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Abstract: Current progress in the prediction of mechanical behavior of solids requires understanding
of spatiotemporal complexity of plastic flow caused by self-organization of crystal defects. It may be
particularly important in hexagonal materials because of their strong anisotropy and combination
of different mechanisms of plasticity, such as dislocation glide and twinning. These materials often
display complex behavior even on the macroscopic scale of deformation curves, e.g., a peculiar
three-stage elastoplastic transition, the origin of which is a matter of debates. The present work is
devoted to a multiscale study of plastic flow in x-Ti, based on simultaneous recording of deformation
curves, 1D local strain field, and acoustic emission (AE). It is found that the average AE activity also
reveals three-stage behavior, but in a qualitatively different way depending on the crystallographic
orientation of the sample axis. On the finer scale, the statistical analysis of AE events and local
strain rates testifies to an avalanche-like character of dislocation processes, reflected in power-law
probability distribution functions. The results are discussed from the viewpoint of collective
dislocation dynamics and are confronted to predictions of a recent micromechanical model of Ti
strain hardening.

Keywords: titanium; strain hardening; anisotropy; strain heterogeneity; acoustic emission; statistical
analysis; collective dislocation dynamics

1. Introduction

The scope of this paper is two-fold. First, despite intensive investigations of plasticity of materials
with a hexagonal close-packed (hcp) structure during last time, many aspects of their mechanical
behavior are still poorly understood. The main reason for this difficulty is a high anisotropy of
the crystal structure, limiting the number of easy slip systems for dislocations. As a result, plastic
deformation of hcp materials generally involves either additional mechanisms, such as twinning, or slip
systems with a large difference in the critical resolved shear stress (CRSS). One of the consequences
of this complexity is that contrarily to polycrystals with more isotropic cubic structures, which are
usually characterized by monotonous strain hardening in a large range of plastic strain (the so-called
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stages Il and III [1,2]), hcp materials often display three-stage strain hardening behavior associated
with the elastoplastic transition and resulting in a concave shape of the deformation curve at small
strains [3-11]. To distinguish such behavior from the generic work-hardening stages observed in
materials with various structures [1,2], these specific stages are usually designated as A, B, and C.
The initial decrease in the work hardening rate, ©, during stage A is followed by an increase (stage B)
and a new decrease (stage C). The origin of this behavior is still a matter of debate. It is usually rather
pronounced in compression, when a large contribution of twinning is observed [3-8]. Accordingly, it is
often ascribed to twinning although even in this unique framework, numerous qualitatively different
mechanisms, leading to either hardening or softening effects, were suggested: a dynamic Hall-Petch
effect implying that twin boundaries play the role of obstacles to the dislocation motion, formation of
sessile dislocation configurations within twins, favorable or, inversely, unfavorable reorientation of the
crystal lattice for sliding, and so on [3-7]. Nevertheless, recent experiments showed that three-stage
behavior can also occur in tension [9-11]. These results could not be ascribed to twinning because
of its low contribution to the total deformation. A remarkable feature of the behavior observed in
tension concerned the strain-rate effect on the depth of the depression in the work-hardening rate
during stage A [10]. More specifically, a reduction of the strain rate reinforced this non-monotonicity
in the specimens with the tensile axis parallel to the rolling direction (hereinafter designated as RD)
and produced an opposite effect in TD (transverse direction) specimens.

To explain these peculiarities, an elasto-viscoplastic self-consistent model of plastic flow of
polycrystalline «-Ti was proposed in [12]. This model was uniquely based on the consideration of
the dislocation glide which was subject to several hypotheses supported by various experimental
observations: (i) a weaker strain-rate sensitivity of stress in prismatic slip systems than in other
systems; (ii) an important role of the dislocation multiplication at the elastoplastic transition (cf. [13,14]);
(iii) a higher multiplication rate for the prismatic systems; and (iv) a strong anisotropy of the CRSS.
This model allowed for reproducing the peculiar features of the work hardening and confirmed their
relationship with the evolution of the average activity of various slip systems. In addition, the model
allowed for prediction of some elements inaccessible in experiments, e.g., gradual elastoplastic
transition in various grains, evolution of the elastic stored energy, or local mechanical response
of grains. On the whole, the model provided a link between the macroscopic scale of plastic flow
of a polycrystal and mesoscopic scales associated with the dislocated glide. These results imply a
further step to verification of the model predictions using experimental methods that provide an
explicit information on such mesoscopic scales, e.g., by recording the acoustic emission (AE), produced
due to multiplication and motion of dislocations and, therefore, reflecting the slip activity [15], or by
measuring local strain fields on the specimen surface [16]. In particular, this approach is justified by
the well-known fact that the evolution of the average AE activity often follows that of the macroscopic
work-hardening rate [15]. Such studies constitute the main subject of the present paper.

