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Abstract

Herein we report on the response of polycrystalline Ti3SiC2 samples, with two grain sizes, on cyclic compressive loading in the

25–1200 �C temperature range. At lower temperatures, the stress–strain curves outline fully reversible, closed loops whose size and

shape depend on grain size, but not strain rate. This phenomenon is attributed to the formation and annihilation of incipient kink

bands, defined to be thin plates of sheared material bounded by opposite walls of dislocations that as long as the dislocation walls

remain attached, are attracted to each other and annihilate upon removal of the load. Because the dislocations are confined to the

basal planes, dislocation forests do not form and the dislocations can move reversibly over relatively large distances dissipating a

significant (25% at 1 GPa) portion of the mechanical energy. At high temperatures (>1000 �C), the stress–strain loops are open, the

response is strain rate dependent and cyclic hardening is observed for both microstructures. In this regime, kink bands and dislo-

cation arrays interact in such a way as to form deformation cells that are smaller than the original grains and that, in turn, leads to

hardening.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the ternary carbides and nitrides with the

general formula Mn + 1AXn, where n = 1 to 3, M is an

early transition metal, A is an A-group (mostly IIIA

and IVA) element and X is C and/or N, have been

the subject of intense research, especially by this group

[1,2]. There are roughly 50 M2AX phases [4]; three

M3AX2 (Ti3SiC2 [5], Ti3AlC2 [6] and Ti3GeC2 [7])
and one M4AX3 viz. Ti4AlN3 [8,3]. The vast majority

of these phases were discovered and synthesized in

powder form by Nowotny and co-workers in the

1960s [4]. Renewed interest in these phases was trig-

gered when it was established that these solids exhibit

unusual, and sometime unique, combinations of prop-
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erties [9]. Like metals, they are electrically and ther-
mally conductive, exceptionally thermal shock

resistant and damage tolerant [1,2,9–27]. Their hard-

ness values fall in the narrow range of 3–6 GPa (i.e.,

harder than most metals, but softer than most ceram-

ics). Like ceramics, some are elastically rigid and light-

weight. One of their more surprising but characteristic

properties is their machinability; they are machinable,

using nothing more sophisticated than a manual hack
saw, or regular high-speed tool steels.

By far the best characterized of these compounds is

Ti3SiC2. Its electric and thermal conductivities are

twice those of pure Ti [9,10]. Its thermoelectric power

is negligible over the 4–850 K temperature range [12],

which led to the conclusion that it is a compensated

conductor, in which the concentration and mobilities

of electrons are equal to those of holes [12]. With a
Young�s modulus of 340 GPa [9,13,14] and a density
ll rights reserved.
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of 4.5 gm/cm3, its specific stiffness is almost three

times that of Ti, a metal prized for its high specific

stiffness. It is also refractory (dissociation temperature

of >2300 �C [15]), fatigue [16], creep [17,18] and oxi-

dation resistant up to 900 �C [20]. It has a brittle-to-

plastic transition, BPT, at 1100 �C [17–19]. At 0.5,
the strain rate sensitivity is exceptionally high for a

crystalline, non-superplastic material [18]. This high

strain sensitivity is exhibited by both fine (3–5 lm),

and coarse (100–200 lm) grained samples [18]. Its

fracture toughness exhibits R-curve behavior with ini-

tial toughness values of 8–10 MPa
p
m, that can rise to

16 MPa
p
m, depending on crack extension and grain

size [16].
Most of the mechanical properties of the MAX

phases, including the ones described herein, can be

traced to the following three facts:

(i) Basal slip, and only basal slip, is operative at all

temperatures. The Burgers vector in the basal

plane is 3.01 Å; any non-basal dislocation would

have to have a Burgers vector >17 Å [21,22]. They
thus lack the five independent slip systems required

for ductility. If the grains are oriented and large,

Ti3SiC2 is ductile at room temperature [23].

