
                           

P1: PNR/SNG P2: PNR/JCR P3: PNR/ATR QC: SNH 5059-98 November 20, 1998 1:35

JOURNAL OF MATERIALS SCIENCE33 (1998 )4879– 4885

Transient creep associated with grain boundary
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Transient creep data for high-purity polycrystalline alumina are examined at the testing
temperature of 1150–1250 ◦C. The data are analysed in terms of the effect of stress and
temperature on the extent of transient time and strain.

In order to explain the observed transient creep, a time function of creep strain is
proposed from a two-dimensional model based on grain boundary sliding. The grain
boundary sliding is assumed to take place by the glide of grain boundary dislocations
accommodated by dislocation climb in the neighboring grain boundaries. The time
function for a creep strain ε obtained from the model is given in a form

ε = a1t + a2(1− exp(−a3t))

which is similar to the previous empirical formula describing the experimental creep curves
in metallic alloys. The model predicts that the transient creep strain εT is approximately
proportional to and the extent of transient creep time tT is inversely proportional to flow
stress. The prediction is consistent with the experimental data in high-purity, fine-grained
alumina at temperatures between 1150 and 1250 ◦C. C© 1998 Kluwer Academic Publishers

1. Introduction
In high-temperature creep deformation of metals, tran-
sient creep usually appears prior to steady state creep
[1, 2]. The transient creep has been explained in terms
of a transition period of microstructure change during
creep which ends up in steady-state.

The constitutive equations for transient creep during
dislocation creep in single-phase metals have been de-
rived by many authors. Several authors have tried to
explain the observed creep curves from the dislocation
density change with time [1, 3–6]. In their analysis,
the transient and steady-state creep is described as a
linear combination of multiplication and annihilation
rates of mobile dislocations, and the transient region is
regarded as a stage where the mobile dislocation den-
sity is reduced with time. Another model assumes that
an evolution of internal stress caused by impediment of
dislocation movement and by elastic back stress during
transient creep controls creep strain rate, and is an origin
of primary and secondary creep curves under various
stresses and temperatures [7, 8].

On the other hand, there are several models to de-
scribe the transient creep under the condition of dif-
fusional creep [9–13]. For example, Raj [10] showed
that the transient behaviour in diffusion creep is caused
by the change in grain boundary tractions with time
from the initial elastic configuration to the steady-state
diffusional configuration.

The transient creep has been observed in fine-grained
ceramics as well as metallic materials [14–17]. Chokshi

and Porter [15] found the primary creep strains in the
order of 1% in four point flexure creep test at 1400◦C
in single phase alumina with a grain size of 1.6µm.
Robertsonet al. [16] also reported the transient creep
strain of about 1% in tensile creep testing at 1250◦C
in fine-grained Al2O3 with a grain size of 1.0µm. Be-
cause dislocation activity is very limited during creep
in fine-grained Al2O3, either diffusional creep or grain
boundary sliding must be responsible for the transient
creep. However, it has been pointed out that the transient
creep time observed in fine-grained Al2O3 at tempera-
ture of 1250◦C is much longer than that predicted from
the diffusion creep model [16]. Although there is the
evidence for grain boundary sliding during creep defor-
mation in fine-grained ceramics [18, 19], strain or time
extent of transient creep have not been examined ex-
tensively, and the physical basis for the transient creep
has not also been given so far.

This paper aims to examine the observed transient
creep in fine-grained Al2O3, and to propose an equation
for high-temperature creep in fine-grained single-phase
material on the basis of grain boundary sliding.

2. Experimental procedure
2.1. Material
The material used in this study is fine-grained Al2O3
with a purity of 99.99% (TM-DAR, Taimei Chemicals,
Tokyo, Japan). The fabrication procedure is described
in the earlier papers [20–22]. The sintered Al2O3 has
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a relative density of more than 99%, and consists of
nearly equiaxed grains with a size of 0.9µm. No glass
phase was found in grain boundaries even in high-
resolution electron microscopy [23].

2.2. Creep testing
The size of creep specimens was 6× 6 mm2 in cross-
section and 8 mm in height. Creep experiments were
carried out under uniaxial compression in air at a
constant load using a lever-arm testing machine with
a resistance-heated furnace (HCT-1000, Toshin In-
dustry, Tokyo, Japan). Applied stresses and tempera-
tures examined are in a range of 10∼ 160 MPa and
1150∼ 1250◦C, respectively. Test temperature was
measured by Pt–PtRh thermocouple attached to each
specimen. Test temperature was kept within± 1 ◦C.