On the other hand, investigations of the last two decades showed that beyond the average
characteristics, the analysis of the statistics of the AE and local strain-rate fields uncovers features that
escape from the commonly accepted homogenization schemes of plasticity based on the averaging
over large representative volumes [17-21]. In particular, the above model, like many others, tacitly
suggests that dislocation interactions are random and have a zero average on the scale of a grain.
However, the statistical analysis contradicts the randomness hypothesis. Instead, power-law statistics
were observed for all materials studied so far, single crystals or polycrystals, with cubic or hexagonal
symmetry. The entirety of results led to a hypothesis of an intrinsically collective, avalanche-like nature
of the dislocation motion. This kind of analysis would help to identify the limits of the continuous
plasticity models and provide a basis for the further development of more realistic multiscale models
of plasticity, which is particularly interesting in the case of highly anisotropic materials. Moreover,
whereas the statistical approach has already been applied to quite a few materials, such studies have
not been carried out for Ti so far. It is thus not known a priori if the above hypothesis is valid in the
case of Ti, too.
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With these aspects in view, the present work was aimed at coupling mechanical testing with
the AE and local extensometry measurements and pursued a double objective: (i) to provide an
independent verification of the above-described experiments and theoretical predictions and develop
experimental techniques bringing information on both macro- and mesoscopic scales; (ii) to couple
this averaging approach with the new issue stemming from the statistical analysis of fluctuations of
the plastic flow on a mesoscopic scale.

2. Materials and Methods

Details of the material microstructure and texture, as well as mechanical testing were described
elsewhere [10,12] and will be briefly outlined here. The scheme of the experimental setup is presented
in Figure 1. Mechanical tests were performed in a Zwick 1476 testing machine (Zwick, Ulm, Germany)
controlled by the software package testExper (Zwick/Roell France, Ars-Laquenexy, France). Flat
samples of commercially pure polycrystalline Ti with the oxygen content of 1062 ppm (wt.) and average
grain size of 9 um were deformed by tension. These conditions correspond to a low contribution of
twinning to plastic deformation of «-Ti (see, e.g., [22]). The initial texture was typical of rolled Ti [9],
with basal planes tilted 30 &= 10° from the normal toward the transverse direction. Dog-bone shaped
samples with a 30 x 7 x 1.62 mm? gage section were cut from sheets along either the rolling or
the transverse direction. The tests were performed at room temperature for five nominal (i.e., test.
These records are used to calculate the evolution of the local strain rates ¢,, selected in a wide range
from 5 x 1075 s7! to 8 x 1073 s~1. Two to three specimens of each orientation were tested at each
strain rate.

Figure 1. The scheme and a photograph of the experimental setup. Inset represents the scheme of
a specimen specifying the relative arrangement of the grid painted on the specimen surface and the
piezoelectric transducer. The same designations are used in all parts of the figure: 1—Specimen;
2—Charge-Coupled Device (CCD) camera; 2*—Acquisition block; 3—Laser light; 4—Piezoelectric
transducer; 4*—Preamplifier; 5—Fixed and mobile grips; 6—Load cell. The applied force (F) indicates
the displacement direction of the mobile grip.
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AE measurements were performed with the Euro Physical Acoustics system (Mistras Group SA,
Division EPA, Sucy en Brie, France). The acoustic signal was captured by a Micro-80 piezoelectric
transducer (Mistras Group SA, Division EPA, Sucy en Brie, France) with the operating frequency band
200-900 kHz, clamped to the greased specimen surface just above its gage part. The AE signal was
pre-amplified by 40 dB and recorded “continuously” (with a 2 MHz frequency). The continuous data
streaming is particularly important for a precise calculation of the average AE count rate (CR) during
elastoplastic transition because this deformation stage is characterized by a highly active AE making
impossible accurate individualization of AE events (“hits”). As far as the extraction of AE hits for the
statistical analysis is concerned, a standard procedure using an amplitude threshold and two temporal
parameters was implemented (see, e.g., [21]). In this procedure, an event is considered to begin when
the amplitude U of acoustic oscillations exceeds the threshold Uy corresponding to the background
noise and terminate when U remains below Uy during a Hit Definition Time (HDT). The recording
systems is then locked during a Hit Lockout Time (HLT) to filter out echoes. The following set of
parameters was used: {Uy; HDT, HLT} = {27 dB; 300 us; 40 us}. More details on the technique and the
choice of the parameters can be found, e.g., in [23].

The 1D local extensometry technique was described in detail in [16,24]. About twenty markers are
made by painting 1 mm wide and 1 mm distant black stripes across the specimen surface preliminarily
painted white. A Charge-Coupled Device (CCD) Line Scan Sensor ZS516D (H.-D. Rudolph GMBH,
Reinheim, Germany) seizes the intersections of the black-white transitions with the long axis of the
specimen (tensile axis) and records their displacements during the test. These records are used to
calculate the evolution of the local strain rates ¢,.(x,t) (x is the coordinate along the specimen’s
centerline). The method allows for surveying the evolution of spatiotemporal maps of the local
strain-rate field over a 20 mm length with a 1 mm step and a high spatial (1.3 pm) and time
(1 ms) resolution.

In the case of the AE, the statistical distributions were calculated for the square of the peak
amplitudes of acoustic events, I = U?. According to [25], it characterizes the energy dissipated in
the deformation process giving rise to the acoustic wave. In the case of the local strain-rate bursts,
the statistical analysis was applied directly to their amplitudes, A, because the mechanical work
associated with a strain jump is a product of the strain increment and the stress, the latter being
virtually constant during the strain jump duration (cf. [21]). To facilitate the comparison of the
distributions of either different variables or the same variable measured in different experimental
conditions, probability density functions (PDF) were calculated using data rescaled by the average
value of the studied quantity, X/<X>, where X means either I or A.