(ii) Because of their high c/a ratios, twinning is unli-

kely, and has never been observed. Instead, these

compounds deform by the formation of kink

bands, KBs, within individual grains [21–25].

(iii) Because they are confined to the basal planes, the
dislocations arrange themselves either in arrays

(pile-ups) on the same slip plane, or in walls (viz.

low or high angle grain boundaries) normal to

the arrays [21,22]. The only interactions possible

are those where the arrays and walls intersect. This

does not allow for the formation of forests of dis-

locations, for example, and concomitant work

hardening in the classic sense. Hence, dislocations
can move back and forth reversibly and exten-

sively, resulting in a new physical phenomenon in

crystalline solids, best described as fully reversible

dislocation-based deformation (see below) [1].

Li et al. [26] were the first to report on the non-linear

response of Ti3SiC2 in bending at room temperature; an

observation they ascribed to a combination of micro-
cracking and deformation. The effect was small and

the hysteresis loops obtained were open. Radovic et al.

[18] cycled fine-grained Ti3SiC2 in tension and were the

first to report closed hysteresis loops in the narrow stress

range between 120 and 200 MPa.

More recently, it has been shown that macroscopic

polycrystalline Ti3SiC2 cylinders of varying grain sizes

can be compressed at room temperature to stresses of
up to 1 GPa and fully recover upon the removal of

the load [1]. The stress–strain curves at room temper-
ature are non-linear, outline fully reversible reproduc-

ible closed loops whose size and shape depend on

grain size, but not strain rate. The energy dissipated

per cycle, Wd, for Ti3SiC2 is higher than most woods,

and comparable to polypropylene and nylon. Further-

more, Wd was found to roughly scale with the square
of the applied stress, r.

This phenomenon was attributed to the formation

and annihilation of fully reversible incipient kink bands

(IKBs) [1,27–29,32,33], defined to be thin plates of

sheared material bounded by near parallel dislocation

walls of opposite polarity that remain attached, and

are thus attracted to each other. Removal of the load al-

lows the walls to collapse and the total elimination of the
IKB. At temperatures >1000 �C, the stress–strain loops

are open and the response becomes strain-rate dependent

[1]. Cyclic hardening however, is observed at 1200 �C, for
both fine and coarse-grained samples [1]. Apparently at

higher temperatures the IKBs dissociate into parallel

mobile dislocation walls, that in turn coalesce to form

regular KBs that are no longer reversible [1].

The purpose of this paper is to report on the
compressive behavior of Ti3SiC2 both at room and

elevated temperatures. The results of a compressive

creep study at high temperatures will be published

elsewhere [30].
2. Experimental procedure

The processing details can be found elsewhere [31].

Briefly, stoichiometric powder mixtures of titanium

(�325 mesh, 99.5%, Alfa Aesar, Ward Hill, MA), silicon

carbide (�400 mesh, 99.5%, Atlantic Engineering
Equipment, Bergenfield, NJ) and graphite (�300 mesh,

99%, Alfa Aesar, Ward Hill, MA) were reactively hot

isostatically pressed (HIPed). HIPing at 1450 �C under

a pressure of 40 MPa for 4 h resulted in a fine-grained

(FG) microstructure; HIPing at 1600 �C at a pressure

of 40 MPa for 6 h resulted in a coarse-grained (CG)

microstructure. Details of the microstructural character-

ization can be found elsewhere [19].
Compression tests were performed on cylindrically

shaped specimens (9.8 mm in diameter and 30 mm

high), that were electro-discharge machined and tested

with no further surface preparation. All the tests were

performed in air using a hydraulic testing machine

(MTS 810), equipped with a controller (Microconsoler

458.20) that allowed tests to be run in displacement or

load control mode. In all tests, a �2 MPa preload was
applied to keep the sample aligned. Strains were mea-

sured by a high-temperature capacitance MTS exten-

someter, with 5% capacity; the force was measured

using a load cell with 100 kN capacity. The gauge

length was 25 mm.



