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SUMMARY

The main objective of the present paper is the development of thermo-elasto-viscoplastic constitutive model of a material
which takes into consideration induced anisotropy effects as well as observed contribution to strain rate effects generated
by microshear banding. Physical foundations and experimental motivations for both induced anisotropy and microshear
banding effects have been presented. The model is developed within the thermodynamic framework of the rate type
covariance constitutive structure with a finite set of the internal state variables. A set of internal state variables consists of
one scalar and two tensors, namely the equivalent inelastic deformation €, the second order microdamage tensor & with
the physical interpretation that (£:€)"* = £ defines the volume fraction porosity and the residual stress tensor (the back stress)
o. The equivalent inelastic deformation € describes the dissipation effects generated by viscoplastic flow phenomena, the
microdamage tensor & takes into account the anisotropic intrinsic microdamage mechanisms on internal dissipation and
the back stress tensor o aims at the description of dissipation effects caused by the kinematic hardening. To describe suit-
ably the influence of both induced anisotropy effects and the stress triaxiality observed experimentally the new kinetic
equations for the microdamage tensor & and for the back stress tensor o are proposed. The relaxation time T,, is used as
a regularization parameter. To describe the contribution to strain rate effects generated by microshear banding we pro-
pose to introduce certain scalar function which affects the relaxation time T,, in the viscoplastic flow rule. Fracture crite-
rion based on the evolution of the anisotropic intrinsic microdamege is formulated. The fundamental features of the
proposed constitutive theory have been carefully discussed. The purpose of the development of this theory is in future
applications for the description of important problems in modern manufacturing processes, and particularly for meso-,
micro-, and nano-mechanical issues. This description is needed for the investigation by using the numerical methods how to
avoid unexpected plastic strain localization and localized fracture phenomena in new manufacturing technology.
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TERMODYNAMICZNA TEORIA SPREZYSTO-LEPKOPLASTYCZNOSCI UWZGLEDNIAJACA EFEKTY
MIKROPASM SCINANIA ORAZ INDUKOWANEJ ANIZOTROPII

Glownym celem obecnej pracy jest opracowanie termo-sprezysto-lepkoplastycznego modelu konstytutywnego materiatu,
ktory uwzglednia efekty indukowanej anizotropii, jak rowniez wplyw na wrazliwos¢ materiatu, predkos¢ deformacji spo-
wodowanej tworzeniem sie mikropasm scinania. Przedstawiono fizykalne podstawy oraz eksperymentalne motywacje dla
efektow wywolanych przez obydwa rodzaje indukowanych anizotropii oraz przez tworzenie si¢ mikropasm scinania. Mo-
del materiatu zostal opracowany w ramach termodynamicznej, kowariantnej struktury konstytutywnej typu predkoscio-
wego ze skonczonym zbiorem parametrow wewnetrznych. Przyjeto, Ze zbior parametrow wewnetrznych sktada sie z jednej
wielkosci skalarnej i dwoch tensordw, mianowicie z ekwiwalentnej niesprezystej deformacji €, tensora mikrouszkodzen
drugiego rzedu & (z fizykalng interpretacjq, ze (¢:€)"” = & definiuje objetosciowy udzial porowatosci) oraz tensora naprezer
resztkowych a. Ekwiwalentna niesprezysta deformacja € opisuje efekty dyssypacji generowane przez zjawisko lepko-
plastycznego plyniecia, tensor mikrouszkodzen & uwzglednia anizotropowe mechanizmy wewnetrznego mikrouszkodzenia
w opisie wewnetrznej dyssypacji, natomiast tensor o. opisuje efekty dyssypacji wywolane kinematycznym wzmocnieniem
materiatu. Aby opisaé wplyw efektow obydwu indukowanych anizotropii i uwzglednienia efektow trojosiowosci stanu napre-
zenia zaobserwowanych doswiadczalnie zaproponowano nowe rownanie kinetyczne dla tensora mikrouszkodzenia & i dla
tensora naprezen resztkowych o. Czas relaksacji T, zostal wykorzystany jako parametr regularyzacji. Aby opisa¢ udzial
wrazliwosci materiatu na predkos¢ deformacji generowanego przez tworzenie si¢ mikropasm Scinania, zaproponowano
wprowadzenie pewnej funkcji skalarnej, ktora wplywa na czas relaksacji T,, w procesie plyniecia lepkoplastycznego. Sfor-
mulowano kryterium zniszczenia bazujqce na ewolucji anizotropowego wewnetrznego mikrouszkodzenia. Przeprowadzo-
no szczegotowq analize wszystkich podstawowych cech zaproponowanej teorii konstytutywnej. Opracowana teoria moze
by¢ wykorzystana w przysziosci do opisu waznych problemow zwiqzanych z technologicznymi procesami, w szczegolnosci
dla zbadania zjawisk w meso-, micro-, i nanomechanice. Te opisy sq potrzebne do szczegotowego zbadania za pomocq
metod numerycznych jak unikngé niepotrzebnych plastycznych lokalizacji oraz zjawiska zlokalizowanego zniszczenia
w nowych procesach technologicznych.