3. Results

3.1. Three-Stage Work-Hardening Behavior

Figure 2 shows an example of experimental data comparing: (a) the evolution of the stress; (b) the
series of amplitudes and durations of AE hits; and (c) the 1D spatiotemporal map of local strain rates
for two differently oriented specimens deformed at ¢, =5 x 10~* s~ 1. The following aspects should be
noted:

e  Both deformation curves (Figure 2a) show a tendency to a concave shape at the elastoplastic
transition (it is stronger for the TD orientation at this strain rate). Although the concavity is less
pronounced than that reported for compression [3-8], the corresponding ®(¢) curves distinctly
display a three-stage character (see Figure 3).

e  Figure 2b shows the entire series of AE events recorded for both samples. Each dot in the upper
chart represents the logarithmic value Uy, of the amplitude of an AE hit with the duration
T shown in the bottom chart (For clarity, Figure 2d illustrates one of the diverse waveforms
corresponding to a hit. The complexity of such waveforms is one of the signatures of collective
nature of the dislocation dynamics [26]). The overall evolution of the series of AE events is typical
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of most materials [15]. The AE occurs virtually immediately after the beginning of loading, is
very strong during elastic deformation, and decreases after the elastoplastic transition. The strong
AE accompanying the elastic stage is usually ascribed to the microplasticity that is characterized
by a fast multiplication of dislocations and large flight distances of dislocations between rare
obstacles [15,27]. The further exhaustion of AE during stable plastic flow (before necking) is
attributed to the accumulation of barriers to the motion of dislocations. It can also be seen that the
AE increases again upon the onset of necking leading to strain localization. The last effect goes
beyond the scope of the paper and will only be used hereinafter as a benchmark.

e Animportant feature of the spatiotemporal maps of Figure 2c is that the local strain-rate values
attain ¢, during the elastoplastic transition quasi-simultaneously over the entire field of vision [10].
It should be noted that as the sample is stretched during the test, the grid lines located close to
the mobile grip gradually leave the field of vision of the CCD camera, so that the overall map
only covers about 14 mm of the gage length. However, by restricting the analyzed time interval, it
can be recognized that this conclusion is also valid for the other specimen cross-sections. Similar
behavior was observed at all strain rates for both orientations. This result allows to invalidate
an alternative mechanism of low strain hardening at the stage A [8], based on the suggestion of
propagation of a Liiders-like deformation band and requiring conditions favorable for aging of
dislocations by solute atoms [28]. Besides the overall pattern, Figure 2c reveals ¢, fluctuations
both in space and time. Statistical distributions of such fluctuations will be studied in Section 3.2,
alongside with the AE statistics.
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Figure 2. (a) Examples of stress-time curves for a transverse direction (TD) and rolling direction (RD)
samples deformed at 5 x 10~* s~1. The offset yield point oy corresponds to 0.2% of plastic strain;
(b) logarithmic amplitude Uj,, and duration 7 for the series of AE events detected during the test;
(c) spatiotemporal pattern displaying the evolution of the local strain rate ¢;,, along the centerline of
the specimen. Color bar is scaled in s~1; and (d) example of waveform for an AE event.
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Figure 3. (a) True deformation curves for the samples of Figure 2; (b) strain dependence of the
work-hardening rate ®; and (c) strain dependence of the AE average count rate CR. Vertical dashed

lines indicate the A/B transition.

Figure 3 compares the overall work-hardening behavior and the concomitant AE activity for
the same specimen. For this strain rate, the CR was calculated within time intervals of 0.5 s.
O(e)-dependences were obtained by numerical differentiation of the true deformation curves (Figure 3a)
over strain. They clearly show a non-monotonous character in the strain range corresponding to the
elastoplastic transition (Figure 3b). To facilitate the reading of the figures, vertical dashed lines indicate
the transition from stage A (initial decrease) to stage B (transient growth in ®). All stages are denoted
explicitly in the magnification of a part of this plot in Figure 4. These lines also demonstrate that the
AE average count rate shows non-monotonous behavior, too, thus confirming the physical origin of
the stages in tensile experiments. During stage C, not only the overall trend of CR is similar to that
of ® (before the onset of necking). Also, CR is higher for the RD sample than for its counterpart,
in agreement with the similar relationship for ®. However, the initial CR behavior corresponding
to stages A and B of work hardening shows qualitatively different trends for different specimen
orientations, deserving special attention.
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Figure 4. (a) Magnification of Figure 3b,c and (b) similar plots for two samples deformed at
2x1073s7 1,
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These peculiarities are represented in Figure 4 displaying: (a) a magnification of the bottom charts
of Figure 3, and (b) similar data for a higher strain rate, ¢, =2 x 1072 s~1. To begin with, the upper
charts illustrate the effect of the strain rate on the depth of the well in the ® dependences. As pointed
out in the Introduction, it has an opposite sign for RD and TD samples (see [10,12]). The bottom charts
reveal a very good similitude between the ® stages and their counterparts in the CR in the case of
RD specimens. Therewith, the positions of the B/C transition closely coincide with the corresponding
peaks in the CR curves at all strain rates. In Figure 4a, the preceding bottom of the CR well is reached
with some delay regarding the A/B transition. Since the wells at the A/B transition are effectively
depressed for both CR and ® when ¢, is increased, this delay becomes indiscernible at the highest
strain rate of 8 x 1073 s~! (not shown; see [10,12] for illustrations of © behavior).

