig. 7(c).

Using simple geometric considerations from Fig. 7(b), sum-
ming for all dislocations in a row of unit elements of width 2d
and for all dislocations stacked in a direction perpendicular to
the direction of propagation of the folds (stacking periodic dis-
tance is l), the total shear strain, G, is then simply given by

G ¼ 4u�br�may

3
ffiffiffi

3
p

d2
(13)

Derivation of relation (13) and conversion of shear rate to
compressive strain rate yields:

_e ¼ 4wbr�may

3
ffiffiffi

3
p

d2

du�

dt
(14)

where w is a suitable constant to convert from shear to com-
pression strain rate.

Having in mind what has been exposed above considering the
model developed by Weertman and considering that the fold
problematic is a confinement of the Weertman’s configuration,
du�

dt
¼ �V� is then the average dislocation velocity, which takes

into account the fact that each dislocation has to glide and climb
in the folds. Then:

_e ¼ 4wbr�may

3
ffiffiffi

3
p

d2
�V� (15)

Because the formation of the folds is resulting from the ap-
plied stress concentrated by sliding at triple edges, a stress con-
centration factor, F, has to be involved for the confinement
configuration of Weertman’s problem. Then, as proposed by
Gifkins,37 we are assuming that:

r�m �V� ¼ Frm
�V (16)

where �V is the average dislocation velocity in the problem an-
alyzed by Weertman and rm has been introduced previously in
relation (9).

Because in Weertman’s configuration the dislocations have to
glide a distance L5L/2 and to climb a distance D5 dr/2, the
average dislocation velocity is given by (the shear strain is
roughly the one related to gliding, the time of the glide-climb
event is roughly the climbing one):

�V ¼ L

D
Vc ¼

L

dr
Vc (17)

Then, using relations (17) and (16), expression (15) becomes:

_e ¼ 4wbFrmay

3
ffiffiffi

3
p

d2

L

dr
Vc (18)

Using relation (9), the creep strain because of GBS accom-
modated by triple-point folds, with the folds formation being
climb-controlled, is finally given by:

_e ¼ 4wFay

3
ffiffiffi

3
p

d2
_ew (19)

Combining relation (10) and (19) and stating that
Dv ¼ D0

ve
�Qv=RT (D0

v is a constant frequency factor and Qv is
the activation energy for the lattice diffusion of the involved
species) gives:

_e / 4aD0
v

3
ffiffiffi

3
p

g

G

kT

b

d

� �2
s

G

� �3 e�
Qv
RT

ld þ X
Fay (20)

If the jog concentration on the dislocation line is high and
favors an easy process for emission/absorption of vacancies,
then X � ld. Because ld is also proportional to b, the creep rate
becomes:

_e / 4aD0
v

3
ffiffiffi

3
p

g

Gb

kT

s

G

� �3

e�
Qv
RT
Fay

d2
(21)

If the dislocations are sources/sinks of vacancies having a low
efficiency, then ld is negligible in comparison to X. It is possible
to show that Cj ¼ b

X
.34 If the jogs are in thermal equilibrium, we

can write Cj ¼ C0
j e

�Qj
RTwhere C0

j is the reference jog concentra-
tion and Qj is the activation energy for the formation of jogs.
Then, the creep rate expression becomes:

_e /
4aD0

vC
0
j

3
ffiffiffi

3
p

g

Gb

kT

s

G

� �3

e�
QvþQj
RT

� �

Fay

d2
(22)

It is critical to note that both relations (21) and (22) predict
values for the n and p parameters from relation (2) that have
been experimentally reported on the ultra-pure fine-grained
TZ3Y material we investigated (Section III). We can now focus
on the measured apparent activation energy (577775 kJ/mol).
This value is moderately higher than 460–500 kJ/mol, the acti-
vation energy reported for the volume diffusion of Y31 and
Zr41 in ultra-pure fine-grained TZ3Ymaterials.11,12,31 Therefore
we cannot exclude a possible contribution from a jog formation
step to the apparent activation energy experimentally measured.
Another point has to be clarified. The validity of relations (21)
and (22) implies that the morphology of the folds (a and y pa-
rameters) is independent on the grain size. When looking at
Fig. 6(b), it seams that the fold extension could be close to the
grain size. In fact, the first TEM investigations show that such a
particular configuration shown on Fig. 6(b) is not a generality.
Most of the time, the fold extension is limited inside the grain
where they develop. However, complementary observations are
needed to definitively validate this hypothesis.

