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Abstract—Effect of temperature on mechanical properties of a Ni-20% Cr alloy with an initial grain size of
100 pm in the temperature interval 150-1000°C (0.25-0.8 T,,) has been studied. It is shown that in the temper-
ature range 400-600°C the alloy demonstrates a positive temperature dependence of both the flow stress and
the coefficient of strain hardening and exhibits Portevin—le Chatelier effect (PLC). It has been established on
the basis of a comparison of data of calorimetric studies and temperature dependence of mechanical properties
that the unusual mechanical behavior of Ni-20% Cr alloy is a result of the occurrence of short-range order. The
nature of the effect of the short-range order on the mechanical properties is discussed.
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INTRODUCTION

As is known, the short-range ordering in the arrange-
ment of atoms of different type in crystalline alloys con-
sists in their mutually ordered arrangement at distances
slightly higher than interatomic and is independent of
orientation [1]. A short-range order appears in solid solu-
tions in specific temperature ranges and leads to a sub-
stantial change in the physical and mechanical properties
of materials [1]. This phenomenon has great practical
value for the superalloys, since it makes it possible to
increase their resistance to creep [2]. At present, of great-
est practical application are superalloys on the basis of
the Ni-Cr system [3]. They are the most common mate-
rials for the operation at temperatures higher than 650°C.
Sims et al. [3] analyzed five mechanisms of strengthen-
ing of superalloys in detail. However, no effect of short-
range ordering in the solid solution of the Ni—Cr system on
the strength characteristics of superalloys was examined
despite the fact that it leads to an increase in the strength
of these alloys with increasing temperature [4-6].

In the alloy Kh20N80 (Ni-20% Cr) there was
observed a well-known K-state effect—an increase in
the electrical resistance in the range of temperatures of
400-550°C with increasing temperature [6—8]. This
phenomenon is explained by the formation of a short-
range ordering in the samples of Ni-20% Cr quenched
in water from high temperatures [6]. It should be noted
that in the temperature range of the short-range order-
ing (400-550°C) t an abnormal increase takes place in
both the electrical resistance and strength characteris-
tics of nichrome [4-12]. This makes it possible to

assume that it is the short-range order that is the reason
for an increase in hardness and stresses of plastic flow
with increasing temperature in this interval [4, 6, 10], as
well as an increase in the creep resistance [9, 13]. These
phenomena, which are uncommon for metals, are
called the “positive temperature dependence of the flow
stresses” (an increase in the flow stresses with increas-
ing temperature) [14-16], and the “negative creep” (a
compression of samples in the process of tensile tests
for creep) [9].

In Ni—Cr alloys, an ordering leads to the formation
of a phase with an Ni,Cr superstructure (Pt,Mo type)
[6, 11, 17-19]. This ordering can be both short-range
and long-range type. A long-range order, as a rule,
occurs in Ni-Cr—X alloys with a stoichiometric compo-
sition, and the predominantly short-range order is
observed in the alloys with a nonstoichiometric compo-
sition, such as, for example, Ni-20% Cr [6-8, 11]. An
increase in the content of Cr, additives of Mo, and also
an increase in the holding time in the range of temper-
atures 400-650°C lead to the formation of long-range-
order domains in the matrix with a short-range order.
The phase with a long-range order is observed in Ni—Cr
alloys with a content of chromium more than 25% or
with additions of elements that replace Cr in the Ni,Cr
phase [11, 17-19]. Especially effective for the forma-
tion of the superstructure with an orthorhombic lattice
are the additives of Mo [11, 19]. An ordered Ni,Cr
domain has a size of 4 nm or less and is connected with
the v matrix by coherent boundaries [19]. It should be
noted that the formation of second phases with a super-
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Fig. 3. (a) Temperature dependence of the yield stressc 5 and flow stresses 0y and 0,g; and (b) semilogarithmic plate dependence
of the yield stress G, normalized to the temperature dependence of the shear modulus G(T) on the reciprocal temperature.

Mechanical Properties

Figure 3a displays the temperature dependences of
the yield stress 6,, and flow stresses that correspond to
the degree of deformation of 20 and 28% at a strain rate
€=7x10%*s7!. The yield stress decreases with increas-
ing temperature in the range of 200-300°C, and the flow
stresses G, and 0,3 change weakly up to 350°C. With a
further increase in temperature, an increase in Gy, takes
place; in the temperature dependence of the stresses G
and G, there takes place a minimum at 400°C, after
which they also increase. The increment in the yield
stress at 450°C in comparison with its value at 300°C is
10%. The increase in the values of G, at 1 =450°C and
of 6,5 at = 500°C in comparison with their values at
400°C does not exceed 7%. It can be concluded that in
the temperature range of 300-500°C we have a positive
temperature dependence of the flow stress without a
clearly pronounced peak.