3. Creep curve and transient creep behaviour
Fig. 1 shows a creep curve (a) and a plot of logarithmic
strain rate against time (b) in Al2O3 at 1200◦C and the
applied stress of 22 MPa. The strain rate becomes nearly
constant from a time of about 20 ks which corresponds
to∼ 0.7% strain. The total creep strain,ε, at a timet is
well described by the following equation

ε = a1t + a2(1− exp(−a3t)) (1)

where the first and second terms indicate steady-state
creep strain and transient creep strain, respectively.
Equation 1 has the same functional form as that orig-
inally proposed by Mcvetty [24], which is extensively

Figure 1 A creep curve in Al2O3 (a) and a plot of logarithmic strain rate
against time (b) at 1200◦C and the applied stress of 22 MPa. The creep
curves show a well defined steady-state stage after a period of transient
stage.

Figure 2 The creep data of Al2O3 under an applied stress of 22 MPa
at 1200◦C and the fitting line from Equation 1 (a) and the definition of
transient creep extent (b).

applicable for creep curve fitting [25]. The value ofa1,
a2 anda3 are determined from an iteration procedure
in which the sum of squares error of the datum points
with respect to the average curve is minimized. Fig. 2a
is the experimental creep curve and the fitting curve
from Equation 1 for a specimen tested at 1200◦C and a
stress of 22 MPa. The creep curve is well described by
Equation 1. The value ofa1 describes the steady-state
strain rate ˙εs, a2 the total transient strainεT anda3 the
time extent of transient region. The transient strain is
then estimated to be∼ 0.3% from a plot of Fig. 2b. The
value oftT is estimated to be− 1

a3
ln (1− 0.99), where

the transient creep strain close to the maximum tran-
sient strainεT , andεT is determined by extrapolating
the steady-state creep curve to time zero as illustrated
in Fig. 2b.

Fig. 3 shows a log–log plot oftT against stress,σ
in Al2O3. It was found that the grain size changes little
during creep in this temperature range. At three temper-
atures,tT decreases with decreasing applied stress and
with increasing testing temperature. The logtT against
log σ relationship is approximately given by a straight
line with a slope of−1 at each temperature. The ac-
tivation energy fortT was obtained in a conventional
way from an Arrhenius plot oftT at an applied stress of
53 MPa against inverse temperature in Fig. 4. As shown
in this figure, the activation energy oftT is estimated
about 340 kJ mol−1. We consider that the activation
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Figure 3 A log–log plot of time extent of transient creep against applied
stress in Al2O3.

Figure 4 Arrhenius plot of time extent of transient creep against inverse
temperature in fine-grained Al2O3. The slope of these lines represent the
activation energies for time extent of transient creep.

energy obtained from an Arrhenius plot is an approxi-
mate value with a tolerance of about 50 kJ mol−1, but
the obtained activation energy is nearly similar to the
activation energy for grain boundary diffusion of Al3+
in Al2O3 [26] and is much lower than that for Al3+ or
O2− ions lattice diffusion; 510 kJ mol−1 [27] or 636 kJ
mol−1 [28]. Fig. 5 is a log–log plot ofεT againstσ
in Al2O3. The plot is a little bit scattered, butεT can
be approximated to be proportional toσ and is rather
independent ofT .

Malakondaiahet al.gave an overview of the transient
creep models [12]. Table I [12] shows the dependence

Figure 5 A log–log plot of transient creep strain against applied stress
in Al2O3.

of transient time and strain on stress and temperature
predicted by various models. Except the last two mod-
els which assume activity of lattice dislocations, these
models can be applicable for fine-grained Al2O3, but
no models predict the observed dependence of transient
time on stress and temperature as shown in Table I. The
previous models predict that the transient strain is inde-
pendent of or inverse proportion to the applied stress,
but the present result is also inconsistent with the pre-
dictions. One of the possible mechanisms for transient
creep in fine-grained Al2O3 can be attributed to grain
boundary sliding. We will construct the model of tran-
sient creep associated with grain boundary sliding in
the following section.

4. Analysis
4.1. Description of grain boundary sliding
A rate-controlling mechanism of grain boundary slid-
ing has been considered either from interface reaction
controlled diffusion [30, 31] or from dislocation activ-
ity in grain boundaries [32–34]. It may be reasonable
to assume that grain boundary sliding occurs by dislo-
cation glide in grain boundaries. In a single-phase ma-
terial, the dislocation glide in grain boundaries will be
suppressed at grain boundary corners or ledges where
the dislocations are piled up, as shown in Fig. 6a and b,
respectively.