In contrast to RD samples, CR behavior of TD samples qualitatively differs from the respective
O(e)-curves at stages A and B. It can be seen that C R also shows a peculiarity resembling the stage B
but it occurs in the strain range corresponding to stage A and is quite short regarding the extent of the
stage B. More exactly, at 2 x 1073 s~!, the CR curve passes a shallow minimum followed by a slight
increase or a plateau (arrow in Figure 4b). This variation is more pronounced at 8 x 1073 s~1 but only
displays a bend in the CR curve at 5 x 1074 g1 (arrow in Figure 4a), i.e., the sign of the strain-rate
effect on this peculiarity is the same as for the ® well. This trend is followed by a new decrease in the
CR, starting shortly before the A/B transition and continuing after it. The decrease is again slowed
down during stage B. A slight growth towards the B/C transition, evoking a certain similitude with
© behavior, can be seen at slow deformation (Figure 4a) but is almost indiscernible in the faster tests
(Figure 4b). On the whole, the overall CR pattern is more complex than that of ©.

One more consequence of the particular CR pattern in TD samples is that in contrast to the
relationship @rp > @1p which is satisfied almost everywhere, except for the very beginning of plastic
deformation (beyond the axes limits in Figures 3 and 4 [12]), CR is stronger in TD than in RD samples
up to about 1% of true strain.

3.2. Statistics of Deformation Processes on a Mesoscopic Scale

Figure 5 represents PDF for the intensity of the AE collected during deformation of the samples
from Figure 2. It should be underlined that the statistical analysis must be applied to a stationary
variable. To satisfy the condition of stationarity, the statistics were analyzed within relatively short
strain intervals during the stage C characterized by a slow evolution of the AE. The strain intervals
were selected as short as possible to deal with a stationary range of AE amplitudes, but large enough
to provide representative statistical samples. The length of each selected interval was varied and the
PDF calculation was repeated in order to verify the robustness of the calculation result regarding
the interval choice. For each specimen, Figure 5 shows the results of analysis within strain intervals
corresponding to: (i) the stabilized plastic flow after the elastoplastic transition; (ii) a later deformation
stage before necking; (iii) the onset of necking; and (iv) a later phase of necking close to fracture.

The data of Figure 5 allow for a conclusion that like in many materials studied so far, the energy
distributions of deformation processes obey power-law statistics. For all strain rates and both
orientations (TD and RD), the exponent f of the fitting power-law function, P(I)~I~®, varies during
the macroscopically uniform plastic flow within the interval from 1.5 to 1.8, similar to the typical value
of 1.5 reported for hcp materials [17,20]. It considerably increases close to the onset of necking (more
specifically, § ~ 2.3 £ 0.1 for the TD sample and 2.6 & 0.1 for the RD sample in Figure 5) and decreases
again when the neck is developed. Since a higher 3 means a higher probability of smaller events, the 3
increase indicates that the transition to necking is associated with noisier (uncorrelated) deformation
processes, while the development of the strain localization restores the correlation. It can be noted that
the numbers in the parenthesis suggest that 3 takes on a higher value for the RD orientation. Such
inequality for the necking region was confirmed at other strain rates, too, except for the highest ¢,,
where a relatively strong data scatter around the onset of necking prevented from quantitative analysis
in this strain range. Some tendency to higher 3 for the RD orientation could also be remarked at other
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deformation stages. However, since the span of 3 is much smaller at these stages, this observation
would require additional verification using a large number of samples to reduce data scatter.
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Figure 5. Probability distribution functions (PDF) for the normalized intensity of AE events collected at
different stages of deformation of (a) TD and (b) RD samples of Figure 2: 1—During stabilized plastic
flow immediately after the elastoplastic transition; 2—At a later stage before necking; 3—Close to the
onset of necking; and 4—During the necking.

The power-law statistics of deformation processes on a mesoscopic scale is also confirmed by the
first data of analysis of the local strain-rate bursts. Figure 6a displays a spatiotemporal map €;,.(x, t)
for a TD sample deformed at 8 x 1073 57! and the corresponding family of ¢;,.(t)-curves served as
sources for the map reconstruction. In other words, these curves represent horizontal cross-sections
of the map and their fluctuations correspond to the color fluctuations in the above chart. Figure 6b
presents the PDF for the amplitudes of fluctuations on one of such curves. Since the time resolution
of the extensometry is three orders of magnitude coarser than that of the AE measurements, the
statistical sample was collected over the entire range of the uniform plastic flow, starting immediately
after the elastoplastic transition (f ~ 8 s) and ending before the onset of necking (f ~ 14 s). It can be
seen that despite the lower resolution of the method, the PDF obeys a power law with 3 in the same
range as for the AE. The feasibility of such analysis was poorer than in the case of AE, most likely
because of the insufficient resolution, and the power law was correctly established for a part of data,
only. Nevertheless, the entirety of these results corroborate the above conclusions drawn from the
AE analysis. Moreover, since the power-law statistics is a mathematical expression of scale-invariant
behavior, the very fact that the power law is found using methods with the resolution corresponding
to distinct time (amplitude) scales is by itself a strong evidence of scale invariance.
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Figure 6. (a) Spatiotemporal pattern ¢;,.(x,t) (top) and the corresponding family of ¢,.(¢)-curves
measured at various positions along the centerline of a TD specimen (bottom); (b) the corresponding
statistical distribution of the normalized amplitudes A of fluctuations for one of these curves.
The horizontal dashed line indicates the imposed strain rate, ¢; = 8 x 103 s L,

