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Abstract

Equal channel angular pressing (ECAP) was performed on the as-extruded commercial
pure magnesium at 250 °C for 4 passes. The internal friction of the ECAPed pure Mg as a
function of strain amplitude was investigated by dynamic mechanical analyzer (DMA), and
the cyclic microplasticity of pure Mg was investigated by tensile loading and unloading test.
After ECAP processing, the grain size is significantly refined, the texture component with
basal planes parallel to extrusion direction is replaced by a new stronger one with basal planes
having a tilting angle of about 40° to the extrusion direction. The stress in microplastic region
is reduced with increasing ECAP passes, while the internal friction increases. The internal
friction of Mg at high strain amplitude is closely related to microplastic deformation and can
be interpreted by dislocation mechanism. The Granato and Liicke model only satisfies in
anelastic regions, while the internal friction in microplastic deformation region should be
explained in terms of the internal friction model postulated by Peguin. The internal friction
related to microplasticity can be divided into two parts with different activation volumes of
dislocation motion, which correspond to the two regions of microplasctic deformation process.

The initial stage associated with dislocation motion on basal plane shows larger activation



volume and lower friction stress of dislocations. The second stage related to the annihilation

and tangle of dislocations is characterized by larger hardening exponent and friction stress.
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1. Introduction

The macroplastic deformation mechanisms of most materials are well studied, while their

plasticity occurring below the macroyield point (microplastic deformation) is understood

poorly. In fact, the structural components always undergo repeated microplastic deformation

when they are in service. The microplasticity determines various properties of the metals,

such as fatigue strength [1, 2], dimensional stability [3], and various relaxation phenomena,

such as damping (internal friction) behavior [4]. It is a very useful method to study the

microplasticity of materials by the analysis of strain amplitude dependent internal friction [5,

6], which makes it possible to quantify the onset strain of microplasticity, the dynamics of

changes of the microstructure in the materials or also determine, for example, the size of the

activation volume of dislocation motion of microplastic deformation process. However, the

processes of microplastic deformation and internal friction were always studied theoretically

and experimentally in separate investigations. The strain dependent internal friction is

explained as the result of reversible movement of the dislocations around the initial positions

which do not change during measurements, i.e., it is an anelastic process. While microplastic

deformation process is associated with the breakaway from strong pinning points, subsequent

motion and interaction of the dislocations. Few works [5, 6] have been performed on the

research of microplasticity by the analysis of strain amplitude effect on internal friction,

which is usually divided into three regions, namely the regions in which the internal friction is



strain independent, weakly dependent and strongly dependent. The last part is closely related
to microplasticity [4, 5].

Mg and its alloys are characterized by low density and high damping capacity. Equal
channel angular pressing (ECAP) offers great potential to modify the microstructures of Mg
alloys, thus improve their mechanical property [7, 8] and damping capacity [9, 10]. In the
present research, pure magnesium was selected as the experimental material to minimize the
influences of secondary phases and solute atoms on microplasticity. ECAP was used to
modify the microstructure of the pure Mg, such as the grain size and texture. The present
research tries to relate the internal friction with usual tensile property in the microplastic
range, in order to shed light on the mechanism of microplastic deformation and internal
friction of pure Mg.

2. Experimental techniques

A cast commercial pure Mg (99.90 wt.%) was extruded at 350 °C to a rectangular bar with
a reduction ratio of 12:1. The 10 x 10 x 60 mm® rectangular billets were machined from the
extrusion bars for ECAP. The outer and interior angles of ECAP die were w = 37° and ®@ =
90°, respectively. The ECAP was conducted at 250 °C for 4 passes using route B¢, in which
the specimen is rotated by @ = 90° in the same direction between each pass. The
microstructures of the pure Mg were examined with Olympus DP11 optical microscope (OM).
Neutron diffractometer at TEX-2 (GKSS Research Center, Germany) was used to measure the
texture. A bulk sample with gauge dimensions of 10 x 10 x 10 mm® was cut from the center
part of pure Mg for texture measurement.

Tensile tests were performed at room temperature using an Instron 5569 universal test



machine at a crosshead speed of 10 MPa/min. The dogbone-shaped specimens with gauge
dimensions of 6 x 2 x 10 mm® were used for tensile tests. Microstrain tensile tests were also
carried out in dynamic mechanical analyzer (DMA) TA Q800 using tensile mode at a
crosshead speed of 8 MPa/min with a strain sensitivity of 1 x 10°°. The specimen dimension
for microstrain tensile tests is 15 x 2 x 1 mm’. The tensile axes of all the tensile specimens
were parallel to the extrusion direction of the as-extruded and as-ECAPed billets.

