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Abstract—The mechanisms of plastic deformation of Cr20Ni80 nichrome with an initial grain size of 80 um
were studied in the temperature range 600-950°C and the strain-rate range 1.5 x 10°-5 x 102 s~'. Nichrome is
shown to exhibit anomalously high values of stress exponent 7 and a high deformation activation energy (.
These unusual properties were found to be caused by “threshold” stresses below which deformation does not
occur. An analysis of the deformation behavior with allowance for threshold stresses reveals the regions of hot,

warm, and cold deformation in nichrome. At normalized strain rates £€k7/D; Gb < 1078, the true values of # and
Q are ~4 and 285 + 30 kJ/mol, respectively. In the normalized-strain range 108~10* n ~ 6 and the deformation
activation energy decreases to 175 + 30 kJ/mol. This change in the deformation-behavior characteristics is

explained by the transition from high-temperature dislocation climb, which is controlled by lattice self-diffu-
sion, to low-temperature dislocation climb, which is controlled by pipe diffusion, as the temperature decreases.

At £kT/D{Gb =10, apower law break-down takes place and an exponential law (which describes the defor-

mation behavior in the range of cold deformation) becomes operative.

INTRODUCTION

Superalloys based on the Ni-Cr and Ni-Fe—Cr sys-
tems are now widely used in aviation-engine turbines
and electric power installations. The mechanical prop-
erties of these materials under creep conditions are
practically important, since they control the service
characteristics of turbines. Any increase in such param-
eters as the long-term creep strength and the rupture
time can decrease the fuel consumption due to an
increase in the operating temperature or a decrease in
the weight of the parts operating at high temperatures.
Modern superalloys have very high mechanical proper-
ties. A further increase in the creep strength of these
alloys can only be achieved by analyzing the physical
processes that occur in materials during creep.

On the other hand, a large number of superalloys are
wrought materials. Detailed information on the defor-
mation mechanisms that take place at the temperatures
and strain rates of metal forming can be used to opti-
mize technological operations and to decrease the
required force in deforming tools.

Unfortunately, the deformation mechanisms that
occur in them at high temperatures have been studied in
a few works despite a large number of works dealing
with the creep and deformation of superalloys [1]. Such
creep mechanisms are poorly understood not only in
complexly alloyed superalloys containing the ¥ phase

or its analog with the bct lattice in Inconel-type alloys,
but also in dilute Ni—Cr alloys.

It seems promising to study the deformation mech-
anisms in superalloys by comparing the deformation
processes that occur in a y-phase solid solution with the
deformation behavior of alloys containing disperse par-
ticles [2]. The deformation mechanisms in Cr20Ni&80
alloy, which has a low stacking-fault energy (SFE) [3],
are analogous to the deformation mechanisms operat-
ing in the y matrices of most superalloys. Correspond-
ingly, detailed information on the deformation pro-
cesses that proceed in nichrome is required to analyze
the deformation mechanisms in superalloys containing
both coherent y-phase particles and Y,0; nanoparti-
cles.

The available data on the deformation behavior of
Cr20Ni80 alloy [1-3] were analyzed in [1] and repre-
sented in the form of deformation mechanism maps.
However, these data do not yield a complete picture of
the physical processes that control the strain rate. The
general disadvantage of the works dealing with the
deformation mechanisms in nichrome consists in insuf-
ficient structural studies. Most authors whose experi-
mental data were summazized in [1] analyzed the
mechanical properties and used the results obtained to
draw conclusions concerning the deformation mecha-
nisms operating in nichrome. Moreover, there are no
data on the relation between the deformation mecha-
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Fig. 6. é”n -6 curves for temperatures of (a) 750 and

(b)950°C. Linear approximation for determining the
threshold stresses: (a) 750°C; at n = 3, the points form a
concave curve; at n = 6, points fit a straight line; at n = 8, the
points form a convex curve; (b) 950°C; at n = 3, the points
form a concave curve; at 1 = 4, points fit a straight line; at
n = 6, the points form a convex curve.

straight line. The value of n at which the agreement
between points and the straight line is the best is taken
to be the true exponent. The extrapolation of this line to

¢'"" =0 allows o, to be determined.

Figure 6 shows the typical ¢ — & curves. At 950
and 750°C, the agreement with a straight line is the best
for n = 4 and 6, respectively. At lager or smaller values
of n, the experimental points form curved lines. The
table gives the true exponents n and the threshold
stresses for various temperatures. Stress exponent n is

seen to increase from 4 to 7 as the temperature
decreases from 950 to 650°C. The threshold stress
decreases as the deformation temperature increases.
The threshold stress is found to exceed 100 MPa at
650°C. In other words, we have every reason to believe
that these threshold stresses yield the feasibility to use
nichrome as a structural material at these temperatures.

The threshold stresses are described by the equation
[4, 11-13]

G[h/G = BOGXP(QO/RT), (6)

where By is a constant and (J, is the activation energy
required for a dislocation to overcome an obstacle.

Figure 7 shows normalized threshold stress 6,/G as
a function of the temperature in semilogarithmic coor-
dinates. There exist two different temperature depen-
dences of the threshold stresses that differ in the nature
of threshold stresses. At 950-700°C, @, is about
18.5 kJ/mol. At low temperatures (650-700°C), this
value is higher (about 100 kJ/mol). At 700°C, the weak
temperature dependence of the threshold stresses at
high temperatures changes into the strong temperature
dependence at low temperatures.

The majority of modern models consider the thresh-
old stresses as a result of the interaction between dislo-
cations and particles. However, these models are inap-
plicable to interpret our experimental data because of
the absence of particles with several nanometers in size
that are not dissolved upon heating. Only nanoparticles
with a specific volume of 21% can generate the thresh-
old stresses observed experimentally.