4. Discussion

In the present work, high resolution techniques based on the AE and local strain-rate fields were
applied, on the one hand, to verify the hypothesis of dislocation mechanism of the non-monotonous
work hardening of o-Ti polycrystals deformed by tension [9-12] and, on the other hand, to investigate
the deformation processes on finer scales relevant to the so-called collective processes in the dislocation
dynamics. The analysis of the AE average count rate allowed, first of all, to corroborate the presence
of non-monotonous trends during the elastoplastic transition. Furthermore, the AE revealed specific
CR behaviors in the case of TD samples. Taking into account that twinning is a powerful source of
AE, so that rare twinning events could be supposed to produce visible AE, it is important to revise
whether the AE behavior enters into the same dislocation-based framework and interpret the observed
specific behaviors.

As suggested in [10,12], the © reduction during stage A is caused, in both kinds of samples, by a
progressive onset of plastic flow in various grains of the polycrystal. It should be clarified that this
statement does not contradict the roughly simultaneous occurrence of plastic activity all over the
specimen gage length, revealed in the local strain-rate maps (Figures 2c and 6a). Indeed, the presence
of ¢y, fluctuations in these figures means that such a conclusion is only valid globally. A magnification
of such maps (Figure 7) shows that these fluctuations generate complex structures including not only
an apparent disorder but even wavy structures similar to various patterns observed in metals with
cubic symmetry (e.g., [16,29,30]).
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Figure 7. Portion of a spatiotemporal pattern for an RD specimen deformed at 8 x 103 s~1. Inclined

dashed lines provide visual guidance indicating an ordering of the intermittent plastic activity (bright

spots) into a wave-like propagation along the specimen centerline. A detailed analysis of the local

strain-rate behavior will be published elsewhere.
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Taking into account that the AE is generally strongly attenuated upon the elastoplastic transition,
i.e., when the microplasticity occurring during “elastic” deformation shifts into the macroscopic plastic
flow, the conjecture on a correlation between stage A and the gradual plastification of grains agrees
with the attenuation of the AE during stage A. In RD samples, this stage was shown to be mostly
governed by prismatic glide, i.e., the motion of dislocations with the Burgers vector <a> in prismatic
systems. The onset of stage B, in these samples, was attributed to the onset of secondary slip of both <a>
and <a + ¢> dislocations in pyramidal systems, while prismatic slip remained the main mechanism of
plastic flow during the entire test. Indeed, the forest dislocations are themselves obstacles to the motion
of dislocations and, therefore, contribute to an increase in the strain hardening rate. Moreover, they
may be effective dislocation sources and lead to multiplication of mobile dislocations. The production
of dislocations would result in a strong strain hardening because of dislocation interactions with both
forest and collinear dislocations but also lead to an increase in the AE. These reasons can explain why
the stage B is associated with the increasing branches both in CR and ®. The following depression
in both curves during stage C can also be explained in a conventional way, as a consequence of the
reduction in the rate of the dislocations production.

It was remarked in [12] that although the modeling results successfully reproduced the main
features of the three-stage work hardening for TD samples, too, the qualitative explanation of the
stage B is more difficult in this case because the secondary slip starts much earlier than in RD samples.
The model predicted that more than 65% of grains are already performing multiple slips at the end of
stage A. Surprisingly, this difficulty conforms to the peculiarity observed in the AE. Indeed, an analogue
of stage B, i.e., a transient increase in the CR curves, occurs before the end of stage A in TD samples, in
consistence with the dislocations multiplication due to the presence of a secondary slip. Moreover,
while ©1p < Ogp in the entire strain range in Figures 3 and 4, CR is initially higher in TD samples.

It is necessary to mention that twinning could be suggested as an alternative explanation of the
high CR during stage A in TD specimens because they generally manifest a higher fraction of twins
than the RD specimens [10]. However, the analysis of the microstructure in the so-called interrupted
tests showed that the largest part of twins is formed after the end of stage B, when the AE is gradually
decreased [12]. Besides, some twins are also found in RD samples the behavior of which directly
follows from the predictions of the dislocation-based model.