Stowa kluczowe: termodynamiczna teoria sprezysto-lepkoplastycznosci, mikropasma Scinania, indukowana anizotropia, zjawiska
zniszczenia

* Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland
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1. PROLOGUE

Experimental observations concerning investigation of dy-
namic loading processes have shown that formation of
microshear bands influences the evolution of microstructure
of material. We can conclude that microshear banding con-
tributes to viscoplastic strain rate effects. On the other hand
analysis of recent experimental observations concerning
investigations of fracture phenomena under dynamic loading
processes suggests that there are two kinds of induced anis-
otropy:

(i) The first caused by the residual type stress produced by
the heterogeneous nature of the finite plastic deformati-
on in polycrystalline solids;

(i1) The second the fracture induced anisotropy generated by
the evolution of the microdamage mechanism. It is no-
teworthy to stress that both these induced anisotropy
effects are coupled.

In recent years there has been great activity in the field of
continuum mechanics to describe anisotropic effects on frac-
ture phenomena. This trend in research has been particularly
valuable in the continuum damage mechanics, cf. Boehler
(1990) and Voyiadjis, Ju and Chaboche (1998). Analysis of
recent experimental results concerning investigations of
fracture phenomena under dynamic loading processes sug-
gests that there are three main reasons for anisotropic effects:

(i) The strain induced anisotropy is caused by the residual
type stresses which result from the heterogeneous na-
ture of the plastic deformation in polycrystalline mater-
ials. Experimental evidence indicates that yield surfaces
exhibit anisotropic hardening. Subsequent yield surfac-
es are both translated and deformed in stress space. In
phenomenological description this kind of anisotropy is
modelled by the shift of the yield surface in stress space.
This shift of the yield surface might be described by the
residual stress tensor (the back stress) o introduce as the
internal state variable.

(i1) The anisotropy caused by the formation of localized she-
ar bands and the evolution of microdamage process
along the localized regions.

(iii) The anisotropy induced by the evolution of the intrinsic
microdamage process. Experimental observations have
shown that in the microdamage process the generated
anisotropy is a consequence of rather random phenom-
ena connected with some directional property of the for-
mation of microcracks. This anisotropic effect is very
much affected by the crystallographic structure of a ma-
terial as well as by small fluctuations (due to wave inter-
actions) of the applied stress tensor at particular point of
a body during dynamic process.

The main objective of the present paper is the develop-
ment of thermo-elasto-viscoplastic constitutive model of
a material which, takes into consideration observed contribu-
tion to strain rate effects generated by microshear banding, as
well as both mentioned earlier induced anisotropy effects.

The model is developed within the thermodynamic
framework of the rate type covariance constitutive structure
with a finite set of the internal state variables. A set of inter-

nal state variables consists of one scalar and two tensors,
namely equivalent inelastic deformation &”, the second order
microdamage tensor & with the physical interpretation that
(€ : €)' = £ defines the volume fraction porosity and the re-
sidual stress (the back stress) tensor a.. The equivalent inelas-
tic deformation &” describes the dissipation effects generated
by viscoplastic flow phenomena, the microdamage tensor §
takes into account the anisotropic intrinsic microdamage
mechanisms on internal dissipation and the back stress ten-
sor o aims at the description of dissipation effects caused by
the kinematic hardening, cf. Perzyna and Voyiadjis (2005).

To describe suitably the influence of both induced aniso-
tropy effects and the stress triaxiality the new kinetic equa-
tions for the microdamage tensor & and for the back stress
tensor a are proposed. The relaxation time is used as a regu-
larization parameter. To describe the contribution to strain
rate effect generated by microshear banding we propose to
introduce certain scalar function which affects the relaxation
time 7, in the viscoplastic flow equation (cf. Nowak, Perzy-
na and Pecherski 2007). By assuming that the relaxation time
tends to zero the thermo-elasto-plastic (rate independent) re-
sponse of the damage material can be obtained. Fracture cri-
terion based on the evolution of the anisotropic intrinsic
microdamage is formulated. Very important part of this con-
stitutive modelling is the identification procedure for the
material functions and constants involved in the constitutive
equations proposed. This procedure has been developed in
the papers Glema, Lodygowski, Nowak, Perzyna and Voyia-
djis (2005) and Glema, Lodygowski, Perzyna and Sumelka
(2006).

