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Deformation mechanism map for creep
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A deformation mechanism map with grain size and stress as variables was constructed for
creep in YBa,Cus307_, at 850 and 950 °C. Theoretical models of Nabarro—-Herring, Coble, and
power-law creep were used for the construction. The values of various physical constants for
creep of YBa,Cu3O7-, were taken from the literature, or estimated with appropriate

assumptions. The constructed map showed that the Nabarro—Herring creep would dominate
at high temperatures in the practical range of grain size and stress, and that the power-law

creep would occur at large stress ( > 1GPa) and grain size. A review of previous creep
studies showed that the map is in close agreement with the experimental results.
Discrepancies in the values of stress exponent and activation energy for creep of
YBa,Cus07_, given in the literature are explained by the use of the constructed map.

1. Introduction

Although a number of deformation processes with
different mechanisms may simultaneously occur dur-
ing the plastic deformation of metals or ceramics,
more frequently a single mechanism would favourably
dominate the deformation under a given set of condi-
tions. The predominating deformation mechanism is
determined by four main variables; the strain rate, the
applied stress, the temperature, and the grain size of
a test sample. Because the deformation mechanism is
sensitive to these variables, a comprehensive under-
standing is very difficult. However, the deformation
mechanism map, as proposed by Ashby [1], may lead
to a better understanding. Such a map visually charac-
terizes the predominant deformation mechanisms
located in a field of two coordinates, temperature and
applied stress. Another type of deformation mecha-
nism map, later developed by Mohamed and Langdon
[2], uses the grain size and stress as the coordinates.
The advantage of a deformation map is its use as
a pedagogic, predictive, and extrapolative tool for
identification of the deformation mechanisms which
take place in the deformation process [3].

The application of the deformation map to the
study of creep in YBa,Cu,0-_, is advantageous, es-
pecially when discrepancies are found in the experi-
mental data. The previous studies of deformation
mechanisms in YBa,Cu;0, -, [4-8] indeed contain
such discrepancies in the stress exponent, 7, the activa-
tion energy, @, and, consequently, the deformation
mechanism. These will be reviewed.

Table I shows a list of previous studiés for creep in
YBa,Cu;0,_,. Stumberg et al. [4] studied the high-
temperature deformation behaviour at temperatures
between 870 and 980 °C. They obtained a stress expo-
nent of 1.0 at 930°C, and an activation energy of
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800kJ mol ™!, and concluded that the creep rate was
controlled by the lattice diffusion of cations through
the interstitial sites. Goretta et al. [ 5] later carried out
a more detailed study using high phase-purity
YBa,Cu;0,_,, and obtained the same stress expo-
nent of 1 and a higher activation energy of
970 + 130kJ mol™*. The grain-size exponent deter-
mined was 2.8 + 0.6. It was suggested that the defor-
mation mechanism was the diffusional creep control-
led by the diffusion of yttrium or barium atoms.
Reyes-Morel et al. [6] also obtained a similar value
for the stress exponent, 1.25, and concluded that the
controlling mechanism was the cation lattice diffusion.
They observed two different activation energies,
1220kJ mol~! in the temperature range 860-890°C,
and 565kJ mol ™! in 800-860°C.

Two research groups have observed a stress expo-
nent higher than 2. Bussod et al [7] tested
YBa,Cu;0- _, samples in compression with a confin-
ing pressure of 1GPa, which developed a triaxial
stress state inside the samples. They found that the
stress exponent was 2.5, much higher than 1 in the case
of the uniaxial compression. The activation energy
was 201kJ mol™ !, which was much lower than the
values reported by the other workers. Kodama and
Wakai [8] tested YBa,Cu;O _, samples in uniaxial
compression and observed a yield-drop due to crack
formation in the early stages of the test. Nonetheless,
they determined n and Q by taking the maximum
stress as the flow stress and plotting the data against
the strain rate or 1/T. The measured values of n and
Q were 2-2.5, and 1080kJ mol™?, respectively.

As described above, there is an inconsistency in the
reported data for n and Q, which might have stemmed
from the differences in experimental conditions, such
as grain size, temperature, and applied stress. If so, the
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TABLE I Data of the previous studies on high-temperature deformation of YBa,Cu30O, -

Temperature n P 20 (kJmol ™) Grain Remark Reference
Range size (um)

O

870-980 1.0 - 800 + 100 20-100* - 4]
850-980 1.0 28 +£06 970 4 130 7-76 - [5]
860-890 - - 1220 - - [6]
800-860 1.25 - 565 - - 61
750-950 2.5 - 201 10-50* HC [71
850-960 25 - 1080 - YD 8]

aEstimated from the published micrograph or from the sintering conditions.