The internal friction tests were carried out by DMA with single cantilever vibration mode.
The specimen dimension for internal friction measurements is 35 x 10 x 1 mm’.
Measurements of internal friction at ambient temperature were made at various strain
amplitude range from 4 x 107 to 1.8 x 10~ with vibration frequency of 1 Hz.

3. Results and discussion
3.1. Microstructure

Fig. 1 shows the typical optical microstructures of pure Mg after extrusion and EX -
ECAP with 1 - 4 passes. The average grain size of the as-extruded pure Mg is about 71 pm.
The well-defined grain boundaries and equiaxed grains indicate that dynamic recrystallization
(DRX) takes place during the extrusion. After being processed by ECAP at 250 °C for 1 pass,
the grain size is significantly refined to about 23 pm. After ECAP processing for 2 passes, the
average grain size is further refined to about 15 pm. There are still some elongated coarse
grains surrounded by smaller equiaxed grains in some regions. After being processed by
ECAP for 4 passes, the pure Mg exhibits more homogeneous microstructure with average
grain size of about 6 um, as shown in Fig. 1(d).

3.2. Texture evolution



The (0002) and (1 01_0) pole figures of pure Mg processed by extrusion and subsequent
ECAP are shown in Fig. 2. The as-extruded Mg exhibits a texture with most of the basal
planes nearly parallel to the extrusion direction (ED). After 1 pass ECAP processing, a new
stronger texture component with basal planes having a tilting angle of about 35° to ED
appears, which can be attributed to the more activations of the pyramidal Il <c¢ + a> sliding
[11]. But the stronger component with basal planes parallel to the ED still remains. The basal
pole distribution becomes more unsymmetrical with increasing ECAP passes and forms a
maximum component locating at about 40° from ND (normal direction) towards ED and 20°
from ND towards TD. And the texture component with basal planes parallel to ED becomes
much weaker. The gradual increase of the Schmid factor for basal slip with increasing ECAP
passes may have an important influence on the microplasticity and internal friction of Mg.

3.3. Cyclic microplasticity

Fig. 3 shows the tensile stress - strain curves of the extruded and ECAPed pure Mg in
microstrain range. It is observed that the tensile curves depart from straight lines around the
strain of 1 x 10", With increasing ECAP passes, the tensile stress at a given strain is reduced
gradually. Fig. 4 displays the loading—unloading hysteresis loops of pure Mg measured by
DMA using tensile mode with the maximal loading force of 18N. As shown in Fig. 5, the
cyclic tension curves in larger strain range were also measured by tensile testing machine, the
strain sensitivity of which is not high enough at the beginning of microplastic deformation. So
the plastic deformation behavior of pure Mg in the whole microstrain region is obtained by
combining the results of both Fig. 4 and 5. Fig. 6 shows the schematic curve of cyclic loading

hysteresis loops and relevant parameters on the loading—unloading hysteresis loops.



It can be seen in Fig. 4 that the initial segment of the deformation diagram of pure Mg is
linear below the strain of about 1 x 10~*. When the specimens are unloaded with higher strain
and then reloaded, the flow curve exhibits a closed loop whose width increases with the
amount of plastic strain. It also can be seen that the as-extruded pure Mg shows higher cyclic
tensile stress than that of as-ECAPed specimens.

As shown in Fig. 6, at the peak stress, the applied stress o, is the sum of the friction
stress 0, and the back stress o, [12, 13]

0,-0,=0, (D)

The friction stress o, corresponds to the resistance the dislocations have to overcome to
keep moving in the lattice. The back stress o, is associated with piled-up dislocations that
are created after overcoming the friction stress.