2. PHYSICAL FOUNDATIONS

2.1. Physical origin of elastic-viscoplastic response
of solids

The high-rate deformation of face-centered cubic (f.c.c.) me-
tals, such as copper, aluminum, lead and nickel has been re-
cently extensively studied (cf. review paper by Follansbee
1986). It has been shown that the apparent strain rate sensit-
ivity of f.c.c. metals has two origins: that associated with the
finite velocity of dislocations, and that connected with the
evolution of the dislocation substructure. The first of these
two components — the instantaneous rate sensitivity — is re-
lated to the wait — times associated with thermally activated
dislocation motion. The second component has more to do
with the relative importance of dislocation generation and
annihilation at different strain rates, and shall be referred to
as the strain rate history effect.

The rate and temperature dependence of the flow stress of
metal crystals can be explained by different physical mecha-
nisms of dislocation motion. The microscopic processes
combine in various ways to give several groups of deforma-
tion mechanisms, each of which can be limited to the particu-
lar range of temperature and strain rate changes (cf. Perzyna
2005).

It will be profitable for further considerations to discuss
the interaction of the thermally activated and phonon dump-
ing mechanisms.
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2.2. Interaction of the thermally activated and phonon
damping mechanisms

If a dislocation is moving through the rows of barriers, then
its velocity can be determined by the expression (cf. Fig.1)

v=AL" /(tg +1,) (1)
where:
AL — average distance of dislocation movement

after each thermal activation,
time a dislocation spent at the obstacle,
time of travelling between the barriers.

-

g —
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Fig. 1. Intersection of forest dislocations

The shearing rate in single slip is given by the relationship
(cf. Kumar and Kumble 1969, Teodosiu and Sidoroff 1976
and Perzyna 1977, 1988, 2002, 2005)

:, =%<exp{ Ul(t—1, )Lb]/ kS }+ o
mT

+BAL'v/ (t—1, )b>_1

where U is the activation energy (Gibbs free energy), b deno-
tes the Burgers vector, £ is the Boltzmann constant, 3 actual
absolute temperature, B denotes the dislocation drag coeffi-
cient, v is the frequency of vibration of the dislocation, t, de-
notes the athermal stress and tg is attributed to the stress
needed to overcome the forest dislocation barriers to the dis-
location motion and is called the back stress.
The two relaxation times

1 by, _ocber 1

——E - 3)
TmT BAL v B TmD
and two effective resolved shear stresses
Tt =t-1, and 1) =T-7T, 4)

are separately defined for the thermally activated and pho-
non damping mechanisms, respectively.

If the time 73 taken by the dislocation to travel between the
barriers in a viscous phonon medium is negligible when
compared with the time g spent at the obstacle, then

AL
v=

©)

Is

and we can focus our attention on the analysis of the ther-
mally activated process.

When the ratio #3/ts increases then the dislocation velocity
(1) can be approximated by the expression

AL
v =
t

(6)

B

for the phonon damping mechanism.

It is noteworthy to stress that the relaxation time varies
when the mechanism of the dislocation motion changes from
the thermally activated to the phonon damping.

3. EXPERIMENTAL MOTIVATION
FOR MICROSHEAR BANDING EFFECTS

3.1. Experimental observations
of single crystal behaviour

Rashid et al. (1992) performed an experimental study of hi-
ghly heterogeneous deformations in copper single crystals to
investigate the importance of the dislocation substructure.
Their experimental results are mainly qualitative in nature,
and include optical photographs and micrographs of the de-
formed specimens, and scanning and transmission elect-
romicrographs of the substructure. The results obtained seem
to support the earlier findings related to the strain rate history
dependence of the substructure evolution. The higher total
dislocation density observed in the notch region of the dy-
namically deformed specimen, as compared to the same re-
gion in the quasi-statically deformed specimen, reflects the
higher shear stress attained in the dynamic case.

When ductile single crystals of metals are finitely deform-
ed, they display highly heterogeneous deformation, e.g. when
crystals are stretched in tension, they can neck and then deve-
lop macroscopic bands of localized shearing (cf. Fig. 2).

