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Abstract—Creep of steel Fe—0.6%0 produced by the method of powder metallurgy has been studied in a tem-
perature range of 550-700°C at flow stresses from 100 to 400 MPa. It has been shown that the creep of the mate-
rial is characterized by high values of the apparent activation energy for deformation, which considerably
exceeds the value of the activation energy for self-diffusion in o iron, and by high values of the stress exponent
in the power law of creep. An analysis of the deformation behavior of the alloy showed that there are observed
high threshold stresses as a result of retardation of moving dislocations by small incoherent particles of oxides.
Taking into account the threshold stresses and the temperature dependence of the shear modulus, it has been
established that the deformation behavior of the powder material is described by a power law of creep. The true
values of the stress exponent were found to be approximately 8, and the values of the true activation energy for
deformation, to be close to the activation energy for bulk (at 7= 700°C) and pipe (at 7= 550-650°C) self-dif-

fusion.

1. INTRODUCTION

At present, to increase the creep strength of superal-
loys, various indissoluble dispersed particles are intro-
duced into the metallic matrix of the alloys by different
methods of powder metallurgy. One of such methods is
the mechanical milling of powders of various materials
and their subsequent compacting by plastic treatment
[1, 2]. This method is very efficient, since it makes it
possible to obtain articles of commercial sizes made
from an unlimited number of materials. This method
was recently used for obtaining high-strength steels
with an ultrafine-grain structure containing nanoparti-
cles of oxides that are homogeneously distributed in the
ferrite matrix [3, 4].

The strain rate € at the steady-state stage of plastic
flow of materials that do not contain dispersed particles
is usually described at elevated temperatures by a
power dependence on the applied stress [5—7]

. n -Q

£ = Ao exp(RT), (D)
where A is a constant, ¢ is the applied flow stress, n is
the stress exponent, Q is the activation energy for plas-
tic deformation, R is the universal gas constant, and 7'is
the absolute temperature. In different materials the
stress exponent varies from 3 to 7, depending on the
mechanisms of motion and interaction of dislocations.
The value n = 3 is observed in the case of a viscous
glide of dislocation, i.e., if the rate of dislocation move-

ment is determined by the velocity of migration of the
Cottrell atmosphere of solute atoms existing around the
dislocation core [6]. In pure metals and solid solutions
the stress exponent is equal to 4-7. In this case the plas-
tic-flow velocity is controlled by the velocity of a non-
conservative movement of dislocations, namely, by
their climb [6]. An increase in the magnitude of the
stress exponent was observed in the case of high rates
of deformation [5-7]. Usually this is ascribed to a dis-
turbance of the power law of creep. In the overwhelm-
ing majority of cases the experimental values of the
activation energy for deformation coincide with the
activation energy for bulk, pipe, or grain-boundary self-
diffusion. However, in the range of comparatively low
temperatures of deformation the mechanisms of plastic
flow have been studied insufficiently. This especially
refers to oxide-dispersion-strengthened (ODS) alloys,
whose deformation behavior was mainly investigated at
high homologous temperatures [8—14]. Furthermore,
the works published were as a rule performed on mate-
rials in which the basic (matrix) phase was a solid solu-
tion with a face-centered cubic lattice. Any systematic
studies of the mechanisms of deformation in the ODS
alloys with a body-centered cubic structure are virtually
absent.

This work is aimed at an experimental study of the
mechanisms of plastic flow in an Fe—O alloy (contain-
ing about 2 vol % iron oxide Fe;O, with an average par-
ticle size of ~11 nm [4]) at temperatures of 550-700°C,
an analysis of the dependence of the velocity of plastic



flow on the applied stress, and the determination of the
magnitude of threshold stresses and of the effect of the
temperature of treatment on it.

2. EXPERIMENTAL

As the material for the study, we selected steel Fe—
0.6%0, which contains (in wt %) 0.58 O, 1.2 Cr,
0.5Ni, 0.18 Mn, 0.11 W, 0.11 Si, 0.05 Cu, 0.01 C,
(0.009 P, 0.007 S, and Fe for balance. The oxygen in this
steel is mainly concentrated in small dispersed particles
(~11 nm) of the iron oxide Fe;0O,, whose volume frac-
tion is approximately 2% [4]. The method of the steel
preparation, which consists of mechanical milling and
subsequent consolidation by plastic deformation, was
in detail described earlier [3, 4, 15]. To stabilize the
structure, the bars were annealed at 810°C for 25 h prior
to the mechanical tests.