Fig. 6a is the situation such that the leading disloca-
tion in the pile-up climbs and dissociates into the two
dislocations in the adjacent grain boundary, i.e. they
have Burgers’ vectors normal and parallel to the grain
boundary plane. In the present analysis, the creep defor-
mation is assumed to be controlled by the annihilation
of the dislocation with the normal Burgers’ vector be-
cause of climb in the boundary. The dislocations must
diffuse over a distance ofd/4 along grain boundary to
annihilate. In the case of Fig. 6b, dislocation slide must
be obstructed by the ledges on grain boundary and the
glide distance of a dislocation will be limited by ledge
spacingλ and climb distanceh.

A formation of the dislocation pile up yields the back
stress against gliding dislocation. The remainder of the
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TABLE I Dependence of transient time and strain on applied stress and temperature as predicted by various models [12]

Predicted dependence of Predicted dependence of
transient time on transient strain on

Model Stress Temperature Stress Temperature Reference

Dislocation bowing Independent 1/Dl Independent Independent [13]
Microscopic grain Independent 1/Db Independent Independent [9]

boundary sliding
Lattice diffusion Independent 1/Dl Independent Independent [10]
Grain boundary diffusion Independent 1/Db Independent Independent [10]
Grain boundaries as 1/σ 1/Dl 1/σ Independent [29]

sinks for dislocation
Mutual annihilation of Independent 1/Dl 1/σ Independent [12]

dislocation

Figure 6 Schematic illustration of grain boundary sliding and its accom-
modation by grain boundary dislocation activity.

back stress subtracted from applied stress will be the
effective stress for the dislocation climb which results in
decreasing the rate of grain boundary sliding (i.e. strain
hardening). Therefore, the increment of the back stress
caused by increased number of pile-up dislocations will
reduce the creep rate, while the dislocation climb at the
pile up front, will accelerate the creep.

4.2. Grain boundary sliding accommodated
by dislocation climb

If the shear strainγ arises from the dislocation glide
controlled by climb rate in grain boundaries as de-
scribed above, the shear strain rate ˙γ may be described

by the rate of climb in the analogy of the climb-
controlled shear of lattice dislocations as follows [32]

γ̇ = b0Mṡ (2)

whereb is the Burgers’ vector of grain boundary dis-
locations,0 is the area swept out by a dislocation dur-
ing glide along the grain boundary,M is the num-
ber of boundaries per unit volume [1/m3], and ṡ is
the frequency of climb of a dislocation (1/s). From
the case of Fig. 6a, we can assume that0= π

4 d2, and
M = 1/4

3π (d
2)3= 6/πd3.

The climb frequencẏs under an applied stress ofτ
is written as

ṡ= Nbκ (3)

whereN is the length of grain boundary dislocations
in an area (m/m2) andκ is the climb velocity of dis-
locations (1/s). For simplicity, we use a description
N∼ 2π (1− ν)τ/µb [35], which is given by assuming
a uniform distribution of dislocations along the bound-
ary, whereν is the Poisson’s ratio andµ is the shear
modulus.

If a normal stressσ is exerted to edge dislocations in
lattice, their climb ratevy will be given by [35]

vy = 2πC0Ä
2

kBT ln (L/b)

DV

b
σ (4)

where C0 is the concentration of vacancies in local
equilibrium (1/m3), Ä is the vacancy volume,DV is
the diffusivity of vacancy in lattice (m2 s−1), L is the
distance from the dislocation to the region where the
vacancy concentration is close toC0. Following the pre-
vious models of superplastic deformation [34], we will
use grain boundary diffusion coefficientDgb

V for esti-
mating the climb rate of grain boundary dislocations

vy = 2πC0Ä
2

kBT ln (L/b)

Dgb
V

b
σ = d

4
κ (5)

Equation 5 yields an apparent climb velocity of

κ = Dgb
V

kBT

8πÄ2C0

ln(L/b)bd
σ = Db

kBT

8πÄ

bd ln (L/b)
σ
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whereDb is the diffusivity equal toÄC0Dgb
V (m2 s−1).

In order to adaptκ to shear components of Equation 2,
κ is transformed into a function of shear stressτ as
follows

κ = Db

kBT

8qπÄ

bd ln (L/b)
(τ − τb)∼ Db

kBT

8(31/2Ä)

bd
(τ − τb)

(6)

whereq is a converting factor of about 31/2 and τb

is the back stress caused by the dislocation pile up.
Substituting Equations 3 and 6 into Equation 2, one
obtains

γ̇ = 24(31/2π )(1− ν)
Ä

b3

Dbµb

kBT

(
b

d

)2
τ (τ − τb)

µ2

≡ A(τ − τb)τ (7)

In the case of Fig. 6b, one obtains0 ∼ (π4 d2)(d
λ
)−1=

π
4 dλ and M ∼ 6/πd2λ in Equation 2, andκ = vy/h.
Thereforeκ becomes independent ofd, andγ̇ is propor-
tional to d−2. The stress and temperature dependence
of γ̇ is essentially the same with the case of Fig. 6a.