As the external load is removed and the dislocations begin to move under the effect of
back stresses under the condition
0,~0,=0, (2)
o, is the yield stress upon unloading. Consequently, the reverse plastic flow in the
unloading of a preloaded specimen will begin when the external stress changes by the
quantity 0, -0, = 20‘/,.. Fig. 7 shows the development of friction stress, which slightly
decreases below the strain of about 1 x 107, then increasing rapidly afterward.
Fig. 8 shows the relationship between the tensile stress and plastic strain of pure Mg. In

the coordinates logo — loge,, the experimental points fit straight lines so that the

experimentally obtained points can be expressed by the equation

o=Be" 3)

P



The factors B and n are material- and experiment-sensitive constants, the values of n are
shown in Table 1. Thus the microplastic deformation process of pure Mg can be divided into
three regions. The microplastic region I corresponds to the plastic strain below 2 x 107 (Fig.
8a and b), the amount of hardening exponents of pure Mg are about 0.40. When the plastic
strain is higher than 2 x 10™* but lower than another critical value of 1 x 107 (Fig. 8b), the
deformation process enters into microplastic region II with an increase of the slopes of
straight lines to 0.6. With a further increase of plastic strain the hardening exponents show a
marked decrease (Fig. 8b), which is the manifestation that the transition from micro- to
macroplastic deformation takes place.

The anelastic strains as a function of strain of pure Mg are presented in Fig. 9. The
anelastic strain shows a rapid increase after an applied strain of about 1 x 10, and saturates
after a strain of 0.01-0.02, then decreases at larger strains (Fig. 9b). The ECAPed pure Mg
shows larger anelastic strain than the extruded one. And with increasing the ECAP passes, the
anelastic strain increases gradually.

Fig. 10 shows the development of normalized secant elastic modulus (£, defined in Fig. 6)
of pure Mg as a function of true strain. The experimental values were normalized to the initial
(elastic) slope of the stress—strain curve for each specimen such that the normalized E; =1
corresponds to the nominal value for pure Mg, £ = 42 GPa. The overall behavior is generally
similar for all materials. The values of secant elastic modulus tend to be the value of elastic
modulus £ as the strain approaches zero. The secant elastic modulus significantly decreases
when true strain is higher than 1 x 10, and reaches a minimum at the strain of about 0.01,

then slightly increases afterwards. With increasing the number of ECAP passes, the secant



elastic modulus is gradually reduced, and it is decreased by up to 50% for 4 pass ECAP
processed pure Mg.
3.4. The relationship between internal friction (IF) and microplasticity

The strain amplitude dependent IF curves of pure Mg at room temperature are presented
in Fig. 11. The IF is made up of a strain amplitude independent component and a strain
amplitude dependent component. The two components are separated at a critical strain

amplitude ¢&_,. The IF values of the pure Mg increase after ECAP processing, and ECAP-4P

ol
pure Mg shows the highest IF value. The [F mechanism of cast and wrought Mg alloys [14-16]
is usually interpreted in terms of dislocation theory developed by Granato and Liicke [17]
(G-L). However, in fact, G-L model was mainly developed for fcc metals with weak
interaction between dislocation line and pinning points at relatively low temperatures. In the
present case, though the interaction between dislocation line on basal sliding plane and
impurity atoms is relatively weak in commercial pure Mg, the G-L model's applicability still
needs to be proved for Mg after severe plastic deformation. According to G-L model, the
strain amplitude dependent component Q' is expressed by the equation [17]

6, =70, =(C/ &) exp(-C, / &) @)
where C; and C, are constants which are functions of dislocation density and distance
between pinning points. G-L plots of pure Mg are shown in Fig.12(b). There is a good
agreement between the theory and result at relatively low value of strain amplitude [18],
while a deviation from the straight line occurs beyond the strain amplitude of about 5 x 10°*,

denoted as ¢, , . So the IF behavior of Mg below &, can be explained by G-L model. The

IF at higher strain amplitude may originate from another type of IF associated with plastic



deformation. And it was interpreted successfully by the IF model postulated by Peguin and

his co-workers for aluminum [5]. Similar results have been obtained in other studies [19, 20].

IF related to microplasticity is characterized by the equation [5]

4 A
5,=nQ) =—exp B(e-¢,) (5)
2 pbv 0
A =2P% axp(— -
py eXp(=— )
=g ’C
KT

In the equations, 4 is a constant with the value 0.5-1, ¢, is the strain amplitude where plastic

deformation starts, i.e., & equals ¢

2> b is the Burgers vector, p is the dislocation
density, v is the frequency of oscillations of the dislocations, f'is the frequency of changes
of loading, Q is the activation energy, « is the orientation factor (~0.5), V' is the activation
volume of dislocation motion, G is the shear modulus of elasticity.
From equation (5)
InzQ)'e =Be+C (6)
C=InA/h-Be,
If In ﬂQ;lg vs ¢ is plotted to be a straight line, the slope B of which gives the activation
volume of dislocation motion. It can be seen from Fig. 13 that every curve is composed of
two well-defined straight lines, so the experimental data can be explained successfully by
Peguin’ s model. The critical strain corresponding to the passage of one line to the other is

defined as¢ _,. Hence two values of activation volume of dislocation motion are obtained,

cr3

which are given in table 1.