To explain the threshold stresses that occur during
superplasticity, the authors of [20, 21] assumed that
they appear as a result of the interaction of dislocations
with dissolved atoms or particles less than 7 nm in size
formed along grain boundaries. Note that those authors
consider particles less than 7 nm in size from the stand-
point of the nature of threshold stresses as clusters of
dissolved atoms. Using this theory, we can explain the
presence of threshold stresses in nichrome at a temper-
ature below 700°C as the result of the interaction of dis-
locations with short-range ordering areas. Unfortu-
nately, these particles can be detected by electron
microscopy only using direct resolution [17]. Neverthe-
less, the indirect data in [22] point to the precipitation
of these particles or short-range ordering in the temper-
ature range 300—650°C. It is this short-range ordering,
which is responsible for the Portevin—Le Chatelier
effect and a positive temperature dependence of the
flow stresses in nichrome at these temperatures [22],
that can cause the high values of threshold stress and,
correspondingly, can ensure a satisfactory creep
strength of nichrome. This assumption is supported by
the data in [23-25], where coherent Al;(Sc, X) particles
5-30 nm in size were shown to provide high threshold
stresses.
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Fig. 7. Normalized threshold stresses vs. the reciprocal tem-
perature in semilogarithmic coordinates.

The nature of the threshold stresses at temperatures
>700°C is unclear. We can only assume that the thresh-
old stresses can result from barriers similar to Lomer—
Cottrell barriers, which form upon the intersection of
moving dislocations belonging to different systems. As
the deformation temperature increases, predominantly
multiple slip changes into predominantly single slip; as
a result, the probability of dislocation intersection
decreases, which decreases the threshold stresses.

True Activation Energy of Plastic Deformation

To determine the true activation energy of plastic
deformation, we plotted the dependence of the normal-
ized effective stresses against the reciprocal tempera-
ture in semilogarithmic scales (Fig. 8a). There are two
temperature ranges (650-700°C, 700-950°C) having
different slopes k. It should be noted that the shapes of
these curves very weakly change with the strain rate,
which indicates a high accuracy in determining the
threshold stresses.

Figure 8b shows the variation of the true activation
energy of plastic deformation; at 950-750°C, this
energy is seen to be 285 * 30 kJ/mol, which corre-
sponds to the activation energy of lattice diffusion of
nickel atoms in a Ni-20% Cr solid solution
(285 kJ/mol) [14]. At 700 and 650°C, the activation
energy is 175 + 30 kJ/mol, which corresponds to the
activation energy of pipe diffusion of nickel atoms in a
Ni-20% Cr solid solution (170 klJ/mol) [14]. The
increase in the activation energy of plastic deformation
with the deformation temperature can be explained by
the transition from low-temperature dislocation climb
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Fig. 8. (a) Normalized effective stresses vs. the reciprocal
temperature in semilogarithmic coordinates and (b) the
variation of the true activation energy of plastic deformation
with the temperature.

controlled by pipe diffusion to high-temperature dislo-
cation climb controlled by lattice diffusion [6, 7, 11,
12]. Since the studies of the deformation relief revealed
no signs of cross slip, we have every reason to believe
that dislocations in nichrome are redistributed only via
climb. As a result, a decrease in the dislocation climb
rate strongly affects the deformation behavior of such
materials and structural changes in them. The transition
from rapid high-temperature to slow low-temperature
climb leads to a sharp increase in the density of lattice
dislocations and a decrease in the size of the forming
structural elements. We assume that the sizes of the
grains and/or subgrains forming in the hot- or warm-






CONCLUSIONS

We studied the deformation behavior of a coarse-
grained Cr20Ni80 alloy in the temperature range 600—
950°C and the strain-rate range 1.5 X 10°°-5 x 102 s!
and showed that it exhibits “threshold” behavior simi-
larly to precipitation-strengthened alloys. The thresh-
old stresses were found to be ~115 MPa at 650°C and
~200 MPa at 600°C. These threshold stresses ensure
the high creep strength characteristics of nichrome at
these temperatures. An increase in the temperature
leads to a decrease in the threshold stresses. We
revealed two ranges in the temperature dependence of
the threshold stresses that have different activation
energies O, required for a dislocation to overcome an
obstacle. At 950-700°C and 650-700°C, the values of
Q, are approximately 18.5 and 100 kJ/mol, respec-
tively.

Using the term threshold stresses, we were able to
determine two temperature ranges in the area of opera-
tion of a power law, namely, a hot-deformation range
with a true stress exponent of n ~ 4 and a warm-defor-
mation range with n ~ 6. The transition between these
two ranges is located at a normalized strain rate
€ kT/D,Gb = 1078, which coincides with the Sherby—
Burke criterion. The transition to the area of action of
an exponential law for plastic deformation occurs at a
normalized rate of ~10~* and a temperature of ~600°C.
We analyzed the deformation behavior of nichrome in
terms of threshold stresses and found that the true acti-
vation energy of plastic deformation decreases from
285 + 30 kJ/mol, which corresponds to high tempera-
tures (950-750°C), to 175 £ 30 kI/mol at low tempera-
tures (700-650°C). This deformation behavior can be
related to the transition from high-temperature disloca-
tion climb, which is controlled by lattice self-diffusion,
to low-temperature dislocation climb, which is con-
trolled by pipe diffusion.

The distinguished temperature ranges were shown
to be characterized by specific structural changes. The
mechanical behavior of the Cr20Ni80 alloy, the defor-
mation mechanisms, and the forming dislocation struc-
ture were found to be correlated.
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