Y HC, hydrostatic compression.
¢YD, yield drop, or decrease in flow stress after a maximum.

variation in these variables should be taken into ac-
count when the deformation behaviour under different
conditions are compared. For such a comparative
study, the deformation mechanism map was found to
be useful. However, no previous.attempt has been
made to construct such a map except for the work of
Borofka et al. [9] on the hot isostatic pressing (HIP)
map for YBa,Cu;O,_,.

The purposes of the present study were to construct
a deformation mechanism map, to critically review the
previous results with the aid of the constructed map,
and to achieve a comprehensive understanding of the
creep behaviour in YBa,Cu O - ,.

2. Construction of deformation map
for creep in YBa,Cu30;_

In this section, a Langdon-type deformation map for
creep of YBa,CuszO-_, is constructed. The map vis-
ually shows the controlling mechanisms at a given
temperature, grain size and stress. Initially, three pro-
cesses, which are most prevalent in ceramics, are con-
sidered: Nabarro—Herring creep (NHC), Coble creep
(CC), and power-law creep (PLC). The corresponding
flow equations are given by

BQD, o
T (NHO) .
150Q6D, o
= _EETEE (CO) 2
. ADGbH{a\"
=7 (-é) (PLC) ()

where £ is the strain rate,  the atomic volume, é the
grain boundary width, G the shear modulus, D, the
lattice diffusivity, D, the grain boundary diffusivity,
o the flow stress, d the grain size, T the absolute
temperature, k Boltzmann’s constant, »n the stress ex-
ponent with a value of 3-5, & the Burgers vector and
A and B are constants. The diffusivity term in Equa-
tion 3 is originally either for lattice or pipe diffusion,
depending on the temperature range. Because the
value of homologous temperature is high, ~0.8 at the
test temperatures, the pipe diffusion is not likely to
occur, and the lattice diffusivity, D, is used for the
diffusivity in the equation.

On the deformation map, a particular mechanism
dominates (¢; > &,) inside a domain surrounded by
the boundary. On the boundary, two mechanisms
corresponding to two contacting domains would have
comparable creep rates (¢; = £,), and equally contrib-
ute to the total deformation. By equating the strain
rates of the two processes and assuming 6 = 2b, the
equations for the boundaries are obtained

d 300D

= E?ng (NHC —CC) @)
d 300Q D\ / o\ """ 3
;= (Anb?’ 7)%)3 (E) (PLC—CC) (5)

At the triple point where the NHC, CC and PLC
meet, the strain rates of all three processes are equal.
By equating Equations 1-3, the normalized stress at
the triple point is obtained

o [ B3n*Q DZ\UeD
S et 6
G <A3002b3 D§b> ©)

3. Physical constants for construction
of the map

The values for the various physical constants in
Equations 4-6 are required to construct a deforma-
tion mechanism map. They are determined either
from literature data or by the estimation with
appropriate assumptions. The details are described
below.

3.1. Atomic volume

By definition, atomic volume is the volume trans-
ported when a single atom moves. In the mono-com-
ponent alloy such as a pure metal, it is the volume
occupied by an atom in the lattice. In 2 multi-compon-
ent system such as a ceramic, a group of atoms move
together to maintain the equilibrium, and the atomic
volume 1s the volume of the unit cell divided by the
number of atoms of the controlling species in the unit
cell. In YBa,Cuy04_,, yttrium is the slowest species
[10]. Because there is only one yttrium atom in the
unit cell, all atoms in the unit cell have to move when
the yttrium atom moves. The atomic volume, Q, is
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then the same as the volume of the unit cell
0O =387%x387x11.71x10"3%m?
=1.754 % 107 2% m3 (7

3.2. Burgers vector and grain-boundary
width

In YBa,Cu;0- _,, dislocations are primarily of [100]
or [010] type on the (100), (010), and (001) slip
planes [11]. The Burgers vectors for these dislocations
are the same, because the crystal structure is tetra-
gonal at high temperatures and the lattice parameters
along a and b axes are the same, giving the value of the
Burgers vector, b = 3.87 x 107 m.

