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Abstract

Low temperature creep behavior of ECAPed Al 5083 alloy with grain sizes of approximately 300 nm was investigated at temperatures
0f 498, 523 and 548 K. The value of the stress exponent was found to be 3.5 at a low stress level and increased to 5.0 at a high stress level.
At the low stress level, the creep curve exhibits typical class II behavior due to the accumulated strain during the ECAP process, even
though the creep is controlled by solute-drag processes with a stress exponent of 3.5. The average value of Q obtained from the analysis
of the data is close to that for dislocation pipe diffusion. Therefore, on the basis of the activation energy in a temperature range of 498K to
548K at low and high stress level, the creep deformation is controlled by dislocation glide and climb processes, respectively, and the rate-

controlling diffusion step might be dislocation pipe diffusion.
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1. Introduction

The mechanical behavior of ultrafine grained (UFG) materi-
als has attracted much attention in recent years, since these
materials exhibit high tensile strength and hardness with fairly
large ductility [1]. To produce materials with ultra-fine grain
sizes, equal-channel angular pressing (ECAP) [2] has been
adopted. The ECAP process is very effective in generating
relatively bulk UFG aluminum [2], steels [3], and titanium [4].
The average grain sizes obtainable by the ECAP process are
reported to fall in a range of 0.2 — 1im [2-4]. In ECAP, a billet
is pressed through a die having two channels of equal cross
section. The sample undergoes plastic deformation theoreti-
cally by pure shear when it passes through the intersecting
corner. By pressing the same sample repetitively through the
die, very high strain can be accumulated on the sample with-
out change to its cross sectional area.

While there has been extensive research over the past decade
on the creep deformation behavior of UFG metals and alloys,
studies have mainly focused on superplasticity for Al alloys
[5-7]. Tensile creep behavior of ECAPed UFG 5083 Al alloy
was studied by Park et al. [6] in the temperature range of 498 -
548K and a strain range of 10 to 10” s™'. They reported that
low temperature superplasticity of the UFG 5083 Al alloy
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could be attributed to grain boundary sliding that is rate-
controlled by grain boundary diffusion. The creep behavior of
ECAPed Al and Al alloys, however, is still not fully under-
stood. Tensile and compressive creep behavior of ECAPed
pure Al was studied by Sklenicka et al. [8] from 423 - 523K
and at applied stress levels ranging from 10 - 25 MPa. They
reported that creep in the ECAPed Al occurred by lattice dif-
fusion-controlled movement of dislocations, and that grain
boundary sliding became increasingly important with an in-
crease of the number of ECAP passes. However, these results
were preliminary and provided limited information on the
creep deformation mechanisms in ECAPed UFG Al alloys.
The purpose of the present investigation is to examine the low
temperature creep behavior of ECAPed UFG (d = 300 nm) Al
5083 alloy.

2. Experimental procedures

A commercial 5083 Al alloy (Al-4.4Mg—0.7Mn-0.15Cr (in
wt.%)) was supplied in the form of extruded bar. The alloy
was annealed at 773K for 2 hours. ECAP of 8 passes (an ef-
fective strain of ~8) with route B¢ was carried out at 473K on
the annealed alloy. The average linear-intercept grain size of
the as-ECAPed sample was about 0.3 um. The detailed ECAP
procedures and the microstructures of the sample have been
described elsewhere [6].

All the creep tests were conducted using double-shear spe-
cimens from the ECAPed rods of 5083 Al alloy with a diame-
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Fig. 1. Schematic of doublse-shear creep specimen geometry.

ter of 10 mm. The configuration and dimensions for the creep
specimen are shown in Fig. 1. The creep tests were conducted
in air in a three-zone furnace. The test temperature was moni-
tored with chromel-alumel thermocouples held in contact with
the specimen and was maintained within +1K of the reported
temperature. The strain during creep was measured with a
linear variable differential transformer (LVDT), accurate to
1.7 x 10° mm. The LVDT signal was amplified, and moni-
tored directly on a strip chart recorder. The shear stress, t, and
shear strain, y, were converted to normal stress, o, and normal
strain, €, using the expression ¢ =2 1 and € =2/3 y [9]. The
samples were tested under constant stresses at constant tem-
peratures ranging from 498 to 548K corresponding to 0.58 to
0.65 T,,, where T, is the incipient melting point.

