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Abstract: The paper analyzes the elastoplastic transition in Fe-0.025 wt. % C at a temperature of
296-503 K and strain rate of 6.67-107°-3.33-10~3 s~1. The analysis shows that the lower yield stress
increases by a power law with increasing the strain rate, and that its rate sensitivity decreases linearly
with increasing the test temperature. At temperatures lower than 393 K, the rate sensitivity of the
lower yield stress is normal, and at 393-503 K, it is zero. In the range 393-503 K, the kinetics of
the Liiders bands is changed from steady to discrete, and the higher the strain rate, the higher the
temperature of this transition. Using the available data on the dynamics of dislocations and diffusion
of interstitial impurities in the test alloy, it is demonstrated that the kinetics of Liiders bands are
controlled by the effect of dynamic strain aging. If the arrest time of mobile dislocations t;, at barriers
which are overcome via thermal activation is comparable with the precipitation time of interstitial
atoms t, at these dislocations, the motion of a Liiders band is discrete, and the band represents an
excitation wave of localized plasticity; its refractory period is determined by the time of dynamic
strain aging. If t; >> t;, the band moves monotonically and represents a switching autowave. The
results of the analysis suggest that the effect of serrated yielding at the lower temperature boundary
of blue brittleness can be suppressed by increasing the strain rate. When the arrest time of dislocations
t, decreases, the comparability of f;, and ¢, is broken, and no excitation autowave is formed. The
data reported in the paper can be used to develop warm rolling technologies for materials with a
sharp elastoplastic transition.

Keywords: elastoplastic transition; lower yield stress; temperature; blue brittleness; serrated deformation;
dynamic strain aging; localized plasticity autowaves

1. Introduction

The description of plastic deformation is one of the most complex problems associated
with condensed matter. The significance of its fundamental and applied aspects is obvious
and does not require any special proof. The theory of plastic deformation, being now an
independent scientific discipline, is focused on the nonlinear response of condensed matter
to external mechanical loads applied at different rates and under different thermodynamic
conditions [1]. The behavior of plasticity is generally considered in the context of two
mutually supplementary approaches. One of the approaches stems from mechanics [2],
and the other from dislocation theories [3—6] intended to explain the physical mechanisms
of plastic flow and the nonlinearity of its curve, which are unexplainable in terms of
mechanics. The dislocation approach offers numerous specific deformation models, but
it fails to offer a closed plasticity theory of solids. The problem is that microscopic plastic
strain carriers, i.e., dislocations, are highly interacting objects, and their contribution to
macroscopic deformation is not additive.

The idea of plastic flow as self-organization of an open thermodynamic system [7]
provides the way of applying the thermodynamic theory of nonequilibrium systems or syn-
ergetics to deformed solids [8]. According to this theory, open nonlinear systems are prone
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to various localization processes. Abundant research data point to several scales of plastic
deformation [9-11]. Considered, as a rule, are three interrelated scales: the microscopic
(dislocations), mesoscopic (dislocation ensembles), and macroscopic (specimen). Each scale
of deformation has a characteristic correlation length over which the process develops. For
the microscale, this length compares with the dislocation Burgers vector b ~ 1071 m

For the mesoscale, it measures 10~® m ~ 10* b. The mesoscale is related to dislocation
ensembles which evolve as individual defects, rather than the individual dislocations,
through a complex spontaneous process. This scale and respective plastic phenomena are
the subject of physical mesomechanics pioneered by Panin [9].

For the macroscale, the characteristic correlation length ranges approximately from
1073 to 10~! m, which corresponds to the size of deformed specimens. On this scale, the
plastic strain carriers are macrobands formed via macroscopic stress concentrator relaxation.