To estimate the back stressτb, we will consider a pile
up ofn edge dislocations in a grain boundary plane un-
der a resolved external stressτ . The dislocation density
near the pile up front may be written as%= 1/ab, i.e.
grain boundary dislocations are present at an interval
of ab, wherea is a proportionality factor larger than
1. An internal stress between a grain boundary dislo-
cation atx and pile-up dislocationsτI in the region of
d/4− nba< x< d/4 is [35]

τI (x) = − µb

2π (1− ν)

∫ d/4

d/4− nab

1

ab

dξ

ξ − x

= − µ

2πa(1− ν)
[ln (d/4− x)

− ln (d/4− nab− x)] (8)

In order for a dislocation to glide from−d/4 to
d/4− nab, the total work done byτ is

∫ d/4− nab

−d/4
τI (x)dx

= − µ

2πa(1− ν)

[
nabln

(
nab

d/2− nab

)

−d

2
ln

(
d/2

d/2− nab

)]
∼ nµb

π (1− ν)
ln

d

2nab

and hence the back stress produced by the pile up is
given by summation ofτI as follows

τb ∼ nµb

π (1− ν)d
ln

d

2nab
(9)

The back stress depends on the number of grain bound-
ary dislocations, which is given by the summation of
the multiplication rate of mobile dislocations and the
annihilation rate caused by dislocation climb. One can
write

dn

dt
= ρvα − nκ (10)

whereρ is the dislocation density on a grain boundary
(1/m2), v is the glide velocity of a dislocation (m s−1)
andα is a material constant depending on stress and
temperature. Taking the Orowan expression for plastic
strain rate ˙γ = ρbv, Equation 10 becomes

dτb

dt
= µb

π (1− ν)d

(
ln

d

2nab
− 1

)(
α

b
γ̇ − nκ

)
' µα

π (1− ν)d
ln

d

2nab
γ̇ − κτb

' ζµα

π (1− ν)d
ln

d

2ab
γ̇ − κτb

≡ H γ̇ − κτb (11)

whereζ is a coefficient (0<ζ <1).
By substituting Equation 7 into Equation 11, the time

function ofτb is written as

dτb

dt
= H A(τ − τb)τ − κτb

= H Aτ

[
τ −

(
1+ κ

H Aτ

)
τb

]
≡ H Aτ (τ − θτb) (12)

whereθ is in a range of (1+ 1
3ζαb

d2

ln d− ln 2ab
τ−τb

τ
)∼ (1+

1
3ζαb

d2

ln d− ln 2ab) under the condition thatτb is much
lower thanτ , andθ is nearly independent of tempera-
ture and stress. Integration of Equation 12 gives

τb = τ

θ
(1− exp (−H Aτθ t)) (13)

By substituting Equation 13 into Equation 7 and inte-
grating, the following equation is obtained

γ = Aτ 2
[(

1− 1

θ

)
t − 1

H Aτθ2
exp (−H Aτθ t)

+ 1

H Aτθ

]
= Aτ

(
τ − τ

θ

)
t − τ

Hθ2
exp (−H Aτθ t)+ τ

Hθ

= Aτ

(
τ − τ

θ

)
t + τ

Hθ2
[1− exp (−H Aτθ t)]

+ τ

H Aτθ2
(θ − 1). (14)

For simple tension,τ , γ andµ are related to the tensile
stressσ , strainε and Young’s modulusE as follows:
τ = σ/(3)1/2; γ = 3/2ε; µ = E/2(1+ ν).
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We will assumeν= 0.3, becauseν' 0.26∼ 0.27 in
polycrystalline Al2O3 at temperatures of more than
1000◦C [36]. By transforming shear components (γ , τ ,
µ) into tensile components (ε, σ , E), the above equa-
tion becomes

ε = Aσ

(
σ − σ

θ

)
t + σ

Hθ2
[1− exp(−H Aσθ t)] + C

(15)

where C is a constant. This equation gives a time-
dependent strain as follows

ε = ε̇st + εT [1− exp (−C1t)] + C (16)

Equation 16 has the same functional form as Equation 1.
The transient creep strainεtr is defined by the following
equation