Therefore, the dependence of IF on strain amplitude can be characterised by the equation

0.(6)=0,"+0,'(e)+ 0, (¢) (7)



As shown in Fig. 14, the strain amplitude dependent IF Q,' and IF prl related to
microplasticity can be obtained by the subtraction of the background Q,' [18]. The
loading-unloading curves almost coincide with each other or show very small hysteresis loops
when the strain is smaller than 1 x 10™* (Fig. 4a), the materials almost deform in an elastic
manner. At this time the dislocations reversibly motion between the weak pinning points, as
shown in Fig. 15a, which only contributes to the IF background Q,'. Above g, (the first
critical strain amplitude) the hysteresis loops grow up gradually. This critical strain point is
thought to be associated with the breakaway of dislocations from weak pinning point defects
(Fig. 15b), the unpinning is a thermally activated process. In this case, the dislocations slide
between the strong pinning points (Fig. 15c), and sweep large area, which results in a marked
increase of anelastic strain (Fig. 9) and rapid decrease in secant elastic modulus (Fig. 10)
above ¢&,,. The area swept by dislocations and the hysteresis loop areas determine the IF of
materials. So the IF values of pure Mg increase suddenly due to the unpinning of dislocations
from weak point defects above ¢, (Fig. 11). In this region only amplitude dependent
component Q, ' exists after the subtraction of background Q, ' (Fig. 14),

The dislocation structure does not change after unloading until the strain amplitude
reaches &,, (the second critical strain amplitude). Above &, pronounced plastic
deformation occurs in materials, which is associated with irreversible movement of the
dislocations, accompanied by the freeing of dislocations from strong point (Fig. 15¢) and
generation of dislocations (Fig. 15f). In this case, some dislocation lines start to contribute to
the Qp’l, while other dislocation loops still dissipate energy by reversible hysteretic

mechanism of Q, "' type. Thus the Q) ' and Qp’1 amplitude dependent components coexist,
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and 0, ' exhibits a peak value at &,., » the value of which is about 5 x 10" (Fig. 14). After
the subtraction of Q) ' component, the Qp’1 component exists only. In this case, the process of
thermal activation is of lesser importance and the activation volume of dislocation motion
increases several tens of times [4]. As shown in table 1, the values of activation volume
obtained in the present study are in the same order of 10>’ m’ as that of pure Mg [21, 22] and
Mg-Li alloy [23] calculated by Trojanova. The intersected points at the strain of about 1 X
107 in Fig. 13 are corresponding to &, (the third critical strain amplitude). Therefore, the
plastic deformation range below &, is related to the first microplastic defromation region
of pure Mg under cyclic loading in Fig. 8(a), which is characterized by the softening of
materials, in accordance with the lack of strain hardening (Fig. 8a), and as a result of the
slight decrease of the friction stress in Fig. 7.

It was early reported that plastic deformation in microplastic regions in polycrystalline
Mg alloys can be accommodated entirely by basal slip independent of the initial texture
[24-26], since the non-basal slip systems are very difficult to be activated at room temperature,
especially at the strain below the macroplastic yield point [27, 28]. The activity of the
dislocation sources is accompanied by the displacement of dislocations to large distances only
on basal plane in individual grain. In this case, unstable dislocation loops interact together and
with a dislocation forest [29], which leads to the decrease of mobility of dislocations, and so
the marked decrease of activation volume above &_,, as shown in Fig. 13. Therefore, the
deformation enters into another region corresponding to the second microplastic region in Fig.
8(b) above the plastic strain of 2 x 10, which corresponds to the total strain of about 8 x 10

calculated by the cyclic loading curves in Fig 5. It is a little smaller than 1 x 10~ calculated
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by the IF measurements in Fig. 13. This is because IF data are measured as a function of the
maximum strain amplitude, which is larger than average strain. The hardening phenomenon
can also be observed in Fig. 7. The friction stress gradually increases owing to the tangle of
dislocations, which can stongly block the dislocation motion.