The data for the grain-boundary width in
YBa,Cu;0; _, are not available. It is usually assumed
to be twice as much as that of the Burgers vector or
§=2b=774x10"""m [12].

3.3. The shear modulus

The elastic properties of YBa,Cu,O,_, have been
studied by a group of investigators. Some studies were
carried out on the temperature effect on the elastic
modulus. However, they were mainly concentrated in
the temperature range near the transition temperature
(T, = — 180° C). An extrapolation to higher temper-
atures was not possible because most of the data were
scattered, non-linear and anomalous. Jiang et al. [13]
showed that d(f*)/dT is clearly monotonic in the
temperature range 100-300K, where fis the resonant
frequency. However, the uncertainty of the propor-
tionality constant (E = Cf?) in their report made the
estimation of dE/dT impossible.

Because the elastic property depends on crystal
structure, the elastic modulus—temperature depend-
ence in materials with the same crystal structure may
be similar to each other. The dE/dT for
YBa,Cu;0-_, was estimated from the data of dv/dT
for BaTiQj3, where v is the velocity of sound travelling
through the sample [14]

dG/dT = dE/AT = 4x 10'MPa°C™'  (8)

The shear modulus at room temperature was esti-
mated using the data of B = 108 GPa for the bulk
modulus of a single crystal at x = 0.55 [15] and 0.28
for the Poisson’s ratio, v, of single-crystal
YBa,Cuz0-_, [16]. Thus

Gaos = Bx3(1 — 2v)/[2(1 + V)]
= 55.7GPa 9)

Combining the above information, we obtain the
equation for the shear modulus (in GPa) as a function
of temperature (in K)

= 55.7 — 0.04(T — 298) (10)

At 850 and 950°C, G was calculated to be 22.7 and
18.7 GPa, respectively.
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3.4. Self diffusivity

Chen et al. [10] studied the lattice self-diffusivity of
cations in YBa,Cu,;0- _,, and determined the activa-
tion energies of yttrium and barium to be 1000 and
890 + 80kJ , mol™*, respectively. They also found
that the lattice self-diffusion of yttrium is slower than
that of barium. It was reported that the lattice self-
diffusions of copper and oxygen were much faster than
those of yttrium and barium [17-20]. Therefore, yt-
trium-ion diffusion would control the diffusion of the
YBa,Cu;0,_, compound and its activation energy
for lattice diffusion would be that of the yttrium ion,
1000kJ mol~!. By the extrapolation of diffusivity
data to the zero point of the 1/T axis, D, was esti-
mated to be 1 x 10*>m?s™ %,

On the other hand, the grain-boundary diffusivity,
Dy, in YBa,Cu3O5_, had not been studied, and
needed to be estimated. The value of activation en-
ergy, 745kJ mol ™, was taken from the data of super-
plastic deformation in YBa,Cu,O,_, [21,22]. The
frequency factors for grain-boundary diffusion in cer-
amics, such as MgO, NiO, and ZrO,, were found
within two orders of magnitude to those for the lattice
diffusion [23]. Assuming that the frequency factor for
the grain-boundary diffusion is the same as that for
the lattice diffusion, the diffusivities are estimated as

Di=1x 1025exp( ~ 1000000/RT) m?s™!? (11)
Dy, = 1 x 10*®exp( — 745000/RT) m*s™'(12)

where R = 8.3144Jmol ™!, and T is in Kelvin.

At temperatures of 850 and 950 °C, the diffusivities
are D;=31x10"?m?s™! and D, =22x107'°
m?s™ ! at 850°C and D, =20x10"¥ m?s~? and
Dy = 1.5x10""m?*s ™" at 950°C.

The unusually large difference between D, and
Dy, results, in part, from the very high activation
energy for the lattice diffusion (1000kJ mol ™).
A smaller difference between D; and Dy, may be ob-
tained by more flexible assumptions, such as a smaller
value of D, for grain-boundary diffusion by two orders
of magnitude. However, the variation of the estimated
value of D, was found not to affect the map to any
great extent, as will be discussed in Section 4.