3. Results and discussion

3.1 Creep curves

A large number of creep tests were conducted at stresses
ranging from 10 to 100 MPa. All of the creep curves obtained
in the present study exhibited only one type, regardless of
stress levels. As shown in Fig. 2(a), the shape of the creep
curve was typical class II (Metal type) behavior [10]: there is a
normal primary creep stage, during which the creep rate de-
creases continuously with increasing time; this stage is then
followed by a well-defined steady state period for which the
creep rate remains essentially constant. This type of creep
curve is clearly illustrated by the plots shown in Fig. 2(b) of
the logarithmic strain rate & against the total strain ¢ for tests
conducted at different temperatures under the same stress. At a
stress of 20 MPa, the normal primary stage extends to higher
strain.

3.2 Stress dependence of the steady state creep rate

The results from a number of tests conducted at three dif-
ferent temperatures are shown in Fig. 3 in terms of steady state

creep rate, £, against the true stress, 6, on a logarithmic scale.

The creep data for coarse grained (CG) unECAPed 5083 Al
alloy at 548K also are included in order to show the effect of
grain size on creep strain rate. The average grain size of the
unECAPed sample was 48 um. For the ECAPed samples, the
data show that the value of the stress exponent, n (=0ln & /0ln
0), was independent of temperature and that there is a signifi-
cant variation in the stress exponent with stress level. The
value of the stress exponent was found to be 3.5+ 0.2 at a low
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Fig. 2. Creep curves for 8 pass ECAPed 5083 Al alloy at 20 MPa: (a)
strain against time, and (b) creep rate against strain.

stress level and increased up to 5.0 = 0.2 at a high stress level.
The stress exponents of 3.5 and 5.0 suggest that the creep of
5083 Al alloy is controlled by a dislocation glide process and
by a dislocation climb process at low and high stress levels,
respectively. There is no data available on the stress exponent
for the low stress level of a similar alloy system at a similar
testing temperature. However, some experimental data have
been reported on stress exponents of similar alloy systems at
strain rates ranging from 10 - 107, corresponding to a high
stress level at similar testing temperature. The value of the
stress exponent 5.0 is in good agreement with the value of ~5
reported by Park et al. for the same ECAPed 5083 Al alloy at
a strain rate of close to 10 at 498 to 548K [6]. However, they
reported stress exponents of 5, 2.5, and 10 at high strain rate at
a narrow strain region of one order of magnitude, in contrast
to the present result of 5.0 at a wide range of strain rates from
10 - 10”. Hsiao and Huang reported a value of ~4 for 5083
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Fig. 3. Steady-state strain rate against stress for specimens tested from
498 to 548K.

Al alloy at strain rates ranging from 10 - 107 in a tempera-
ture range 423 to 523K [7]. Kawazoe et al. reported a value of
3.3 for ECAPed 5056 Al alloy at strain rates ranging from 10~
- 10™ in a temperature range of 498 to 523K [11]. For coarse
unECAPed samples, the creep strain rates are much lower
than those of ECAPed UFG samples. This behavior is par-
tially due to the ECAPed sample undergoing high dislocation
density produced strain during ECAP. The stress exponent of
the unECAPed samples does not remain constant but de-
creases with increasing applied stress. This behavior is similar
to the observed deformation in DS (dispersion strengthened)
alloys and Al alloys prepared by powder metallurgy [13], and
can be interpreted in terms of a threshold stress. It is well
known that a threshold stress may arise from the interaction
between lattice dislocations that move by viscous glide in the
interiors of grains providing obstacles to boundary sliding, and
dispersion particles that are present in the interiors of the
blocking grains [14].

3.3 Threshold stress

To estimate the values of the threshold stresses associated
with the creep of 5083 Al alloy, the data at a single tempera-
ture were plotted as £"" against 6 on a double linear scale.
The datum points of this plot were best fitted on a straight line
by varying the n values. The n values were taken as 2, 3, 4, 5,
and 7. For ECAPed UFG samples, a stress exponent of 4
yielded the best linear fit between £"” and 6. The estimated
values of oy, for ECAPed UFG samples were 3.7, 2.6, and 2.2
MPa for 498, 523, and 548K, respectively, as shown in Fig.
4(a). For unECAPed samples, a stress exponent of 5 yielded
the best linear fit between &"" and 6. The value of 6y, for
unECAPed samples at 548K was 5.4 MPa, as shown in Fig.
4(b). It is reported that the threshold stress of a modified 5083
Al alloy has values of 20.1 MPa and 13.3 MPa at 523K and
573K, respectively. For the cryomilled UFG 5083 Al alloy,
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Fig. 4. Determination of the threshold stress by plotting £"" against
o on (a) ECAPed UFG alloy and (b) unECAPed CG alloy.

the threshold value ranged from 11.6 MPa to 8.5 MPa at 573K
to 648K [13]. The authors speculated that nano-scale disper-
sion particles, which are introduced into 5083 Al during cry-
omilling, exist in the interiors of the grains of cryomilled 5083
Al. These impurities may segregate to the grain boundaries,
leading to a threshold stress for sliding. It is well known that
the threshold stress increases with decreasing temperature [14].
The present value of 5.4 MPa at 548K is lower than that of
cryomilled 5083 Al at higher temperatures [13], indicating
that the binding stress between the dislocations and the parti-
cles of the cryomilled 5083 Al sample is higher, compared to
the present unECAPed 5083 Al alloy.