Fig. 2. Room temperature cyclic loading–unloading stress–strain

curves for FG Ti3SiC2 cylinders loaded to 700 MPa 100 times. The

100 cycles are plotted. Inset shows strain variations versus time. Note

reproducibility.
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3. Results

3.1. Room temperature response

When FG Ti3SiC2 cylinders were compressed cycli-

cally with progressively higher stresses up to a maximum
stress of 1 GPa all loading curves were quite similar

(Fig. 1). As important, and despite the fact that the

deformation was fully reversible up to 1 GPa, the re-

sponse was non-linear. The time dependencies of the

stresses and strains recorded during cycling twice to

1 GPa were identical showing excellent reproducibility

and reversibility [1].

The full reversibility of the deformation was also not
a function of the number of cycles, at least up to 100 cy-

cles. When a FG Ti3SiC2 sample was cycled 100 times to

718 MPa (inset Fig. 2), apart from a small permanent

deformation and a slight hardening, the differences be-

tween the first and the last stress–strain loops were small

(Figs. 2). The same was true for a CG sample cycled 100

times at 250 MPa [34].

To investigate strain rate effects, two different tests
were carried out on the different microstructures. When

the stress–strain results from three load/unload cycles at

strain rates of 10�5, 10�4 and 10�3 s�1 were plotted on

the same curve (Fig. 3) it is clear that the response is

independent of strain rate in the range explored. The

reproducibility of the loops is noteworthy. To further

explore this important aspect, a FG sample was loaded

to 600 MPa; unloaded to 450 MPa, held at that stress
for one minute before further unloading to 250 MPa

and held there for another minute. The corresponding

dependencies of strain and stress on time clearly show
Fig. 1. (a) Room temperature loading–unloading stress–strain curves

for FG Ti3SiC2 to successively higher stresses. Note presence of one

loading curve.

Fig. 3. Room temperature stress–strain curves of a CG Ti3SiC2 sample

loaded to 160 MPa at three strain rates varying by an order of

magnitude each (see text). In the strain rate regime tested, and with the

resolution of our extensometer, the cycles appear to be

indistinguishable.
the samples do not creep at room temperature at
450 MPa (Fig. 4). Note also that there is only one

unloading trajectory (inset Fig. 4).

3.2. Effect of temperature

Typical loading–unloading stress–strain curves for

CG and FG Ti3SiC2 cylinders loaded in compression



Fig. 4. Strain versus time curves for FG sample loaded to 600 MPa,

unloaded to 450 and 200 MPa and held at each stress level for 1 min,

before reloading to 600 MPa. Clearly, the sample does not creep. Inset

shows the corresponding stress–strain curves. Note presence of one

unloading curve.
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to 160 MPa at different temperatures are shown in Figs.

5(a) and (b), respectively. The stress/strain curves for
both microstructures at 1200 �C are compared in the in-

set of Fig. 5(b). Fig. 5(c) plots the stress and strain time

dependencies at 1200 �C. Similarly, Fig. 5(d) plots the

time dependencies for a similar experiment, except that

now the unloading rates were 10 times slower. These re-

sults clearly establish that:

(i) Both microstructures become softer with increas-
ing temperatures, with the effect being more pro-

nounced for the CG microstructure (inset Fig.

5(b)).

(ii) The initial slopes of the stress–strain cycles are

close to the true elastic modulus (as determined

from ultrasound measurements [14,32]) of the

FG samples at lower temperatures (Fig. 5(b)),

but start to deviate from the RT response at
increasingly lower stress levels as the temperature

is increased.

(iii) The response of the CG samples at 500 �C (Fig.

5(a)) is comparable to that of the FG samples at

1100 �C (Fig. 5(b)). Up to 140 MPa, the response

of the latter is linear elastic up to 900 �C (Fig.

5(b)).