As the temperature increases to above 500°C, the
magnitudes of Gy, Gy, and G, begin decreasing
(Fig. 3a). However, the rate of their decrease is differ-
ent. The values of the flow stresses 6,, and 6,5 decrease
very rapidly, and the yield stress decreases slowly. At
700°C, the values of 0., and G, become comparable; at
t 2 850°C, the values of the yield stress and the flow
stresses at high degrees of deformation become almost
the same; the plastic flow attains the steady-state almost
immediately after the onset of plastic deformation. The
rate of the decrease in G,; and G, with increasing tem-
perature in the interval of 500-650°C is slightly greater
than that at ¢ < 350°C, and with a further increase in the
temperature to above 650°C the flow stress decreases
quite rapidly (Fig. 3a). Thus, in the case of flow stresses
at relatively large degrees of deformation (20-30%) the

abnormal mechanical behavior manifests itself only in
the appearance of a positive temperature dependence in
the interval 400-500°C. The yield stress demonstrates
both a positive temperature dependence and a slowing-
down effect of the rates of decrease in stresses (“after-
effect”) in the range of temperatures of 600—-850°C.

In the graph of the variation of the yield stress nor-
malized to the shear modulus G(T) as a function of the
reciprocal temperature plotted in semilogarithmic
scales, it is possible to distinguish four temperature
ranges (Fig. 3b) differing in the rate of the decrease in
the yield stress with increasing temperature. The first
(200-300°C) and the third (600-800°C) temperature
intervals are characterized by the same values of the
coefficient k = 0.5, which can indicate the similar mech-
anisms of plastic deformation at these temperatures
[21, 25]. The coefficient &, which is equal to the slope
of the straight line In(G,,,/G)— 1/T, characterizes the rate
of the decrease in the flow stress with increasing tem-
perature and is used in calculations of the energy of
activation [21, 25]. In the second temperature range
(300-500°C) there is observed an increase in the nor-
malized yield stress G, ,/G with an increase in the tem-
perature from 300 to 350°C and from 400 to 450°C. In
spite of the large spread of experimental points because
of the Portevin—Le Chatelier effect, it can be assumed
that in the range of 300-500°C there is observed a ten-
dency of an increase in G,,/G with increasing tempera-
ture. In this case, the coefficient & takes negative value
(-0.2). It should be noted that in metals the positive
temperature dependence of flow stresses is observed
extremely rarely [15]. In the fourth temperature range,
at t > 800°C, there is observed a rapid fall off of the nor-
malized flow stresses (k = 6.7). Thus, an analysis of
Fig. 3b shows that the yield stress decreases with
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Fig. 4. Variation of the coefficient of strain hardening 6 depending on (a) the strain and (b) the temperature of deformation.

increasing temperature in the entire temperature inter-
val except for 400-500°C, where there is observed an
anomaly of plastic flow, as in [4, 6].

In order to examine the nature of the phenomenon of
“aftereffect,” we plotted temperature dependences of
the coefficient of strain hardening 0 (Fig. 4). It is seen
that the strain and the temperature of deformation
strongly influence strain hardening. It is possible to
roveal two regions of strains, which are distinguished
by the rate of the decrease in the coefficient of strain
hardening (Fig. 4a). At small strains, there is observed
arapid decrease in the coefficient 0. At the strains larger
than 5%, the rate of the drop in the coefficient of strain
hardening is considerably less and it virtually does not
change up to values close to zero. The rate of the
decrease in the coefficient 0 with increasing strain is
maximum at 7> 650°C and is minimum at 400-500°C.
At the strain greater than 30%, the coefficient 6 in this
temperature interval becomes greater than that at
300°C. This explains the fact of the absence of “afteref-
fect” for the flow stresses at the strains of 20 and 28%
at temperatures higher than 600°C (Fig. 3a). Note that
the strains at which there occurs a transition from the
stage of the rapid decrease of the coefficient 6 to the
stage of its slow decrease are close to the critical
strains €, at which serrations appear in the ¢-e curves
(PLC effect) [10].

The examination of the effect of temperature on the
coefficient 8 (Fig. 4b) shows that the strain hardening
decreases with increasing temperature at ¢ < 400°C. In
the temperature range of 400-600°C, there is observed
a maximum of the coefficient 8 (it is possible to speak
of the appearance of a positive temperature dependence

of strain hardening). At ¢ =2 650°C, the coefficient 6
decreases rapidly.