The hardening exponents of pure Mg significantly decrease above the plastic strain of
about 1 x 107 (Fig. 8b), i.e., the strain of about 2.5 - 2.8 x 10, suggesting that the activation
of other slip systems in addition to basal slip occurs above this critical strain point, which
corresponds to the transition from the microstrain to the macrostrain region. The apparent
elastic portion of stress-strain curve below macroscopic yield point is not a truly elastic part;
rather, it is actually a rapidly work-hardened region caused by the limited slip of basal
dislocations determined by the low symmetry inherent to the hexagonal structure of
magnesium [30, 31].

3.5. The texture effect on internal friction (IF) and microplasticity

As shown in Figs. 3, 4 and 5, the as-extruded pure Mg exhibits the highest tensile stress in
the microstrain region investigated. In general, according to Hall-Petch relationship, the
macroyield strength of a polycrystalline material increases with the decrease of grain size, so
does the microyielding, which takes place at much higher stresses in the finer grained samples
[30, 32-34]. In the present case, though the mean grain sizes of pure Mg are substantially
reduced with increasing ECAP passes, the grain size dependent strength relationship
mentioned above is not established. On the contrary, for the EX-ECAPed pure Mg, the tensile
strengths are reduced with the decrease of grain sizes. In fact, Texture can result in strong

anisotropy and asymmetry, particularly in the case of the plastic behavior of hexagonal close

12



packed (hcp) magnesium and its alloys. Thus texture has a great effect on microplasticity as
well as macroplasticity. It was reported that the initial microyielding behavior in Mg alloys is
only involved with a limited number of grains oriented favorably for basal slip, while other
grains remain largely elastic [24, 26, 32, 35, 36], suggesting that the microyield stress
decreases with increasing average Schmid factor of the basal slip mode [24, 32]. As shown in
Fig. 2, the as-extruded alloy exhibits a typical fiber texture, with (0002)<1010> almost
parallel to the extrusion axis. With increasing ECAP passes, most of the basal planes rotate
gradually from 0° to 40° towards ED. Thus if the specimens are loaded in ED, the ECAPed
samples will have much higher Schmid factor for basal slip. It means the dislocation networks
are easy to slide on basal plane at same external stress. Therefore, the ECAP-4P sample shows
the most pronounced plastic and anelastic behavior but lowest friction stress of dislocation
motion and secant elastic modulus. Moreover, the critial strain amplitudes for unpinning from
weak and strong points (&, and &) slightly decrease with an increase of ECAP passes,
as shown in table 1. It was noted that the grain refinement below 10um may lead to the
decrease of strain amplitude dependent internal friction due to the rapid increase of area of
grain boundaries which are strong pinning points of dislocations [37]. However, the ECAP-4P
pure Mg that has the smallest grain size shows the largest IF value and activated volume,
suggesting that texture plays a dominant role in the present case.
4. Conclusions

Equal channel angular pressing (ECAP) was performed on the as-extruded commercial
pure magnesium. The microplastic deformation and internal friction mechanisms and their

relationship were studied in detail by the cyclic loading and internal friction experiments.
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(1) The grain size of pure Mg is significantly refined after ECAP processing, and a new
stronger texture component with basal planes with basal planes having a tilting angle of about
35° to the extrusion direction appears.

(2) The internal friction of Mg at high strain amplitude is closely associated with
microplastic deformation and can be interpreted by dislocation mechanism. The Granato and
Liicke model only satisfies in anelastic region, while the internal friction in microplastic
deformation region should be explained in terms of the Peguin’ s internal friction model
related to microplasticity.

(3) The microplastic deformation process can be divided into two regions, which is
proved by both the cyclic loading and IF measurements. Pronounced plastic deformation
related to displacement of dislocations to large distance on basal plane have already taken
place below the strain of 5 x 10*. The materials are softened. When reaching the strain of
about 1 x 10, the microplasctic deformation enters into region II. Annihilation and tangle of
dislocations lead to the decrease of the activation volume of dislocation motion and the
increase of hardening exponents and friction stress. The transition from the microstrain to the
macrostrain region occurs at the strain of about (2.5 - 2.8) x 107,

(4) Texture has a great effect on the microplasticity of pure Mg. With increasing the
number of ECAP passes, the Schmid factor for basal slip increases. Larger Schmid factor will
contribute to larger internal friction but smaller tensile stress in microstrain region. And the
ECAP-4P sample shows the most pronounced plastic and anelastic behavior but lowest
friction stress and secant elastic modulus.
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List of figure captions

Fig. 1. Optical micrographs of the pure Mg after (a) extrusion and subsequent ECAP
processing at 250°C for (b) 1 pass, (c) 2 passes and (d) 4 passes.