It can thus be concluded that the models based on the consideration of the dislocation glide in
different slip systems are able to explain the non-monotonous nature of both strain hardening and
AE accompanying plastic flow of «-Ti. At the same time, it should be underlined that overall the
similitude between the CR and ©® dependences is much worse for TD than for RD samples. Not
only the stages detected in the AE evolution are shifted regarding their counterparts on the © curves,
but its overall behavior reveals even more complexity, e.g., a tendency to an additional increase in CR
during the stage B. It can be suggested that besides the polycrystal plasticity, a realistic model of AE
needs to handle the physical mechanisms associated with the generation and propagation of AE in the
anisotropic material.

Finally, the measurements using the AE and local extensometry provide a further insight into
the heterogeneity of plastic deformation on finer scales. The major conclusion stemming from the
first analyses presented in the paper is that the statistics of deformation processes obey a power law.
These observations bear evidence to an avalanche-like character of the dislocation dynamics and
relate the present results to a more general and intensely studied problem of self-organization of the
dislocation dynamics in various materials [31-33]. Adequate modeling of these aspects would require
a correct consideration of the spatial coupling associated with local deformations, in particular, internal
stresses caused by plastic strain incompatibilities between neighboring grains. Indeed, the observation
of a variation of the power-law exponent with deformation, and also between specimens with different
orientations, testifies that in order to reproduce the fine-scale heterogeneity, models must be able to
consider real grain structures and the role of grain boundaries for the dislocation glide (formation
of dislocation pile-ups, absorption or transmission of dislocations through the interface, and so on).
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This level of consideration is missing in model [12] and, more generally, in the models based on the
homogenization approach, and will present a challenge for future investigations. It is particularly
interesting in view of the recent technological developments which show a tendency to fabricate Ti
and Ti alloys with complex microstructures containing micro- and nano-size elements, e.g., submicron
grains [34-36].

5. Conclusions

In summary, the comparison of several kinds of material response to plastic deformation,
including the work hardening, the acoustic emission, and the evolution of the local strain-rate field
along the tensile axis, permits the following conclusions to be drawn:

e The average activity of the AE accompanying tensile deformation of «-Ti has a non-monotonous
character in the strain range corresponding to the three-stage work-hardening behavior
characteristic of hcp materials. The totality of data corroborates the recently proposed model
predicting that the work-hardening peculiarity can be caused by the dislocation mechanism alone,
due to the strong anisotropy of the dislocation glide in different slip systems in hcp crystals [12].

e  More specifically, the AE activity detected in the samples cut along the rolling direction
shows three stages corresponding rather well to the work-hardening stages. Both AE and
deformation behaviors allow for a unique interpretation considering the transition from the
initially predominant prismatic glide to the multiple slip. The immediate onset of the multiple
slip makes more intricate the qualitative interpretation of such results for samples oriented in
the transverse direction and would require a further development of the modeling to couple the
mechanisms of plasticity and acoustic emission in the anisotropic material.

e  On the mesoscopic scales relevant to either AE or local strain rates, the deformation processes
in a-Ti obey power-law statistics characteristic of the avalanche dynamics. Such behavior has
recently been established for various materials and first and foremost, for hcp crystals [31].
The values of the power-law exponents found in the present experiments are also close to the
seemingly universal exponent (3 ~1.5) reported in the literature. At the same time, 3-values
determined for different subsets of large AE datasets testify that the power law may depend on the
sample orientation and the strain range. In particular, 3 was found to increase considerably close
to the onset of necking and to decrease again during the neck development. These data indicate
that the statistical analysis of the data obtained using high-resolution methods of investigation of
the plastic flow may be useful for the further progress in the understanding of the plasticity of
hcp materials.

Author Contributions: Conceptualization, M.L., T.L., and T.R.; Formal analysis, M.L., KA., TL., and A.R;
Investigation, M.L., K.A., TL., TR., and A.R.; Methodology, M.L. and T.L.; Writing—original draft, M.L.

Funding: This research was funded by the French State through the program “Investment in the future” operated
by the National Research Agency (ANR) and referenced by ANR-11-LABX-0008-01 (LabEx DAMAS), and through
the ANR project PHIRCILE (ANR 2010 JCJC 0914 01).

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Kocks, U.F. Laws for Work-Hardening and Low-Temperature Creep. ]. Eng. Mater. Technol. 1976, 98, 76-85.
[CrossRef]

2. Estrin, Y,; Toth, L.S.; Molinari, A.; Bréchet, Y. A dislocation-based model for all hardening stages in large
strain deformation. Acta Mater. 1998, 15, 5509-5522. [CrossRef]


http://dx.doi.org/10.1115/1.3443340
http://dx.doi.org/10.1016/S1359-6454(98)00196-7

Materials 2018, 11, 1061 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kailas, S.V.; Prasad, Y.V.R.K,; Biswas, S.K. Influence of initial texture on the microstructural instabilities
during compression of commercial o-Titanium at 25 °C to 400 °C. Metall. Mater. Trans. A 1994, 25, 1425-1434.
[CrossRef]

Wang, B.; Xin, R.; Huang, G.; Liu, Q. Effect of crystal orientation on the mechanical properties and strain
hardening behavior of magnesium alloy AZ31 during uniaxial compression. Mater. Sci. Eng. A 2012,
534, 588-593. [CrossRef]

Salem, A.A.; Kalidindi, S.R.; Doherty, R.D. Strain hardening regimes and microstructure evolution during
large strain compression of high purity titanium. Scr. Mater. 2002, 46, 419-423. [CrossRef]