At present, it is not clear why the present ECAPed UFG
5083 Al alloy shows a negligible threshold stress. The very
low threshold stress in the present ECAPed UFG 5083 Al
alloy can be explained by the following assumption. The thre-
shold stress is known to increase with increasing grain size
[15]. The present findings on temperature and grain size de-
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pendencies of threshold stress are in good agreement with the
previously reported data [14]. The threshold stress is related to
initiation of glide at triple junctions, ledges, or particles at the
grain boundaries, and not diffusion. However, diffusion and

recovery effects can reduce this strength via thermal activation.

As the temperature increases, thermal vibration of pinned
dislocations enhances their mobility. These dislocations can
then overcome obstacles more easily to initiate the glide proc-
ess. Microstructures with smaller grain sizes have more grain
corners as well as particles per unit volume lying on grain
boundaries [14]. Thus, more glide sources are activated in fine
grain metals, resulting in a greater creep strain in comparison
with coarse grain metals. This leads to lower threshold stress
in the UFG 5083 Al alloy.

3.4 Activation energy for creep

The activation energy for creep can be determined using the
power-law creep equation

é=A(c-0,)" exp(—%) )]

where £ is the steady state creep rate, oy, the threshold stress,
n the stress exponent, and A a material constant. Q
the activation energy, R the gas constant, and T the absolute
temperature. For calculating the activation energy for the
creep, the data of Fig. 3 were used to plot the logarithmic
& G™' T against 1000/T at low (o - o5, = 30 MPa) and at high
stress (6 - 6y = 80 MPa). The activation energy was then de-
termined from the slope of the resultant straight line, which,
according to well-documented analysis [16], is equal to
—2.3Rxd(logé)/(d(1/T) . In estimating Q from the method,
information concerning the shear modulus, G, was taken from
the data available on pure Al [17]. The modulus G for Al is
expressed as 3.022 x10*- 16T (MPa). The values of Q ob-
tained from the analysis of the data are 72.6 kJ/mole and 96.1
kJ/mole at low and high stress levels, respectively. The value
of Q (= 72.6 kJ/mole), as shown in Fig. 5(a), is slightly lower
than that for grain boundary diffusion Qg of Al (= 86 kJ/mole)
[18]. The value of Q is much lower than that for Mg diffusion
in Al (= 130.5 kJ/mole) [18]. Recently, Kolobov et al. re-
ported that the Qg, value of ECAPed Ni was much lower than
that of coarse grained Ni due to the nonequilibrium nature of
grain boundaries induced by severe plastic deformation [12].
In addition, the activation energy Q is generally equal to that
for dislocation pipe diffusion (Q,) and Q = 2/3Q;, from about
0.4 to 0.6 T, [16]. The lattice diffusion Q is reported to be
142kJ/mole [18]. The test temperatures employed in the pre-
sent study for 5083 Al alloy were in a range of 0.58 to 0.65 T,
and the measured Q value (Q/Q. =0.51) is consistent with
results reported in the literature [16]. It is thus suggested that,
at a low stress level, the creep of 5083 Al alloy is controlled
by a dislocation glide process, and the rate-controlling diffu-
sion step may be dislocation pipe diffusion or grain boundary
diffusion. However, the stress exponent of 3.5 is not consistent
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Fig. 5. Determination of the activation energy for creep in ECAPed
UFG 5083 Al alloy (a) at low stress and (b) at high stress by plotting
& G™' T against 1000/T.

with the occurrence of grain boundary diffusion. Thus, on the
basis of the activation energy of 72.6 kJ/mole and a stress
exponent of 3.5 at low stress level, the creep deformation is
controlled by a dislocation climb process, and the rate-
controlling diffusion step might be dislocation pipe diffusion
of the Mg atom in Al rather than grain boundary diffusion.
The value of Q obtained at high stress (¢ - o3 = 80 MPa)
is 96.1 kJ/mole, as shown in Fig. 5(b). This is higher than the
value of 61 kJ/mole reported for the same ECAPed 5083 Al
alloy at a strain rate of close to 5 x 10™ at 498K to 548K [6].
The value of Q = 96.1 kJ/mole agrees with that for the activa-
tion energy for grain boundary diffusion Qg of Al (86
kJ/mole) [18] and is close to the value of dislocation pipe dif-
fusion (Q/Qr =0.68). On the basis of the activation energy in a
temperature range of 498K to 548K at high stress level, the
creep deformation is controlled by a dislocation climb process.
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The rate-controlling diffusion step might be dislocation pipe
diffusion of Al atom in Al rather than grain boundary diffu-
sion since the stress exponents of 5 is not consistent with the
occurrence of grain boundary diffusion.