Localization processes during deformation are observed at all scale levels, including
macroscopic ones. Among the outcomes of the concept of multiscale plastic deformation is
the theory of localized plasticity autowaves [12-14], which generally represent dissipation
structures in active matter and have their universal source in deformed solids. The theory
suggests that any object under external load with no specific action consists of macroscopic
regions of localized plastic flow ordered in space and time. Within the framework of this
theory, a deformable solid is a universal generator of various autowave modes of localized
plasticity [12]. According to the rule of correspondence established in experiments (mostly
for polycrystals with dislocation mechanisms of plastic flow), the mode of an autowave is
determined by the hardening law active at a given stage of stress—strain curves [13].

Although the autowave concept of plastic flow is widely recognized by theoreti-
cians [15-17] and experimenters [18-21], there are several key points in the concept that
remain open. One of these points concerns the transition from homogeneous elastic de-
formation to localized plastic flow. Obviously, it is this transition that activates autowave
mechanisms and gives rise to various autowave modes of localized plasticity.

The key point in the autowave concept of plastic deformation concerns the elastoplastic
transition that activates autowave mechanisms, i.e., gives rise to various autowave modes of
localized plasticity. A striking example of this type of transition is the Liiders deformation in
iron and its low-carbon alloys. After nucleation at a sharp yield point at room temperature,
the Liiders band develops via the formation and monotonic motion of its fronts. Such fronts
cover the working specimen space once, annihilate on meeting, and have other attributes of
switching autowaves which allow the use of this autowave mode for describing the Liiders
deformation [14].

However, in the range of normal strain rates and temperatures 423-510 K, the stress
is pulsating and the development of Liiders bands is unsteady [22,23]. This range of
temperatures and strain rates is the range of blue brittleness of mild steels. In technological
terms, blue brittleness is undesirable. In particular, its range falls on the temperatures and
strains rates at which mild steels are exposed to warm forming, wherein their homogeneous
plastic deformation is important [24]. For this reason, there is unceasing interest in the
Liiders deformation under the above temperature-rate conditions [25-29]. In particular,
two questions in this context remain open: how Liiders bands move under such conditions,
and whether they can be considered switching autowaves. Presented below is an analysis
of the effect of temperature and strain rate on the Liiders deformation in mild steels.

2. Materials and Methods

The traditional material for the study of Liiders deformation, as mentioned above,
is mild steel [20,25,26,28]. In this work, studies were carried out on samples of ARMCO
iron, the chemical composition of which is presented in weight percent in Table 1 below. A
hot-rolled plate of thickness 1.5 mm was laser-cut to obtain dog bone-shaped specimens
with a gage section of 50 x 10 mm?. To provide more uniform stresses and structure, the
specimens were preliminarily annealed in a vacuum furnace until recrystallization (1233 K,
1 h) and then cooled with a furnace to room temperature.
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Table 1. Chemical composition of ARMCO iron.

Elements C Si Cu Mn S P Fe
wt. % 0.025 0.05 0.05 0.035 0.01 0.01 balance

The prepared specimens were exposed to uniaxial tension on a Walter + Bai AG
LFM-125 testing machine at a constant rate. The crosshead rate was varied from 0.02 to
10 mm/min, which corresponds to strain rates from 6.67-107¢ s~! t0 3.33-1073 s ! for the
specimen size used, and the test temperature was varied from 296 to 503 K. The furnace
(Walter + Bai STE-12H) ensured independent temperature control in three zones. The
specimen temperature was measured with three type K thermocouples located along the
specimen axis at 20 mm from each other. First, the specimens were heated to the desired
temperature at the same operating temperature specified for all three zones. Once the
furnace reached its operating mode, a minimum or a desired temperature gradient along
the specimen length was set by varying the temperature in each zone of the furnace.