εtr = σ

Hθ2
[1− exp(−H Aσθ t)]

≡ εT [1− exp (−H Aσθ t)] (17)

whereεT is the maximum strain of transient creep. The
transient strain reaches a saturation strainεT at an in-
finite time, but the extent oftT may be defined as the
time up to the transient strain of 99%εT . We can define
the experimentally observable extent of transient creep
time such as

tT = − 1

H Aσθ
ln (1− 0.99) (18)

5. Discussion
From Equations 17 and 18, stress or temperature de-
pendency oftT andεT is approximately given by

tT ∝ − 1

H Aσθ
∝ T

Db
σ−1 (19)

εT = σ

Hθ2
∝ σ (20)

In the above equations,tT is proportional to, andεT

is inversely proportional to, applied stress. The above
equations also predict thattT decreases with increasing
testing temperatureT and the activation energy oftT is
for grain boundary diffusion, and thatεT is independent
of T . The results of Figs. 3 and 4 are consistent with the
present model. The result in Fig. 5 is a little scattered,
but the behaviour may agree with the present model.

The origin of transient and steady-state creep in
metallic alloys has commonly been explained in terms
of dislocation mechanisms [37, 38]. The dislocation
creep may also occur in coarse-grained ceramics, e.g.
in Al2O3 with a grain size of more than 10µm [18, 39],
and the formation of subgrain is observed in several
ceramic materials (MgO, LiF, etc.) where the subgrain
size is determined by imposed stress as well as met-
als [40, 41]. Primary creep in these ceramics may be
explained in terms of dislocation activity and subgrain
formation. However, no dislocation activity is observed

in fine-grained Al2O3 at temperatures examined in this
study in accordance with the previous reports [42, 43].

It is demonstrated that the transient region appears in
diffusional creep and the transient strain is in the order
of elastic strain [12, 44]. The elastic strain is estimated
to be about 3× 10−4 at 1150◦C and under applied stress
of 100 MPa, which is much smaller than that observed
in fine-grained Al2O3. The diffusional transient model
proposed by Raj [10] also predicts that the time extent
of transient stage is less than 1 ks for Al2O3 at 1150◦C,
while the experimentaltT in the present Al2O3 is 45 ks
at 1150◦C under the stress of 53 MPa. The difference
is more than one order of magnitude.

Strain hardening during grain boundary sliding in
fine-grained ceramics is sometimes explained in terms
of grain growth [20, 45] or grain elongation [46]. How-
ever, there is no significant grain growth during creep
testing in Al2O3 examined in this study as mentioned
previously. Consequently, the grain growth is ruled out
from a possible origin of primary creep in finer grained
Al2O3.

Grain boundary sliding caused by dislocation glide
in grain boundaries is another mechanism of high-
temperature creep in metallic materials [47–49]. Ce-
ramics without grain boundary glassy phase may also
deform by the same mechanism. For example, Heuer
et al. [43] observed extrinsic grain boundary disloca-
tions in the crept Al2O3 with a grain size of 1.2µm and
the temperature of 1400◦C, which may be associated
with grain boundary sliding. Extrinsic dislocations are
also found in the grain boundaries of deformed single-
phase Al2O3 [50, 51]. It may therefore be concluded
that the transient creep in fine-grained Al2O3 is caused
by grain boundary sliding which involves grain bound-
ary dislocation glide and climb.

6. Conclusions
The transient creep behaviour of high-purity polycrys-
talline alumina has been examined at temperatures of
1150–1250◦C. The time extent of transient creep seems
to be proportional to applied stress and to decrease with
increasing temperature by an Arrhenius relation. The
transient strain also seems to be proportional to applied
stress.

A two-dimensional model of high-temperature creep
caused by grain boundary sliding is proposed. The
grain boundary sliding is assumed to occur by the glide
of grain boundary dislocations accommodated by the
climb of leading dislocation in pile-ups into the neigh-
bouring grains. The model predicts a change in creep
strainε with time t as follows

ε = a1t + a2(1− exp (−a3t))

where the value ofa1 describes the steady-state strain
rate ε̇s, a2 the total transient strainεT anda3 the time
extent of transient region. The time function has a sim-
ilar form with that used for describing the experimental
creep curves in metallic alloys. From the time function,
the transient strainεT and the time extent of transient
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regiontT are approximately given as a function of stress
and temperature as follows

tT ∝ T

Db
σ−1

εT ∝ σ

The stress dependence oftT andεT estimated from the
experimental creep curves in high-purity, fine-grained
alumina is in accordance with that predicted from the
model.
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