A specific feature of the mechanical behavior of
coarse-grained Ni-20% Cr alloy in the temperature
range of 300-600°C, which includes the temperatures
of the appearance of short-range order, is the discontin-
uous flow (DF), when in the 6-e curves there appears a
characteristic serration (Fig. 5). Note that each stress
drop is accompanied by acoustic emission. A detailed
analysis of this phenomenon is given in our previous
work [10]. In this work, we will examine only the tem-
perature effect on the shape of the G-¢ curves at a con-
stant strain rate (Fig. 5). With an increase in the defor-
mation temperature, there is observed a change in the
nature of serration in the G-e curves. Below r = 150°C,
there are observed smooth stress—strain curves (curve /
in Fig. 5a). At r =250-500°C, oscillations of flow
stresses appear in the G-e curves (curves 2 and 3 in
Fig. 5a). There appear saw-tooth serrations with a
change in the flow stresses of approximately 1-5% rel-
ative to the applied stresses. The height of the teeth in
the curves has a clearly pronounced tendency to growth
with an increase in the strain and temperature of defor-
mation. At t = 550-600°C, teeth with a wide plateau
(curves 4 and 5 in Fig. 5b) appear in the G-e curves.
Their relative height can reach 10% of the applied
stresses at the strains of 30% or more. With an increase
in the temperature to above 650°C, the G-¢ curves again
become smooth (curve 6 in Fig. 5b).

Microstructural Changes

Figure 6 displays the evolution of the fine structure
upon deformation at a temperature of 500°C. Already
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Fig. 5. True flow-stress— true-strain curves of Ni-20% Cr alloy. Curves /-6 are described in the main text.

after deformation to € = 3%, there is observed a dislo-
cation emission from sources of the of Frank—Read
type [10, Fig. 4a]. Planar dislocation pileups are
formed. After € = 10% (Fig. 6a), the dislocation density
in the planar pileups increases considerably (Fig. 7).
Some dislocations leave the planar pileups. At the lead-
ing dislocations of the planar pileups and at some other
dislocations, the precipitation of particles of second
phases is observed (the distance between the precipi-
tates is 15-20 nm). A characteristic bowing of disloca-
tion lines between these particles under the action of the
applied stresses is seen [25-27]. However, this bowing
and, therefore, the force of interaction between the pre-
cipitated particles and the moving dislocations [26] is
substantially less than for the particles which cannot be
cut by the dislocations [25-27] despite the fact that the
applied stresses were high (approximately 500 MPa).

Deformation to € = 30% leads to the formation of a
cellular structure (Fig. 6b). The dislocation density
increases by an order of magnitude (Fig. 7). Twisted
dislocation lines form boundaries of irregular shape.
This structure is characterized by high internal stresses
due to dislocation pileups. At dislocations, particles
with a size of 1.5-3 nm are observed, whose diffraction
contrast indicates the coherent nature of their phase
boundaries. Note that the dislocations at which parti-
cles of relatively large size, in comparison with those
observed at € = 10%, are located in the majority of cases
are not bent under the action of the applied stresses.

After the strain reaches 50%, the dislocation density
rises so (Fig. 7) that the separate dislocations become
hardly resolvable (Fig. 6c). Moiré patterns are
observed, whose appearance is connected with the
arrangement of several layers of dislocations over the
thickness of the foil. The size of arising dislocation
cells decreases with increasing strain. Microscopic

deformation bands appear. Thus, at € = 50% there is
formed a well-defined low-energy dislocation structure
(LEDS) [28]. A very small quantity of particles is
observed with a size of no more than 4 nm. Their vol-
ume concentration is less than 1%. As the strain
increases to € = 70% (Fig. 6d), a LEDS forms that is
typical of the cold-deformable metals with an fcc lat-
tice. Macrobands are formed, which are divided into
separate regions by microbands and dense dislocation
walls (DDWs) [28]. The nature of the Moiré patterns
indicates an increase in the density of lattice disloca-
tions in comparison with that observed at € = 50%
(Fig. 7).

DISCUSSION

The experimental results obtained in this work indi-
cate that the abnormal mechanical properties of Ni-20%
Cr alloy are connected with the formation of a short-
range-order structure, which agrees well with the data of
works [4, 10-12]. The positive temperature dependence
of the flow stresses and of the coefficient of strain hard-
ening 0, as well as the PLC effect [10], are observed in
the temperature interval of 400-600°C, which, accord-
ing to the calorimetric data, coincides with the tempera-
ture interval in which short-range ordering occurs. The
short-range order not only increases the yield stress of
Ni—20% Cr alloy at t < 600°C, but also ensures a higher
level of the strength properties in the interval of 600-
750°C. In Fig. 3b, it is well seen that straight line III lies
considerably higher than straight line I extrapolated into
the temperature range of 600-800°C. The distance
between these two straight lines is a quantitative charac-
teristic of the phenomenon of “aftereffect” caused by
short-range order, which ensures an increase in the work-
ing temperature of Ni-20% Cr alloy in comparison with
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