Fig. 2. (0002) and (1010) complete pole figures of the extruded and ECAP processed pure
Mg from 1 to 4 passes.

Fig. 3. The tensile stress-strain curves of the extruded and ECAPed pure Mg in microstrain
range.

Fig. 4. Tensile loading—unloading loops measured by DMA for pure Mg after (a) extrusion
and subsequent ECAP processing for (b) 1 pass, (c) 4 passes.

Fig. 5. Tensile loading—unloading loops measured by tensile machine for pure Mg after (a)
extrusion and subsequent ECAP processing for (b) 1 pass, (c) 4 passes.

Fig. 6. Schematic flow curve of cyclic loading hysteresis loops. E is the elastic modulus of

Mg (42MPa), E_ is the secant modulus. g, and &, are the plastic strain and elastic strain;
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&, is the anelastic strain during unloading. o, is the peak stress at the start of the
unloading; o, and o, are the friction stress and back stress, respectively; o, is the yield

stress upon unloading.
Fig. 7. The development of friction stress as a function total strain for pure Mg.

Fig. 8. The relationship between the stress amplitude and plastic strain of pure Mg in (a)
smaller strain and (b) larger strain region.

Fig. 9. The anelastic strain as a function of the total strain of pure Mg in (a) smaller strain and
(b) larger strain region.

Fig. 10. The development of normalized secant elastic modulus as a function true strain.

Fig. 11. The strain amplitude dependence of internal friction of pure Mg.

Fig. 12. G-L plots of pure Mg.

Fig. 13. Plastic strain internal friction h’l(ﬂ'é‘Q:) plotted as function of strain.

Fig. 14. Schematic diagram of amplitude dependent internal friction O, and plastic internal
friction Qp'1 after the subtraction of amplitude independent internal friction O, [18].

Fig. 15. Dislocation model of microplasticity according to Granato-Liicke theory [17].
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Fig. 1. Optical micrographs of the pure Mg after (a) extrusion and subsequent ECAP

processing at 250°C for (b) 1 pass, (¢) 2 passes and (d) 4 passes.

As-extruded

Fig. 2. (0002) and (10i0) complete pole figures of the extruded and ECAP processed pure

Mg from 1 to 4 passes.
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Fig. 3. The tensile stress-strain curves of the extruded and ECAPed pure Mg in microstrain
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Fig. 4. Tensile loading—unloading loops measured by DMA for pure Mg after (a) extrusion

and subsequent ECAP processing for (b) 1 pass, (c) 4 passes.
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Fig. 6. Schematic flow curve of cyclic loading hysteresis loops. E is the elastic modulus of
Mg (42MPa), E_ is the secant modulus. g, and &, are the plastic strain and elastic strain;
&, is the anelastic strain during unloading. o, is the peak stress at the start of the
unloading; o, and o, are the friction stress and back stress, respectively; o, is the yield
stress upon unloading.
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Fig. 7. The development of friction stress as a function total strain for pure Mg.
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Fig. 10. The development of normalized secant elastic modulus as a function true strain.
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Fig. 11. The strain amplitude dependence of internal friction of pure Mg.
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Fig. 12. G-L plots of pure Mg.
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Fig. 13. Plastic strain internal friction ln(ﬂgQ;) plotted as function of strain.
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Fig. 13. Plastic strain internal friction ln(ﬂgQ;) plotted as function of strain.

High strain amplitude
Low strain amplitude

#®
o o) o
o o 0]
o o o
0 0o o
0 o o

%

a b 6 d e f

Increasing strain amplitude  =———

Fig. 15. Dislocation model of microplasticity according to Granato-Liicke theory [17].
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Table 1. Experimentally determined exponents and factors of microplastic response

Hardening exponents

Critical strains

Activation volumes

i 27 27
Materials o om o ngrol‘* f;’& fl"oﬁ Vl(xr;}(; Vi b Vz;;g Vo b
As-extruded 040 060 020 093 586 992 162 50 062 19
ECAP-IP 040 057 020 083 557 981 168 51 061 19
ECAP2P 039 056 018 087 536 979 184 56 0.6l 19
ECAP4P 039 057 016 08 515 954 203 62 061 19
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