3.5. Stress exponent and the constant A in
the rate equation for power-law creep
There is limited information available on power-law
creep (PLC) of YBa,Cu,30- . in the literature. Bussod
et al. [7] obtained the stress exponent of 2.5 on high-
temperature compression tests of YBa,CusO,_, with
a confining pressure of 1 GPa. It was not clear whether
the result was originally from the PLC, because there
was no supporting information on microstructures.
However, the applied stress seems to be sufficiently
high, and the result may suggest that the creep rate is
proportional to the (6/G) >. Moreover, the stress expo-
nent, n, of 3 seems to be a reasonable assumption
according to the general rule for ceramics, ie. n = 51s
associated with the presence of five independent slip
systems, whereas n = 3 is associated with either a lack



TABLE 11 Physical constants used for constructing the deformation mechanism map of YBa,Cu;0,_,

Symbol Constant Value Unit
Q Atomic volume 1.754x 10728 m?

b Burgers vector 3.87x1071° m

8 Grain-boundary thickness 7.74%x 10710 m

G Shear modulus at 850°C 22.7 GPa
Dy Lattice diffusivity 1 x 102 exp( — 1000000/RT) m2g~?
Dy, Grain-boundary diffusivity 1x10%3exp( — 745000/RT) m2s~!
n Stress exponent for PLC 3 -

A Constant for PLC 3 -

B Constant for NHC 40 -

of five independent slip systems or, if five independent o (MPa)

systems are available, a lack of interpenetration of 1, ; JO'OO

these systems [24]. It is well known that " T =8500C
YBa,Cu;0-_, has a very limited number of slip sys- 15 K PLC (11=3)

tems due to its low-symmetry crystallographic struc-
ture. Therefore, a stress exponent of 3 is assumed for
the power-law creep in YBa,Cu;0,_,.

The constant A in the rate equation (Equation 3)
was taken to be 3 from the data of MgO and Al,O4
(12]. This value is in good agreement with A =1
estimated by the general equation, n = 3.0 + 0.3log A4,
with n equal to 3 in the present case. The general
equation was established by Stocker and Ashby [25]
when they observed a correlation between n and
A from a large number of creep data for metals, alloys,
ionic and covalent solids, and metal carbides.

All the values for physical constants determined
above, as required for constructing the map, are listed
in Table 11. By substituting the constants in Equations
4-6 with these values, the deformation mechanism
map for creep in YBa,Cu;O,_, was constructed for
temperatures, 850 and 950°C, as shown in Figs 1
and 2.

4. Discussion

The deformation map constructed shows that at
850°C the transition from Coble creep to
Nabarro-Herring creep occurs at d/b>~10!% or
d=10°m. At 950 °C, the transition occurs at a smaller
grain size, but its value is still very large, d =~ 10*m.
The predominant role of Coble creep is rather surpris-
ing because the lattice diffusion occurs preferably at
high temperatures. The reason why the transition oc-
curs at such a large grain size is due to the very high
activation energy and the low diffusivity for lattice
diffusion. The activation energy for the lattice diffu-
sion in YBa,CuzO,_, is 1000kJ mol™! [10]. It is
much greater than those in perovskite-type com-
pounds, 200400 kJ mol ™! [4], or those of pure met-
als, which are in the range of 100-200kJ mol™~* [26].
If the ratio of activation energy for grain-boundary
diffusion to that for lattice diffusion is 0.6 [12] or 0.75
[21,22], the difference in these activation energies is
fairly large, 250-400 kJ mol ™ *. Thus, the critical grain
size for the boundary between NHC and CC becomes
very large by the exponential term, exp (Q; — Qg), in
Equation 4.
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Figure 1 A Langdon-type deformation map for the creep deforma-
tion of YBa, Cu305_, at 850 °C. The shaded rectangle covers the
creep data of YBa,Cu;0,_,.

Log (d/b)
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Figure 2 A Langdon-type deformation map for the creep deforma-

tion of YBa,Cu,0,_, at 950°C. The shaded rectangle covers the
creep data of YBa,Cu,0, _ . (——) 850°C, (----) 950°C.

The constructed map shows that the experimental
conditions in the previous studies are inside the do-
main of Coble creep. This is contradictory to the
conclusions made in the earlier studies, which were
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interpreted in terms of Nabarro-Herring creep. It
should be noticed, however, that these conclusions
were not consistent with their experimental observa-
tions, such as the grain-size exponent and the activa-
tion energy. The grain-size exponent determined by
Goretta et al. [5] was 2.8, greater than 2 for the
Nabarro-Herring creep but close to 3 for the Coble
creep. The activation energies determined in the pre-
vious studies are generally lower (500-900kJ mol ™)
than that for lattice self diffusion, 1000kJ mol ™!, in
YBa,Cu;0-_,.