To study the kinetics of macroscopic strain localization sites, successive digital images
of the tensile specimens were recorded. To form a speckle structure, the specimens were
illuminated by coherent light from a semiconductor laser (635 nm, 15.0 mW). Such a
method of speckle structure formation does not require any addition specimen surface
preparation. The images of the specimens were recorded using a Point Grey FL3-GE-50S5M-
C digital video camera (resolution 2448 x 2048 px) with a rate of 2 to 25 frames per second,
depending the applied strain rate. The camera with a Kowa LM50JC10M lens was located
at 0.3 m from the specimens, which provided a resolution of 20.4 um/pixel. The image
sequence was processed by the digital image correlation (DIC) method [30] and digital
statistical speckle photography [31-33]. In the latter method, a sampling with a specified
length is formed for each point of a digital image to characterize the time dependence of its
brightness, and the variance and expectation are calculated. Their ratios are used to image
strain localization zones. This method does not require any tedious calculations and allows
one to identify in situ the regions in which strains are localized at a given increment of the
total specimen elongation. Besides, the method of digital statistical speckle photography,
compared to the DIC method, increases the spatial and time resolution by two orders of
magnitude, as no area averaging is needed, and the time window for two adjacent images
can be decreased to a minimum. The shortcoming of the method is that it is insensitive to
weakly localized and smeared fronts, which are just well identified by the DIC method. The
recorded image sequence was processed by the DIC method successively for each image
pair spaced by a certain time interval. The interval was chosen according to the elongation
rate so that the total specimen elongation within the given interval was no greater than
50 um. For calculations, subsets of size 32 x 32 pixels were used. The method of calculation
was standard iteration, which allows estimations of displacements with an accuracy of no
worse than 0.1 pixel, i.e., 2 um, at the video camera resolution mentioned above.

From the data arrays obtained, chronograms were constructed [14,25], allowing us
to identify the nuclei of Liiders bands and to determine the kinetic characteristics of
their fronts.

3. Results and Discussion

The form of loading diagrams of low-carbon steels is influenced by the test temperature
and strain rate [22]. At room and lower temperatures, they contain a sharp yield point, a
smooth yield plateau, and a gradual hardening stage almost with any strain rate (Figure 1a).
However, increasing the temperature to those of blue brittleness can radically change their
form. At a temperature of 393 K and strain rate of 6.67-107° s~!, there are stress jumps at
the yield plateau and serrated yielding at the hardening stage (Figure 1b). At a temperature
of 423 K and same strain rate, the whole plateau is serrated (Figure 1c). However, at a
strain rate of 2.67-10~* s~ and same temperature, the plateau is smooth, though serrated
yielding is present at the hardening stage (Figure 1d). However, if at this loading rate the
test temperature is increased to 463 K, the yield plateau will be serrated (Figure 1e). Finally,
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similar to those appearing at room temperature.
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Figure 1. Loading curve at T=296 K, ¢ = 6.67-107° s 7! (a); T=393 K, ¢ = 6.67-10° s~ (b); T = 423 K,
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The temperature and the rate should also influence the stress corresponding to the

(1)

yield plateau, i.e., the lower yield stress 0 ’. It can be seen from Figure 2a that in the range
from room temperature to 393 K, where the plateau is smooth at any rate, the lower yield

(N

stress 0, * increases nonlinearly with increasing the strain rate. Increasing the temperature

()

decreases 0, irrespective of the rate.
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Figure 2. Rate dependences of lower yield stress at 296 (1), 313 (2), 323 (3), 333 (4), 343 (5), 373 (6),
and 393 K (7) (a); the same in logarithmic coordinates (b).

In logarithmic coordinates, the rate dependences (Figure 2a) become linear (Figure 2b),
and hence they can be interpolated by power functions of the form:

o) = oé)! (1)

where &, = &t is the relative tension rate normalized to the velocity of sound in the

material with ¢, for the time of sound wave propagation in it, €= Viyaenly L with Ve, for
the absolute tension rate and [ for the specimen gage section length, and oy is a constant
with a stress dimension. According to [34], such a power dependence follows from the
equation of mechanical state and balance of mobile and immobile dislocation densities in a
deformed solid. The exponent m is interpreted as the rate sensitivity index. In the study
presented, this was determined for all test temperatures from the slope of the straight lines
in Figure 2b. In this operation, the constant oy is not used, and therefore its numerical value
was not determined.