Finally, let us discuss a little bit around the threshold stress
concept that is widely admitted for fine-grained TZ3Y materials
deformed at high temperatures. Jimenez-Melendo has analyzed
deformation data obtained on TZ3Y polycrystals, with grain
size below the micrometer and deformed in the temperature
range 12501–14501C, as a function of stress, grain size and im-
purity content.11,12 For the purer materials (impurity content
below 0.1 wt %, same situation encountered for the material we
investigated in the present paper) there was a transition in stress
exponent from n5 2 (region II) to n � 3 (region I) when the
stress was decreased.11,12 This kind of experimental results can
be correlated well with a single deformation process that incor-
porates at threshold stress s0 below which GBS cannot pro-
ceed.11,12 In that case the strain rate is proportional to (s�s0)

2,
then n5 2 whatever the stress investigated. The new model pro-
posed in the present paper does not take into account the pos-
sibility of a threshold stress contribution to the deformation of
the TZ3Y material we investigated. Indeed, the clear intragran-
ular dislocation activity observed by TEM in our crept samples
supports the model exposed, where n is really 3 and not hedged
because the applied stress approaches a threshold one during the
experiments. In the future, it would be interesting to complete
additional investigations on our material, especially using lower
creep stresses. Then, by combining creep test results and careful
TEM investigations, we will be able to conclude on the threshold
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stress concept that could possibly applies also to our material at
much lower stresses than the ones investigated here.

Because the experimental results are in agreement with what
is predicted using a simple theoretical model, we propose a de-
formation mechanism for the ultra-pure fine-grained TZ3Y ma-
terial investigated here. In the temperature and stress ranges
retained, we suggest that superplastic deformation occurs by
GBS accommodated by two mechanisms: dynamic grain growth
and triple-point folds. The fold formation is based on a hard-
ening (dislocation multiplication)/recovery (dislocation climb-
ing) equilibrium, where recovery is the limiting step. Climbing is
also supposed to be controlled by volume diffusion of the Y31

and/or Zr41 cations, with a possible contribution of jogs for-
mation on the dislocation lines.

V. Conclusion

The superplastic behavior of a fully dense ultra-pure fine-
grained (around 145 nm) TZ3Y material has been investigated
by compressive creep tests in air. The temperature range was
11001–13001C and the applied stress varied between 50 and 100
MPa.

Analyzing the crept microstructures using TEM, two main
changes have been reported in comparison to the microstructure
observed in the as-processed fully dense material. For all creep
conditions, dynamic grain growth and an intragranular disloca-
tion activity are observed. The dislocation activity is not gener-
alized to the complete volume of the grains but seems to be
confined in folds.

Using a simple theoretical model, adapted from a previous
work reported by Gifkins,38 we propose what the deformation
mechanism of the TZ3Y material investigated could be. This
model gives theoretical values of the creep parameters (stress
exponent, grain size exponent and apparent activation energy)
in good agreement with the experimental ones. In the temper-
ature and stress ranges investigated, it is suggested that super-
plastic deformation occurs by GBS accommodated by two
mechanisms: dynamic grain growth and triple-point folds. The
fold formation is possibly based on a hardening (dislocation
multiplication)/recovery (dislocation climbing) equilibrium,
where recovery is the limiting step. Climbing is also thought to
be controlled by volume diffusion of the Y31 and/or Zr41 cat-
ions, with a possible contribution of jogs formation on the dis-
location lines.
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