3.5 Creep mechanisms

It is well known that the typical creep curve for class I (Al-
loy type) with a stress exponent of 3.5 shows little or no in-
stantaneous strain upon application of the load, a brief period
of either primary creep or inverted primary creep, and then
steady state strain rates when the value of the stress exponent
is approximately three. At present, it is not clear why, with a
stress exponent of 3.5 at a low stress level, the creep curve
exhibits typical class IT (Metal type) behavior. This behavior
can be explained by this assumption. If creep is controlled by
solute-drag processes with a stress exponent of 3.5, then the
creep rate at any instant is determined by the number of mov-
ing dislocations and their average velocity according to the
equation, &= pbv . If strain is accumulated through the
ECAP process, the initial creep rate should then increase with
increasingly accumulated strain levels, since progressively
higher dislocation densities are present before creep starts.
Even when glide processes govern the creep behavior, recov-
ery processes tend to reduce the dislocation density towards
the equilibrium levels for the applied stress. The creep rate of
specimens with substantial accumulated strain then decreases
as creep continues. Therefore, at a low stress level, the creep
curve exhibits typical class II behavior due to the strain accu-
mulated during the ECAP process, even though the creep is
controlled by solute-drag processes with a stress exponent of
3.5.

To check this conclusion on solute-drag processes and dislo-
cation climb mechanisms at a low and high stress levels, re-
spectively, it is necessary to compare the experimental and
theoretical creep rates. In class I or Alloy type creep with a
stress exponent of 3.5, dislocations are understood to glide in a
viscous manner due to their interaction with solute atoms.
Several different drag processes have been proposed [19-21].
Among these mechanisms, calculations show that the major
force retarding the glide of dislocations often arises from the
presence of impurity atmospheres. In the theory of Weertman
[19], it is assumed that the motion of dislocations occurs as
sequential glide and climb processes, and the slower of these
two processes is the rate-controlling mechanism. In the solid
solution alloys when glide is slower than climb, the steady-
state creep rate is given by

(28 2y @

. 035 kT
E=
Gb’ kKT G

(

2
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where ¢ is the solute-solvent size factor, ¢ the solute concen-
tration, k Boltzmann’s constant (=1.38x107% J/K), b Burgers,
D the chemical interdiffusivity of the solute atoms. On the
other hand, the theory of Takeuchi and Argon [20] is based on
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Fig. 6. Normalized strain rate against normalized stress for temperature
from 498 to 548K: (a) solute drag creep and (b)D.-controlled disloca-
tion climb creep.

Cottrell-Jaswan interaction. By considering the rates of dislo-
cation multiplication and annihilation, the steady-state creep
rate due to dislocation glide is given by

2(DGb, 0,
FELD) 3

i 0.125( kT
éc Gb’

In the theory of Fridel [21], it is assumed that the diffusion of
solute atoms is assisted by the line tension of the dislocations.
The steady-state creep rate is given by

é= 0.18(13{—?))(%)3 @)

To evaluate the prediction of these glide models, the datum
points shown in Fig. 3 were replotted in logarithmic form of
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D kT/Gb against /G, putting e = 0.12, b = 2.86x10""m [18],
the solute (=magnesium) concentration ¢ = 0.049, G = 3.022
x10*- 16T (MPa) [17], and taking D as the chemical inter-
diffusivity of magnesium in aluminum; D = 1.24 x 10* exp
(-130,500/RT) m’s” [18]. The effect of solid solution of
chromium and manganese, which are minor alloys addition to
Al-Mg-Mn-Cr system alloys, is neglected for the sake of sim-
plicity plots. Fig. 6(a) shows the predicted creep rates for the
theories of Weertman [19], Takeuchi and Argon [20], and
Fridel [21]. The experimental data reported by Park et al. [6]
for ECAPed 5083 Al alloy obtained from strain rate change
tests are also presented here. The results show that all of the
experimental points now lie on a single line with a slope of
about 3 at a low stress level. Within the region where n = 3.5,
the present results are in better agreement with the prediction
of the Takeuchi and Argon model [20], suggesting that dislo-
cations glide in a viscous manner due to their interaction with
solute atoms at a low stress level. However, there is another
deformation mechanism of dislocation climb at /G > 5 x10°.