The mechanical tests were carried out in a tempera-
ture range of 550-700°C. At high strain rates (from 1.4 X
10 to 102 s7'), the method of compressive loading
was employed, with the use of a Schenk RMS100 uni-
versal testing machine. At low strain rates (from 1.2 x
1078 to 10-° s71), the method of tensile tests under a con-
stant load was employed, with the use of a creep testing
machine of a lever type. The compression samples had
a diameter of 7 mm and a height of 11 mm; the tensile
samples had the length of the gage part equal to 20 mm
with a diameter of 4 mm. The axis of each sample coin-
cided with the direction of the preceding plastic treat-
ment. For the protection from oxidation the samples
were covered with a lubricant, which consisted of the
oxides of boron and aluminum. In more detail, the
methods of mechanical testing are described in
[16, 17].

The microstructure was studied in a JEM-2000E
transmission electron microscope (TEM). The foils for
TEM studies were prepared using a Tenupol-3 elec-
tropolishing device with a 5% solution of perchloric
acid in the acetic acid under a voltage of 60 V at room
temperature.

3. RESULTS
3.1. Mechanical Properties

Figure 1 displays typical dependences of creep rate
on strain at temperatures of 600 and 700°C at different
stresses. It is seen that all creep curves have a short first
transient stage of creep. At the early stage of plastic
flow, the strain rate decreases sharply to a certain mini-
mum value, which is kept constant during further defor-
mation. The plastic flow reaches a steady-state stage.
The minimum creep rate is reached at comparatively
small strains € < 0.012.

Dependence of the minimum creep rate on the
applied stress. Assuming that the deformation behav-
ior of the material is described by a power law of creep
(1), let us examine the dependence of the strain rate on
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Fig. 1. Dependence of the true creep rate on strain for the
Fe-0.6%Q alloy.
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Fig. 2. Relationship between the creep rate and the applied
stress at different temperatures in the logarithmic coordi-
nates.

the flow stress. Figure 2 displays, in the logarithmic
coordinates, a change in the strain rate with a change in
the applied stress at different test temperatures. It is
seen that the stress exponent calculated from the exper-
iment has anomalously high values (~16). Furthermore,
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Fig. 5. Typical relationships between é”" and © for the determination of threshold stresses at different n.

mation, respectively. In practice, the threshold stresses,
as a rule, are equal to the long-term strength, which
makes it possible to use the ODS alloys as high-temper-
ature materials (superalloys) for the operation under
loads that considerably exceed those for the materials
that do not contain nanooxides.

Determining threshold stresses. To estimate

threshold stresses, we plotted dependences of ¢ onc
for each deformation temperature. The typical depen-

dences for different £ are shown in Fig. 5. As the true
value of n*, we chose the value of n for which the
experimental points fall well into a straight line. It was

established that the &' (o) graphs are approximated
by a linear dependence with a maximum regression
coefficient at n = 8. The threshold stresses are deter-
mined by the extrapolation of the resultant straight lines

tog" = 0; the corresponding value of G is taken as the

threshold stress. The experimental values of the thresh-
old stresses are given in Table 1. The absolute values of
the threshold stresses in the material investigated are
sufficiently high; in many instances, they are greater
than half the applied stress. It is seen that the ODS iron
can carry quite high loads, as the most contemporary
high-temperature steels with a dislocation martensite
structure [22]. Thus, the strengthening of steels by
nanooxides can be considered as a highly efficient
method of increasing creep strength. Note also that the
deformation temperature has only a weak effect on the
value of threshold stresses. The observed temperature
dependence of threshold stresses is very weak and can
be connected only with the temperature dependence of
the shear modulus; i.e., in this case (in contrast to the
results obtained in [16, 17, 19-21, 23, 24]) no temper-
ature dependence of the threshold stresses normalized

to the shear modulus has been revealed. Correspond-
ingly, the threshold behavior can be analyzed in terms
of the existing models, most of which do not predict a
temperature dependence of threshold stresses [25].

Origin of threshold stresses. It is usually assumed
that the sources of threshold stresses are stable incoher-
ent dispersed particles, which serve as efficient barriers
for mobile dislocations. In the Fe-0.6%0 alloy we
investigate here, the factor responsible for the existence
of threshold stresses can be the presence of dispersed
particles of the iron oxide. Let us consider the mecha-
nism of interaction of moving dislocations with parti-
cles. There exist several theoretical models of the
mechanism of strengthening of alloys by dispersed par-
ticles, e.g., the Orowan model [23], the model of the
local climb of dislocations through particles [24], the
model of the dislocation detachment from the particle
[18]. The values of threshold stresses calculated in dif-
ferent models are given in Table 2. The following struc-
tural parameters were used for the calculations: the
diameter of particles, ¢ = 10 mm; the interparticle dis-
tance, A = 200 nm; the Burgers vector of dislocations,
b =0.248 nm for ¢a-Fe; and the parameter of relaxation,
kq = 0.9. The experimental values of threshold stresses
coincide sufficiently well with those calculated in the
models of local climb of dislocations and of the detach-
ment of dislocations from particles (see Table 1). The
structural studies (see Fig. 4) also indicate that the over-