Jiang, J.; Godfrey, A.; Liu, W.; Liu, Q. Microtexture evolution via deformation twinning and slip during
compression of magnesium alloy AZ31. Mater. Sci. Eng. A 2008, 483-484, 576-579. [CrossRef]

Sarker, D.; Chen, D.L. Detwinning and strain hardening of an extruded magnesium alloy during compression.
Scr. Mater. 2012, 67, 165-168. [CrossRef]

Nemat-Nasser, S.; Guo, W.G.; Cheng, J.Y. Mechanical properties and deformation mechanisms of a
commercially pure titanium. Acta Mater. 1999, 47, 3705-3720. [CrossRef]

Becker, H.; Pantleon, W. Work-hardening stages and deformation mechanism maps during tensile
deformation of commercially pure titanium. Comp. Mater. Sci. 2013, 76, 52-59. [CrossRef]

Roth, A.; Lebyodkin, M.A.; Lebedkina, T.A.; Lecomte, J.S.; Richeton, T.; Amouzou, K.E.K. Mechanisms of
anisotropy of mechanical properties of a-titanium in tension conditions. Mater. Sci. Eng. A 2014, 596, 236-243.
[CrossRef]

Barkia, B.; Doquet, V.; Couzinié, ].P.; Guillot, I.; Héripré, E. In situ monitoring of the deformation mechanisms
in titanium with different oxygen contents. Mater. Sci. Eng. A 2015, 636, 91-102. [CrossRef]

Amouzou, K.EK,; Richeton, T.; Roth, A.; Lebyodkin, M. A ; Lebedkina, T.A. Micromechanical modeling of
hardening mechanisms in commercially pure a-titanium in tensile condition. Int. J. Plast. 2016, 80, 222-240.
[CrossRef]

Conrad, H. Effect of interstitial solutes on the strength and ductility of titanium. Prog. Mater. Sci. 1981,
26, 123-403. [CrossRef]

Naka, S. Etude des Mécanismes de Déformation Plastique a Basse Température de Monocristaux de Titane
Alpha. Ph.D. Thesis, O.N.E.R.A., Palaiseau, France, 1983.

Mathis, K.; Chmelik, F. Exploring plastic deformation of metallic materials by the acoustic emission technique.
In Acoustic Emission; Sikorski, W., Ed.; InTech: Rijeka, Croatia, 2012; pp. 23—48. ISBN 978-953-51-0056-0.
Roth, A.; Lebedkina, T.A.; Lebyodkin, M.A. On the critical strain for the onset of plastic instability in an
austenitic FeMnC steel. Mater. Sci. Eng. A 2012, 539, 280-284. [CrossRef]

Richeton, T.; Dobron, P.; Chmelik, F.; Weiss, J.; Louchet, F. On the critical character of plasticity in metallic
single crystals. Mater. Sci. Eng. A 2006, 424, 190-195. [CrossRef]

Fressengeas, C.; Beaudoin, A.].; Entemeyer, D.; Lebedkina, T.; Lebyodkin, M.; Taupin, V. Dislocation transport
and intermittency in the plasticity of crystalline solids. Phys. Rev. B 2009, 79, 014108. [CrossRef]
Lebyodkin, M.A.; Kobelev, N.P.; Bougherira, Y.; Entemeyer, D.; Fressengeas, C.; Gornakov, V.S,
Lebedkina, T.A.; Shashkov, L.V. On the similarity of plastic flow processes during smooth and jerky flow:
Statistical analysis. Acta Mater. 2012, 60, 3729-3740. [CrossRef]

Weiss, J.; Rhouma, W.B.; Richeton, T.; Dechanel, S.; Louchet, F,; Truskinovsky, L. From mild to wild
fluctuations in crystal plasticity. Phys. Rev. Lett. 2015, 114, 105504. [CrossRef] [PubMed]

Lebedkina, T.A.; Zhemchuzhnikova, D.A.; Lebyodkin, M.A. Correlation versus randomization of jerky flow
in an AIMgScZr alloy using acoustic emission. Phys. Rev. E 2018, 97, 013001. [CrossRef] [PubMed]
Ghaderi, A.; Barnett, M.R. Sensitivity of deformation twinning to grain size in titanium and magnesium.
Acta Mater. 2011, 59, 7824-7839. [CrossRef]

Lebyodkin, M.A.; Shashkov, I.V.; Lebedkina, T.A.; Mathis, K.; Dobron, P.; Chmelik, E. Role of superposition
of dislocation avalanches in the statistics of acoustic emission during plastic deformation. Phys. Rev. E 2013,
88, 042402. [CrossRef] [PubMed]

Lebedkina, T.A.; Lebyodkin, M.A.; Chateau, ].-P; Jacques, A.; Allain, S. On the mechanism of unstable plastic
flow in an austenitic FeMnC TWIP steel. Mater. Sci. Eng. A 2009, 519, 147-154. [CrossRef]