According to the theoretical model for dislocation climb
developed by Weertman [22], the steady state creep rate is
given by

D, @ O .45
b3'5M°'5)( (=) (%)

e=al kTG

where a is a constant having a value in the range 0.015 < a
<0.33, Dy is the coefficient for lattice self-diffusion (=1.7 x10°
* exp(-142000/RT) [18], Q is the atomic volume, M is the
number of dislocation sources per unit volume and is equiva-
lent to 0.27 p'~. Dislocation density p is usually between 10"
and 10"*/m’. The creep rates were calculated from Eq. (5) and
plotted in Fig. 6(b), taking o =0.1, M =2.8 x 10""/m’, and Q =
1.66 x 10”m’. Fig. 6(b) shows that the predicted creep rates
by the Weertman model [22] are in better agreement with the
experimental results, including the results by Park et al [6],
suggesting that dislocation climb is the rate-controlling proc-
ess at a high stress level.

The temperature compensation through Dy or Dg and G was
not sufficient to make a good fit of the present experimental
data due to the exact values of the diffusivity. And, micro-
structural evolution can partially affect the creep behavior. To
check whether there was grain growth during creep deforma-
tion of the UFG 5083 Al alloy, it was found that there was a
rapid decrease in microhardness of the ECAPed 5083 Al alloy
at the beginning of annealing at 498K, suggesting that a sig-
nificant grain growth of the alloy occurred. Thus, it can be
predicted that microstructural evolution occurs during creep
deformation.

3.6 Transitions between the creep mechanisms

There have been several experimental investigations of sol-
id solution alloys to examine the deviation at high stress from
viscous glide behavior with n ~3. For example, Yavari and

Langdon [23] showed that there was marked change in the
creep behavior of Al-Mg alloys with increasing stress such
that there was an increase in the stress exponent from 3 to 4.5
and this change was due to the break-away of dislocations
from their solute atmospheres. Also, it was demonstrated that
for various solid solution alloys, the values of the experimen-
tal stresses marking the transitions from viscous glide to a
break-away condition were in very good agreement with the
stresses predicted by a break-away relationship developed by
Fridel [21]. Following Fridel, the break-away stress, 6., which
is necessary to break a dislocation from its solute atmosphere,
may be expressed as

2

W “c
o.=(—= 6
. (5ka3) (6)

where W, is the binding energy between a solute atom and an
dislocation, and c is the solute concentration. The value of W,
may be calculated from the theoretical expression [21]

W, = V)6lar,
2r 1-v

™)

where AV, is the difference in volume between the solute and
solvent atom, v Poisson’s ratio. For magnesium in aluminum,
AV, = 5.8 x 10™° m’® [24]. The estimated values o, are 46.7,
43.2, and 40.0 MPa for T =498, 523, and 548 K, respectively.
In practice, the experimental transitions occur at stresses of
approximately 40 MPa for the testing temperatures, as shown
in Fig. 3, and these values are very close to the estimated val-
ues from Eq. (6). Thus, it is concluded that the dislocations
have broken away from their solute atom atmospheres at the
transitions.

4. Conclusions

The creep behavior of well-annealed coarse-grained (CG)
and ultrafine-grained (UFG) 5083 Al alloy at 498K, 523K,
and 548K was investigated. For coarse unECAPed samples,
the creep strain rates are much lower than those of ECAPed
UFG samples. The value of the stress exponent was found to
be 3.5+ 0.2 at a low stress level and increased up to 5.0+ 0.2
at a high stress level. At low stress level, the creep curve ex-
hibits typical class II behavior due to the strain accumulated
during the ECAP process, even though the creep is controlled
by solute-drag processes with a stress exponent of 3.5. The
average value of Q obtained from the analysis of the data
is 72.6 kJ/mole and 96.1 kJ/mole at low and high stress levels,
respectively. Therefore, on the basis of the activation energy
and the stress exponent, it is concluded that at low stress level,
the creep deformation is controlled by a dislocation glide
process, and the rate-controlling diffusion step might be dislo-
cation pipe diffusion of the Mg atom in Al rather than grain
boundary diffusion. At high stress level, the creep deformation
is controlled by a dislocation climb process, and the rate-
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controlling diffusion step might be dislocation pipe diffusion
of Al atom in Al
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