(iv) At 1100 �C for the CG samples, and at 1200 �C for
both microstructures, the hysteretic loops are open

and the response is time dependent.

(v) Both the relaxation times and total recovered

strain are higher in the CG microstructure than

its FG counterpart (Fig. 5(c)). The differences in

the responses of the FG and CG microstructures
are more pronounced if the unloading rates are

fast (Fig. 5(c)), than if they are slow (Fig. 5(d)).

The slower unloading rates result in distinct bow

outs in the corresponding stress/strain curves (see

Ref. [1, Fig. 3a]). These bow outs reflect the fact

that the strain maxima do not coincide with the
stress maxima (Fig. 5(d)). In other words, the sam-

ples keep shrinking for a relatively long time after

the load is removed.

3.3. Cyclic hardening at 1200 �C

Fig. 6(a) plots 21 stress/strain cycles for a CG sample
at 1200 �C. When the color-coded cycles shown in Fig.

6(a) are re-plotted such that they all start from zero

strain (Fig. 6(b)) the effect of cycling is unambiguous.

Cyclic hardening is manifested by both a reduction in

the total areas enclosed by the successive cycles and a

general stiffening. Note that it is only after the sample

is cycled a few times that a clearly defined elastic re-

sponse at low strains is observed. By the 21st cycle,
the slope on loading is �270 GPa (solid straight line in

Fig. 6(b)), and thus comparable to the value of Young�s
modulus as determined from ultrasound measurements

at that temperature, viz. 288 GPa [32].

Fig. 7 compares the room temperature compressive

loading–unloading stress–strain curves of a CG sample

before and after a 2% deformation at 100 MPa at

1300 �C. Here again, the 1300 �C deformation resulted
in hardening. As importantly, the first cycle after the

high temperature test is open and encloses a larger area

than the second – and subsequent cycles (not shown) –

that trace fully reversible or closed loops.

The dissipated energy per cycle, Wd, and its tempera-

ture and microstructure dependence was published else-

where (Ref. [1, Fig. 4]) and will not be repeated here.
4. Discussion

The results presented herein confirm and further en-

hance our understanding of kinking non-linear elastic

(KNE) solids in general, and the MAX phases in partic-

ular. Because the response at lower temperatures is fully

reversible and rate-independent, while that at higher
temperatures is not, each will be dealt with separately

below.

4.1. Fully reversible regime

The response of KNE solids in this regime has been

discussed thoroughly in a number of previous papers

[1,27–29,33] and is reasonably well understood. In short,
the application of a load initially results in the formation

of dislocation pile-ups (DPs) in ‘‘soft’’ grains viz. those



Fig. 5. Temperature dependence of cyclic stress–strain curves for: (a) CG and (b) FG Ti3SiC2 samples. Inset in b compares the first cycles for both

microstructures. Time dependencies of stress and strain during loading and unloading of both microstructures, at 1200 �C, for (c) relatively fast

unloading, and (d) slower unloading. In (c) and (d), the strain axis is on the left and the stress axis is on the right. Note time delay in the position of

the maximum stress and maximum strain. Also note relaxation after load is removed.
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favorably oriented to the applied load [33]. At higher

stresses, fully reversible IKBs form in the ‘‘hard’’ grains.

In the FG material, the IKB density is �1018 m�3 [33].
What the results of this work add is further evidence

for the reversibility of the process (Fig. 1(a)), its insensi-

tivity to strain rate (Fig. 3) – at least in the 10�5–10�3

s�1 range – and, as important, the robustness of the

material to cycling (Fig. 2). It is worth noting that the

slight hardening observed on cycling (Fig. 2) rules out

microcracking as a source of the hysteresis. It also au-

gers well for the fatigue resistance of this material and
is consistent with the excellent fatigue properties re-

ported [35]. Lastly, Fig. 4 clearly shows that at room

temperature, the FG material does not creep, even at

stresses of �450 MPa.