As can be seen from Figure 3, increasing the temperature linearly decreases the index
m. Extrapolation of that linear function to zero gives a temperature of 503 K. This suggests
that the lower yield stress is rate-insensitive at above 503 K. Actually, the situation is more
intricate. According to [22], the lower bound of transition from steady to discrete Liiders
bands is 435 K. However, as shown in Figure 1, the lower the strain rate, the lower the
temperature of this bound. For example, at 393 K, the yield plateau reveals serrations if
€ < 6.67-107° s~ L; if the tension rate is higher than the above value, the plateau is smooth. At
a test temperature of 423 K, there are no serrations observed at tensile rate ¢ > 267104 s 1.
At 463 K, the plateau is serrated irrespective of the tension rate from 6.67-107° s~! to
4-10~* s~1. Tt should be noted that the lower level of stresses in a jump depends neither
on the strain rate nor on the test temperature at 393-503 K, and measures 168 & 4 MPa.
Likely, this value can be taken as the lower yield stress for serrated plateaus. Thus, in
the temperature-rate range indicated, the lower yield stress becomes insensitive to both
the loading rate and the test temperature. It should be emphasized that this occurs at
temperatures much lower than those suggested by the diagram in Figure 3.

From 503 K upward, there is no serrated yielding if ¢ < 6.67-10~° s~!, such that the
plateau degenerates and the stress—strain curve becomes close to its normal parabolic form.

Near the critical transition temperature at respective strain rates, part of the plateau
can be smooth and the other can be serrated (Figure 4a,b). It should be emphasized that the
minimum stress in yield drops coincides with the stress in the smooth part of the plateau,
and that the rate dependence of this stress for respective temperatures is described by
expression (1). This confirms the fact that the rate sensitivity of the lower yield stress under
serrated deformation conditions does disappear.
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421-458 K along specimen length for tension rate ¢ = 6.67-10 74 s 1

If a single Liiders band develops near the grip of a testing machine, the deformation is

localized at its front (the mobile band boundary). The motion of this front can be visualized
from chronograms. As has been shown [14,22], the front velocity for a smooth yield plateau
is constant, and is related to the strain rate as follows:

Vinach = Epl Vf

@
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where ¢, is the specimen strain which is accumulated at the yield plateau and is equal at
any time point to the amplitude of strains localized at the front.

In certain Al alloys, the yield plateau can be both smooth and serrated [35-38]. As
has been shown on the example of Al-5% Mg (Russian grade AMg5 or Al alloy 1550) by
the method of digital speckle photography [38], the kinetics of strain fronts at the serrated
plateau are such that they move only on the intervals of stress drop. The same is observed
in the case considered.

Figure 4c shows the chronogram of the Liiders front motion for the case in Figure 4a.
It is seen that the front changes its motion from continuous to discrete when deforming-
stress fluctuations appear. The chronogram also suggests that the velocity of its continu-
ous motion is higher than the average velocity of its discrete motion in a ratio of 1.75:1.
Such a difference is likely because the front in serrated yielding moves not at a constant,
but at an exponentially decreasing stress when its velocity also decreases exponentially
(Figure 4d). At ¢ = 6.67-10~% s, the intervals of stress drop and rise measure, respectively,
at Aty =390 ms and At; = 660 ms (Figure 4b). Clearly, the average velocity of discrete front
motion under such conditions cannot be equal to the front velocity at a constant stress
under steady conditions.

Let us consider what causes the strain localization fronts to change their kinetics of
motion under the action of temperature. The effect of serrated yielding arises when the
normal strain rate dependence of the hardening coefficient becomes negative [39]. The
results presented in Figure 2a,b show that at 296-393 K, the lower yield stress increases
with the increasing rate. The rate sensitivity is normal. At above 393 K but below 503 K,
the lower yield stress O'y(l) does not depend on the rate and temperature (Figure 1b—e). At
the same interval, the behavior of the material reveals an anomalous jump-like motion of
the strain fronts.