As shown in Table I, the activation energies re-
ported for creep are largely scattered from
200-1200kJ mol™'. However, a careful re-analysis of
the data shows that the values may range between 500
and 900kJ mol ~ . Stumberg et al. [4] determined the
activation energy to be 800 kJmol !, which is within
the above range. Goretta et al. [5] obtained
970 + 130 kJmol™! in the temperature range
850-980°C. However, the data points at 920°C or
above deviated from the straight line, and if these
points are ignored, the activation energy is decreased
to 680 + 160 kImol ~'. Bussod et al. [7] reported an
unusually low activation energy of 201 kJmol ™.
Their data points were taken at three temperatures,
and the data were not linear. Because of the high level
of the measured stress (150-950 MPa), their data at
the lowest temperature (750 °C) may correspond to
a different deformation mechanism, probably the
power-law creep, as indicated by the deformation
map. If the data points at 750°C are deleted, the
activation energy would be about 800 kJmol >,
Reyes-Morel et al. [6] obtained two activation ener-
gies: 565 kJmol™* at T < 860°C, and 1220 kJmol ~*
at T > 860°C. Their data are not on the perfectly
straight line, and when curve fitting is practiced in
several different slopes, the activation energy would be
in the range of 560-760 kJ mol~* at low temperatures.
Kodama and Wakai [8] obtained an activation en-
ergy of 1080 kJmol ™. This value is not significant
because their samples showed a yield drop due to
crack formation in the early stages of testing. It may
represent the activation energy for a different process.

When the range of experimental variables, ¢ and d,
from the previous studies, are placed in the map,
a rectangle is formed and located very close to the
boundary between the domains of Coble creep and
power-law creep. Under the condition that the rec-
tangle intersects the boundary (c=~1GPa and
d = 100 um), the rate-controlling mechanism would
change from the Coble creep to power-law creep.
Indeed, the stress exponent of 2.5, which is close to
3 for the power-law creep, was observed by Bussod
et al. under similar experimental conditions, ie.
o = 1 GPa and d = 100 pm. Moreover, a large num-
ber of dislocations were observed in the sample tested
under similar experimental variables, d = 50 pm,
c =1 GPa, and T = 800°C [27].

Because the grain-boundary diffusivity, D,,, was
estimated by the assumptions, Q@ = 745 kJmol "' and
D, = 1x10%%, D, may not represent the true value.
However, when different values of diffusivity were
used to construct the map, the domain of Coble creep
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Figure 3 The variation of locations of triple point between domains
of the Nabarro-Herring, Coble, and power-law creep as a result of
change in assumed values of activation energy for the grain-bound-
ary diffusion from 500-1000kJ mol~*. The shaded rectangle covers
the creep data of YBa,Cu,O
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Figure 4 The variation of locations of triple point between domains
of the Nabarro-Herring, Coble, and power-law creep as a result of
change in assumed values of frequency factors, D, by plus or minus
two orders of magnitude. The shaded rectangle covers the creep
data of YBa,Cu,O, ..

would still cover the rectangle, even though the loca-
tion of the boundary had changed. Fig. 3 shows the
change in the location of triple point between HNC,
CC, and PLC with the change in the activation energy
of grain-boundary diffusion from 500-1000 kJmol ™.
The modified maps clearly show that unless the ac-
tivation energy for grain-boundary diffusion is abnor-
mally large and close to that of lattice diffusion, the
deformation mechanism would be the Coble creep. In
a similar way, the predominating role of the Coble
creep was also insensitive to the variation of D, by
plus or minus two orders of magnitude as shown in
Fig. 4.



5. Conclusions

A Langdon-type deformation mechanism map for
creep was constructed and was in reasonable agree-
ment with the experimental results of previous studies.
It indicates that even at high temperatures, the
Nabarro—Herring creep was unlikely to occur, but
instead the Coble creep would predominate in the
deformation of the coarse-grained YBa,Cu30,_,. It
also shows that when the applied stress was as high as
1 GPa, there was a transition from the Coble creep to
the power-law creep, which was consistent with the
observed intensive dislocation activity and high stress
exponent, 2.5. By the use of the deformation map, the
discrepancies in the reported data could be explained
as the result of a change in the deformation mecha-
nism.
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