The lack of five independent slip systems ensures

that some of the pile-up stress will be borne by the

grain boundaries. As for most materials, the CG sam-
ples are weaker than the FG ones. It has been previ-

ously shown that CG samples of Ti3SiC2 emitted an

acoustic signal before failure; FG samples, on the
other hand, were silent [36]. This difference was attrib-

uted to microcracking as a result of pile-ups, a conclu-

sion that this work shows is probably incomplete,

since delaminations (see below) are probably also

occurring. However, the fact that the FG material

can withstand 1 GPa indicates that the grain bound-

aries in these materials are fairly strong.

At temperatures lower than the brittle-to-plastic
transition, BPT, temperature of Ti3SiC2 (1100–

1200 �C) [17–19], the hysteretic loops are almost fully

closed or reversible. That is true of the CG samples at

500 and 900 �C (Fig. 5(a)), and the FG samples at

1100 �C (Fig. 5(b)). This reversibility is consistent with

a situation where we are dealing with IKBs almost

exclusively.



Fig. 6. Compressive cyclic loading of a CG cylinder at 1200 �C.
(a) totality of cycles; (b) comparison of cycles 1, 2 and 21, in (a). In (b)

all cycles start at the origin. Cyclic hardening is unambiguous. Solid

inclined line represents a Young�s modulus of E = 270 GPa, which is

the expected linear elastic response at that temperature based on

ultrasound measurements.

Fig. 7. Effect of 2% deformation (1300 �C and 100 MPa), on room

temperature cyclic stress–strain curves of a CG sample. After the high

temperature deformation the response is more like that of a FG

material than a CG sample. Note that first cycle after deformation is

slightly open, but the next, and all subsequent (not shown) cycles are

identical and fully reversible.
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At 1100 �C for the CG samples, and at 1200 �C in

both microstructures, the loops are clearly larger and

open (Figs. 5(a) and (b)) and the response is time depen-

dent (Figs. 5(c) and (d)) indicating, as discussed in the
next section, that in addition to IKBs we now have mo-

bile dislocation walls, MDWs, and dislocation pile-ups,

DPs, to contend with.

4.2. Partially reversible regime

This and previous work [1] leave little doubt that

stress cycling, even at temperatures as high as 1200 �C,
results in hardening (Fig. 6). Simple high temperature

deformation also results in hardening after cooling to

room temperature (Fig. 7). According to Frank and

Stroh (F&S) [37], and our modifications of their theory
[33], the remote shear stress needed to initiate an IKB is

given by:

s > sc P

ffiffiffiffiffiffiffiffiffiffiffiffi
G2bcc
2ac

s
; ð1Þ

where G is the shear modulus, b the Burgers vector, cc
the critical angle of kinking, which for most solids is

of the order of 5�; 2ac is the width of a grain (i.e., thick-

ness of grain along the c-direction). This equation is fun-

damental to understanding the deformation of KNE
solids in general, and the hardening observed herein in

particular. Based on Eq. (1), a reduction in a should re-

sult in hardening.

Further, the results shown in Fig. 7 provide indirect,

but compelling, evidence for the formation of MDWs at

elevated temperatures and their annihilation at room

temperature. Based on the discussion so far, it is not

unreasonable to assume that during the 1300 �C defor-
mation, the following elements are present in the micro-

structure: DPs, MDWs, and KBs. During unloading

and cooling, the DPs should relax (see below), but the

MDWs and KBs will presumably be unaffected. Upon

reloading, again at room temperature, the preexisting

MDWs are swept into the KBs resulting in the small

permanent deformation observed during the first cycle.

Upon reloading a second time, only IKBs are nucleated
and the response not only becomes fully reversible once

again, but as important, is now much more characteris-

tic of a FG microstructure than the original CG one.
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This latter observation provides the strongest evidence

for the hypothesis that the high temperature deforma-

tion resulted in a reduction of the effective grain size.