The physical mechanism of this phenomenon can be analyzed by comparing the
Liiders and the Portevin-Le Chatelier types of flow within the autowave concept of plastic
deformation. If the front of a Liiders band is a switching autowave, the deformed object
should be a bistable active material which transforms at the front from its metastable elastic
to its stable plastic state. Such a transition in a bistable material is possible only once.

However, the same transition from elastic to plastic deformation happens at the fronts
of Portevin-Le Chatelier bands, which can repeatedly pass through an object [29,38]. Such
bands arise in excitable active materials and are interpreted as excitation autowaves [40].
Excitable active materials, unlike bistable ones, have the property of recovery characterized
by the period of refractory, i.e., by the time for which they remain indifferent to external
actions and realize only a certain sequence of internally specified transitions. However,
if the period of refractory is much longer than the time of observation of a system, no
recovery occurs, and the system can no longer be considered excitable. Hence, any bistable
material is formally an excitable medium with an infinite refractory period. Let us ascertain
what can be interpreted as the refractory period in the case considered.

The effect of blue brittleness in diluted interstitial solid solutions based on bcc iron,
similar to the Portevin-Le Chatelier effect in aluminum alloys, is governed by dynamic
strain aging [23,37,40,41]. On the microscale, this aging is controlled by two processes:
a thermally activated dislocation motion with forest dislocation barriers, and additional
trapping of dislocations via diffusion precipitation of interstitial atoms at them. Neglecting
the time of dislocation motion between the barriers, the first process is characterized by
the dislocation arrest (waiting) time at a barrier t,, and the second by the time of strain
aging, i.e., the time of impurity atom diffusion to retarded dislocations, ¢,. If the strain
rate is high and the test temperature is rather low, the time t;, is insufficient for impurity
atoms to reach retarded dislocations, such that the latter, once divorced from the impurity
cloud, continue their free motion. At low strain rates and high temperatures, a cloud is
formed by impurity atoms within the time ¢, and such a cloud and dislocations move
together. In both cases, increasing the strain rate increases the resistance to plastic flow,
i.e., the rate sensitivity is normal. However, an intermediate interval of rates (temperatures)
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exists, at which the two characteristic times are comparable. In this case, not all retarded
dislocations gain an impurity atmosphere, and those that remain free rapidly multiply with
the formation of a front similar to Liiders fronts, and anomalous rate sensitivity arises [39].
Reasoning from the above, the period of refractory during the propagation of a strain front
is the time of dynamic strain aging, t,. If this time is comparable with t;,, the deformed
object will represent an excitable system, and the strain front an excitation autowave of
localized plastic deformation. The motion of this front is discrete.

Let us estimate the ratio of t;, and t, at 296 K (room temperature) and 393 K. These
temperatures were chosen from the following reasoning. At 296 K irrespective of the strain
rate, the yield plateau is smooth, the motion of strain fronts is monotonic, and the rate
sensitivity is normal. At 393 K with ¢ =3.33-107° s~ !, the yield plateau reveals stress jumps,
the motion of strain fronts is discrete, and the rate sensitivity is absent.

According to the theory of thermally activated dislocation motion, the waiting time at
a barrier depends on the densities of mobile dislocations p;, and forest dislocations py. It is
inversely proportional to the strain rate ¢, and can be expressed as [41]

_ Apyb _ Pmb
: 1/2°
£(er)

2
Here, A= (p f) is the average spacing of barriers (forest dislocations), and b is the

®)

tw

Burgers vector of dislocations for bec iron.
The time of dynamic aging is determined by the diffusion of interstitial impurity
atoms and by the impurity atom—dislocation binding energy U, [23]:

3
/5 kT2

(&
t”‘(m:o) 3DU,, @

where C; is the impurity concentration which falls on the line of a dislocation and is required
for its arrest, Cy is the average impurity concentration in the alloy, and k is Boltzmann’s
constant. It is accepted [23] that C; = 1 and « = @. According to [23,42], the impurity
diffusion coefficient D is expressed as