Table 1. Experimental values of threshold stresses in the
Fe—0.6%0 alloy at different deformation temperatures

T,°C 550 600 650 700
G, MPa 100 95 90 80
64/G 1.6x 1073 [1.58 x 1073(1.58 x 107} 1.5 x 1073




Table 2. Threshold stresses (MPa) of the Fe—0.6%0 alloy calculated using different theoretical models for the incoherent

dispersed particles

Model Magnitude of G, 550°C 600°C 650°C 700°C
Orowan [23] 0, = 0.84Eb/(h — d) 3773 361.1 342.6 321.7
Local climb [24] o, = 0.3Eb/A 121.3 116.1 110.1 103.4
Breakaway [18] Oy =Eb/M1 - ki )2 127.8 122.3 116.1 109

coming of particles by moving dislocations occurs by
bypassing of particles by the dislocations without the
formation of characteristic Orowan loops. This bypass-
ing is characteristic of the bypassing of particles by dis-
locations by the mechanism of local climb. As was
shown in [24], the dislocation line which contains a
half-loop sufficient for overcoming a nanoparticle can
be stable only in the case of its interaction with the
interphase boundary. This interaction decreases the dis-
location energy due to a partial relaxation of its long-
range stress fields near the interphase boundary and is
the factor responsible for the appearance of threshold
stresses necessary for the breakaway of a dislocation
from the particle. Consequently, the strengthening
effect of dispersed oxides in the Fe-0.6%0 alloy is
ensured due to an increase in the overall length of dis-
locations during their interaction with the particles and
to an increase in the energy necessary for the break-
away of dislocations from the particles.

Deformation behavior with allowance for thresh-
old stresses. To analyze the deformation behavior of
the Fe—0.6%0 alloy, the data of mechanical tests were
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Fig. 6. Variation of the logarithm of the creep rate depend-
ing on the logarithm of effective flow stress normalized to
the shear modulus.

revised with allowance for threshold stresses according
to Eq. (2). The dependences of the creep rate on the
effective flow stresses normalized to the shear modulus
are presented in Fig. 6. The deformation behavior of the
alloy at temperatures of 550-700°C is described well
by a power law of creep in the form (2) with a true stress
exponent n = 8 in a wide range of strain rates from 107 to
107! st

The true activation energy for plastic deformation
Q. in Eq. (2) was determined by the method described
above, with the use of values of effective stresses. The
thus-calculated values of Q. are given in Fig. 7 as a
function of the deformation temperature. It is seen that
the magnitude of the true activation energy equal to
185 £ 15 kJ/mol at temperatures in the range from 550
to 650°C is very close to the value for pipe self-diffu-
sion in pure o iron (Q, = 174 kl/mol [6]). At a higher
testing temperature (700°C), the activation energy for
deformation increases to 259 + 15 kJ/mol, which coin-
cides with the activation energy for bulk self-diffusion.

Thus, as a result of the analysis of the deformation
behavior of the Fe—0.6%0 alloy with allowance for
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Fig. 7. Temperature dependence of the activation energy for
creep.



threshold stresses, we obtained realistic values of the
true activation energy for deformation. It can be con-
cluded that the creep rate of alloy in the temperature
range of 550-650°C is determined by the nonconserva-
tive movement of dislocations, which, in turn, is con-
trolled by self-diffusion along dislocation cores. At a
deformation temperature of 700°C, the mechanism that
controls the climb of dislocations is bulk self-diffusion.

CONCLUSIONS

(1) The deformation behavior of the Fe-0.6%0
alloy containing dispersed oxides whose volume frac-
tion is 2% has been investigated in the temperature
range of 550-700°C. It is shown that the dispersed par-
ticles retard the dislocation movement and thus exert a
substantial influence on the deformation behavior of the
alloy. The threshold stresses during creep are approxi-
mately 100 MPa.

(2) The relationship between the strain rate and the
effective flow stress calculated with allowance for
threshold stresses can be represented in the form of a
power law with a stress exponent equal to 8. The true
activation energies for deformation in the temperature
range of 550-650°C and at a temperature of 700°C are
185 £ 15 and 259 £ 15 kJ/mol, respectively.

(3) The overcoming of dispersed particles by dislo-
cations in the process of plastic flow at temperatures of
550-650°C is controlled by pipe self-diffusion, and at
a temperature of 700°C, by bulk self-diffusion.
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