In Ti3SiC2, the energy expended in forming DPs is

roughly two orders of magnitude lower than that ex-

pended in forming IKBs [33]. This in turn implies that
the areas under the stress–strain curves shown in Figs.

5(a) and (b), 6 and 7, are largely due to the formation

of IKBs, MDWs and KBs, and not DPs. The formation

of MDWs and KBs is in general expected to be accom-

panied by delamination. However, the hardening ob-

served during cycling at temperature (Fig. 6) and after

a moderate amount of plastic (irreversible) deformation

at 1300 �C (Fig. 7) indicates that there must be a regime
of high temperature plastic deformation that can occur

in these materials without significant delamination. Dur-

ing such plastic deformation, the grains are expected to

breakdown into smaller grains resulting in the observed

hardening. It is clear that this regime of high tempera-

ture plastic deformation without significant delamina-

tion is somewhat restricted in extent, because at higher

levels of plastic deformation there is evidence of delam-
ination and microcracking along with the breakup of

large grains into smaller ones, as seen in Fig. 8.

There is about a 500 �C reduction in the temperature

at which the hysteretic loops open for the CG relative to

the FG material (compare Figs. 5(a) and (b)). This sug-

gests that the transition from IKBs to MDWs and KBs

occurs more readily in the CG material compared to the

FG material. Although the precise reasons for this
observation are not yet completely clear, the analysis

by Stroh [38] offers some insight. By considering the ini-

tiation of a crack at the end of a low angle tilt boundary

of length 2a, he showed that cleavage along the basal

planes would occur when:

rnrs P
kcG
2ap

; ð2Þ
Fig. 8. SEM micrograph of a sample deformed at high temperatures,

showing the break-up of a large grain into smaller rectangular-like

domains.
where rn is the applied stress; rs the resolved shear stress

on the basal planes; c the surface energy of the cleavage

planes; k is a numerical constant that depends on the

elastic anisotropy of the crystal. In a polycrystal,

according to Eq. (2), all else being equal, thicker grains

(i.e., those with the largest a�s) should delaminate first.
Since delamination is the critical event for the transition

of IKBs to MDWs and KBs, this transition will occur at

lower stresses, and by extension at lower temperatures,

in the CG material than the FG material, as observed.

Lastly, we need to address the strong time depen-

dence of the response at temperatures above the brit-

tle-to-plastic transition, BPT, temperature. In this

regime, there are large residual internal stresses opera-
tive long after the stress is removed (e.g. Figs. 5(c) and

(d)). To understand these differences, one must invoke

or appreciate the interplay of DPs, with grain bound-

aries, GBs. The stress concentration due to a DP is given

by [39]:

rx ¼ C0

k
x

� �1=2

; ð3Þ

where C0 is a constant and x is the distance from the tip.

The pile-up length is typically assumed to scale with

grain size. For hexagonal grains that tend to grow into

thin disks, k is the diameter of the disk (i.e., the dimen-
sion along [1 0 0]).

At higher temperatures, it is reasonable to assume the

GBs are softer, and consequently, the IKBs can now de-

tach and create MDWs, which in turn result in plastic

deformation and ultimately KBs. The softening can also

allow the DPs to run into the GBs, causing the latter

and/or triple points to slide and cavitate. Direct micro-

structural evidence for the latter mechanism has been
shown previously (e.g., Ref. [19, Fig. 9]).

As in our previous work [17–19], we take the recov-

ery upon unloading (Figs. 5(c) and (d)) to be unam-

biguous evidence for the presence of large internal

stresses. The facts that both the characteristic relaxa-

tion times (Fig. 5(c)) and the absolute recovery of

the CG samples are greater than those of the FG sam-

ples (compare RCG to RFG in Fig. 5(c)) after identical
loading conditions imply that the internal stress is also

dependent on the microstructure; the larger the grain

size, the larger the internal stresses, a conclusion to-

tally consistent with the notion that these stresses

are due to DPs.