Weiss, ].; Grasso, ].R.; Miguel, M.C.; Vespignani, A.; Zapperi, S. Complexity in dislocation dynamics:
Experiments. Mater. Sci. Eng. A 2001, 309-310, 360-364. [CrossRef]


http://dx.doi.org/10.1007/BF02665475
http://dx.doi.org/10.1016/j.msea.2011.12.013
http://dx.doi.org/10.1016/S1359-6462(02)00005-2
http://dx.doi.org/10.1016/j.msea.2006.07.175
http://dx.doi.org/10.1016/j.scriptamat.2012.04.007
http://dx.doi.org/10.1016/S1359-6454(99)00203-7
http://dx.doi.org/10.1016/j.commatsci.2013.03.028
http://dx.doi.org/10.1016/j.msea.2013.12.061
http://dx.doi.org/10.1016/j.msea.2015.03.044
http://dx.doi.org/10.1016/j.ijplas.2015.09.008
http://dx.doi.org/10.1016/0079-6425(81)90001-3
http://dx.doi.org/10.1016/j.msea.2012.01.094
http://dx.doi.org/10.1016/j.msea.2006.03.072
http://dx.doi.org/10.1103/PhysRevB.79.014108
http://dx.doi.org/10.1016/j.actamat.2012.03.026
http://dx.doi.org/10.1103/PhysRevLett.114.105504
http://www.ncbi.nlm.nih.gov/pubmed/25815948
http://dx.doi.org/10.1103/PhysRevE.97.013001
http://www.ncbi.nlm.nih.gov/pubmed/29448460
http://dx.doi.org/10.1016/j.actamat.2011.09.018
http://dx.doi.org/10.1103/PhysRevE.88.042402
http://www.ncbi.nlm.nih.gov/pubmed/24229184
http://dx.doi.org/10.1016/j.msea.2009.04.067
http://dx.doi.org/10.1016/S0921-5093(00)01633-6

Materials 2018, 11, 1061 13 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lebyodkin, M. A.; Lebedkina, T.A.; Chmelik, F.; Lamark, T.T.; Estrin, Y.; Fressengeas, C.; Weiss, J. Intrinsic
structure of acoustic emission events during jerky flow in an Al alloy. Phys. Rev. B 2009, 79, 174114.
[CrossRef]

Maap, R.; Derlet, PM. Micro-plasticity and recent insights from intermittent and small-scale plasticity.
Acta Mater. 2018, 143, 338-363. [CrossRef]

Klusemann, B.; Fischer, G.; Bohlke, T.; Svendsen, B. Thermomechanical characterization of Portevin-Le
Chatelier bands in AIMg3 (AA5754) and modeling based on a modified Estrin-McCormick approach.
Int. J. Plast. 2015, 67, 192-216. [CrossRef]

Zhemchuzhnikova, D.; Lebyodkin, M.; Lebedkina, T.; Mogucheva, A.; Yuzbekova, D.; Kaibyshev, R.O.
Peculiar Spatiotemporal Behavior of Unstable Plastic Flow in an AIMgMnScZr Alloy with Coarse and
Ultrafine Grains. Metals 2017, 7, 325. [CrossRef]

Mudrock, R.N.; Lebyodkin, M.A.; Kurath, P.; Beaudoin, A.J.; Lebedkina, T.A. Strain-rate fluctuations during
macroscopically uniform deformation of a solution-strengthened alloy. Scr. Mater. 2011, 65, 1093-1096.
[CrossRef]

Zaiser, M. Scale invariance in plastic flow of crystalline solids. Adv. Phys. 2006, 55, 185-245. [CrossRef]
Zuev, L.B. On the waves of plastic flow localization in pure metals and alloys. Ann. Phys. 2007, 16, 286-310.
[CrossRef]

Salje, E.K.H.; Dahmen, K.A. Crackling noise in disordered materials. Annu. Rev. Condens. Matter Phys. 2014,
5,233-254. [CrossRef]

Gu, Y.; Ma, A; Jiang, J.; Yuan, Y.; Li, H. Deformation structure and mechanical properties of pure titanium
produced by rotary-die equal-channel-angular pressing. Metals 2017, 7, 297. [CrossRef]

Cojocaru, V.D.; Serban, N. Effects of solution treating on microstructural and mechanical properties of a
heavily deformed new biocompatible Ti-Nb-Zr-Fe alloy. Metals 2018, 8, 297. [CrossRef]

Ji, Z.; Shen, C.; Wei, E; Li, H. Dependence of macro- and micro-properties on « plates in Ti-6Al-2Zr-1Mo-1V
alloy with tri-modal microstructure. Metals 2018, 8, 299. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevB.79.174114
http://dx.doi.org/10.1016/j.actamat.2017.06.023
http://dx.doi.org/10.1016/j.ijplas.2014.10.011
http://dx.doi.org/10.3390/met7090325
http://dx.doi.org/10.1016/j.scriptamat.2011.09.025
http://dx.doi.org/10.1080/00018730600583514
http://dx.doi.org/10.1002/andp.200610233
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133838
http://dx.doi.org/10.3390/met7080297
http://dx.doi.org/10.3390/met8050297
http://dx.doi.org/10.3390/met8050299
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Three-Stage Work-Hardening Behavior 
	Statistics of Deformation Processes on a Mesoscopic Scale 

	Discussion 
	Conclusions 
	References