D = Dgexp (_?{IT[_{> 5)

where Dj is the pre-exponential factor, AH is the diffusion activation energy, and R is the
universal gas constant. Combining Equations (4) and (5) allows us to express f; as

3
ty = ! 2 ki ex i (6)
*~\=G) 3D, P\RT
Let the main interstitial impurity be carbon, whose average concentration in ARMCO iron
is Cp=2.5-10"4. According to [23,42], AH = 20,100 cal/mol, Dy = 0.02 cm?/s, Uy, = 0.55 eV, and

b=2.4810"% cm. According to table values, R = 2 cal/mol, k = 0.8625-10~% eV /K. Then,
t, ~1.2:10* sat T = 296 K. If, following [23], pmm = pr= 10% cm™2, the waiting time given

by Equation (3) for & = 3.33-107° s~ ! is t, ~ 6 5. It can be seen that at room temperature,
t; >> t, and no repeated dislocation arrest by impurities takes place. Hence, the initial
material state cannot be recovered and the front should move monotonically, representing
a switching autowave.

AtT =393 K, according to (6), f; = 4, and hence, it is close to t,,. Therefore, the recovery
of impurity atmospheres is possible and the front should move discretely, representing an
excitation autowave. The above estimates confirm the experimental data.
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At temperatures above 393 K, the time of strain aging t; decreases rapidly, such that
the comparability of ¢, and t;, will hold at increasingly higher strain rates; that is, increas-
ingly higher strain rates will provide the formation of an excitable medium, switching-to-
excitation autowave transformation, and discrete strain front motion. However, at 503 K,
t; = 0.02 s. This aging time is much shorter than the waiting time t;, ~ 6 s at the strain
rate ¢ = 3.33-107° s~ ! considered; hence, the motion of dislocations is always accompanied
by impurity atmospheres. Under such conditions, according to [39,41], the rate sensitivity
should be normal, and any serrated deformation should be absent. The results of the study
presented confirm that this is true (see Figure 1f).

4. Conclusions

The results of the study on the elastoplastic transition in Fe-0.025 wt. % C at a
temperature of 296-503 K and strain rate of 6.67-107°-3.33-10~3 s~ ! allow for the following
conclusions to be drawn:

1. At 296-393 K, the lower yield stress increases by a power law with an increase in
the strain rate; that is, the rate sensitivity is normal. At these temperatures, the rate
sensitivity index is lower than one.

2. As the temperature is increased, the rate sensitivity index decreases linearly and
becomes equal to zero at above 393 K. The normal rate sensitivity of the lower yield
stress disappears.

3. At 393-503 K, the motion of Liiders bands is changed from steady to discrete.
The higher the strain rate, the higher the temperature of transition to serrated
Liiders deformation.

4. The kinetics of Liiders fronts are controlled by the times t,, and t,, being, respectively,
the arrest time of dislocations at barriers which are overcome via thermal activation
(effect of dynamic strain aging) and the time of carbon impurity precipitation at these
dislocations. The motion of strain fronts becomes discrete under those temperature-
rate conditions with which t,, and ¢, are comparable, and the rate sensitivity of the
lower yield stress is absent.

5. When the motion of a strain front is discrete, the front represents an excitation au-
towave of localized plasticity whose refractory period is determined by the time of
dynamic strain aging ;. At temperatures lower than 393 K, when t, >> t,, the front
moves monotonically and represents a switching autowave of localized plasticity.

6. At temperatures above 503 K, when t,, > t,, the yield plateau degenerates and the
normal rate sensitivity is recovered.

In summary, it can be stated that the effect of serrated yielding at the lower temperature
boundary of blue brittleness can be suppressed by increasing the strain rate. This is possible
due to the decrease in the arrest time of dislocations at barriers when the comparability
of t;, and ¢, is violated. In this case, no excitable medium is formed and no excitation
autowave is generated. The established mechanisms can be used to develop warm rolling
technologies for mild steels and other materials with a sharp elastoplastic transition.
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