Perhaps the single most compelling evidence that DPs

and delaminations play a crucial role in the deformation

of Ti3SiC2 is the reduction in fracture toughness, K1c, at
temperatures greater than the BPT temperature [24].

This fact is primarily why we do not refer to the BPT

by its more common moniker, the ductile-to-brittle

transformation or DBT temperature, because it clearly

does not signify the activation of new slip systems. As
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important, the results of this work shed some light on

what occurs at temperatures > BPT. In deriving

Eq. (2), Stroh did not consider the presence of DPs nor-

mal to the low angle tilt boundary. In TEM analyses of

KBs and DPs in Ti3SiC2 it was noted that delamination

tended to occur on the basal planes in which the DPs
had formed, thus eliminating them [22], further reducing

the strain energy of the system. In as much as the DPs

placed back-pressure on an advancing crack increasing

K1c, their elimination should result in a lower K1c. The

results shown herein, especially the SEM micrograph

shown in Fig. 8, are consistent with such a notion. Also

consistent with this interpretation are the profuse

amounts of microcracks and cavities observed near the
main cracks of compact tension specimens tested at

1200 �C for both microstructures (see Ref. [24, Figs. 7

and 8]).

It is important to note that in this regime, cycling to

the same stress leads to the establishment of an equilib-

rium microstructure in which only IKBs are active, as

exemplified by the last loops shown in Fig. 6(a). It is also

important to note that Ti3SiC2, and presumably the
other MAX phases, are very resistant to dynamic recrys-

tallization. In one case a 30-kg Vickers indentation was

introduced in a Ti3SiC2 sample prior to annealing it for

48 h at 1600 �C. After annealing, the morphology of the

sample in the near vicinity of the indentation was iden-

tical to that before annealing. It would thus appear that

the strain energies associated with the rectangular cells

formed upon loading (e.g., Fig. 8) are insufficient to
cause recrystallization even under extreme annealing

conditions.
5. Conclusions

Based on this and previous work, four regimes for the

mechanical response of Ti3SiC2, and by extension the
other 50 + MAX phases, have been identified:

(i) If remote applied shear stress, s, is less than the

right-hand side, RHS, in Eq. (1), the response is

elastic as exemplified by the FG samples at tem-

peratures <1100 �C (Fig. 5(b)). The response is

also elastic if stress cycling, or simple deformation

reduces the domain size, 2a, to an extent that
s < RHS of Eq. (1). This is exemplified by the

emergence of a purely elastic regime in the CG

samples at low stresses with cycling (Fig. 6(b)).

The same occurs in the FG microstructure; the

effect is more pronounced, however (see Ref. [1,

Fig. 3(b)]).

(ii) A regime in which s is less than the RHS of

Eq. (1), but the product rnrs is <RHS of Eq. (2).
In that case, fully reversible, hysteric loops form

even at stresses of the order of 1 GPa [1]. The
response depends on microstructure, not strain

rate. This is attributed to the formation and anni-

hilation of IKBs that are fully reversible.

(iii) A regime in which both inequalities in Eqs. (1) and

(2) are exceeded. In that case, the first loop is

slightly open, but all subsequent cycles to the same
stress result in fully reversible closed hysteric

loops. In this regime, the stress is high enough to

cause delaminations and transition of IKBs to

MDWs and KBs. Under certain circumstances,

especially for small amounts of plastic (irrevers-

ible) strains at high temperatures, the main conse-

quence appears to be a reduction of effective grain

size in the material resulting in hardening as per
Eq. (1).

(iv) At the highest temperatures, the KBs, MDWs and

DPs play a major role and the response becomes

time dependent. Once in this regime, the response

is a strong function of strain rate. Cycling to the

same stress, however, leads to the establishment

of an equilibrium microstructure in which only

IKBs are active.
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