3
g ____microshear bands
= | maximum load S
\ caorse slip bands,slip traces
__macroscopic shear band
necking instability mode 4
|
instability hierarchies | localized fracture with
the macroscopic shear band
instability of inelastic flow process
0 EXTENSION

Fig. 2. One dimensional loading tests

Experimental observations of Chang and Asaro (1980,
1981), Lisiecki et al. (1982) and Spitzig (1981) for copper,
aluminum — copper and nitrogenated Fe—Ti—Mn single crys-
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tals investigated in uniaxial tension tests have shown that in
the first stage of the process, a crystal specimen undergoes
uniform extension in single slip. At the point when the load-
-engineering strain trajectory reaches its maximum, a crystal
specimen exhibits slight amounts of very diffuse necking,
(cf. Figs 3, 4 and 5). The neck is usually symmetric in shape
indicating that double slip is operative within it, cf. Lisiecki
et al. (1982). At this stage of the tensile process, the gross
plastic deformations are localized to the diffusely necked re-
gion and the thermomechanical coupling effects begin to
play a crucial role. That is why in this region of the specimen
the tensile process has to be considered as adiabatic. With
continued extension the macroscopic, adiabatic shear bands
have soon developed within the diffusely necked region.

5,000

4,000

3,000

LOAD (N)

2,000 f

1,000

o] 0.1 0.2 03 04 0.5 06 07 08
NOMINAL STRAIN

Fig. 3. Load versus engineering strain curves for various ageing
treatments. Numbered photos correspond to the indicated points on
the load-strain curves (after Chang and Asaro 1981)

Fig. 4. Coarse slip band (CSB) and macroscopic shear bands
(MSB) in (a) GPII tested at 77 K and (b) a 6’ strengthened crystal
tested at 298 K (after Chang and Asaro 1981)

It has been experimentally observed that at the inception
of the macroscopic, adiabatic shear band, the direction of the
band is slightly different from the detected coarse slip bands
or slip traces. In other words, the macroscopic shear bands
are not aligned with the active slip systems in the crystal’s
matrix but are misaligned by angle 5, (cf. Figs 4 and 5).

—_—
(a)
(101) [111] LOCALIZED
SHEAR

Fig. 5. Slip traces and localized shear on the surface of nitrogenated
Fe—Ti—Mn crystal of orientation D deformed at 295 K: a) initial de-
formation until necking began; b) subsequent deformation after re-
moval of neck and lecalized sheer bands from initial deformation;
¢) slip traces within localized shear band in (b) (after Spitzig 1981)

3.2. Heuristic considerations

From the analysis of the experimental investigations of local-
ized shearing in single crystals performed by Chang and
Asaro (1980, 1981), Spitzig (1981), Lisiecki et al. (1982)
and Rashid ez al. (1982) we can follow the events in the order
in which things naturally happen within a gauge length of the
specimen during the uniaxial test, (cf. Figs 2 and 6).

SLIP TRACES OR CORSE SLIP
BANDS AND MICROSHEAR BANDS

MACROSCOFIC

LOCALIZED FRACTURE
SHEAR BAND 0CCURS

NEW SYSTEM

MACROSCOPIC SHEAR
BAND PATTERN

SELFORGANIZED
STATE

TWO-PHASE MATERIAL
MICROSCOPIC SHEAR SYSTEM
BAND PATTERN !

Fig. 6. Subsequent states of adiabatic inelastic flow process
of single crystal

In the first stage of the adiabatic inelastic flow process
a crystal specimen (a system) undergoes uniform extension
and slip takes place. When control parameters are changed
over a wide range, our system may run through a hierarchy of
instabilities and accompanying cooperative phenomena.
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When we look at a microscopic level we observe that
a crystal is well ordered, and is self organized in microscopic
shear band pattern.

At the point when the load-engineering strain trajectory
reaches its maximum, i.e. when the criterion of the onset of
the localization by necking mode is satisfied, a crystal speci-
men exhibits slight amount of very diffuse symmetric neck-
ing.

With continued extension the instability of inelastic flow
process takes place and we observe on macroscopic level the
formation of adiabatic shear band pattern within the dif-
fusely necked region. A system is self organized to a new —
two-phase material system (cf. Fig. 6). This is mainly due to
different substructure and its evolution within the regions of
adiabatic shear bands when compared with the substructure
in the attached zones (cf. Fig. 6). Final separation occurs by
a ductile failure mechanism along the shear band, (cf. Figs 2
and 0).

3.3. Viscoplastic model of single crystals

The main idea of the viscoplastic flow mechanism is to acc-
omplish in one model the description of behaviour of single
crystals valid for the entire range of strain rate changes. In
other words, the main conception is to encompass the inter-
action of the thermally activated and phonon damping me-
chanisms.

To achieve this aim the empirical overstress function ®
has been introduced and the strain rate is postulated in the
form as follows (cf. Perzyna 1988)

ST R N ;
i L(s”,s,ﬁ,o }ng v

where T'is the relaxation time, (-) denotes the Macauley brac-
ket and t, is the static yield stress function. In this model the
static yield stress function depends on the inelastic strain e”,
temperature 9, the density of obstacle dislocations 3 and the
concentration of point defects (.

It is noteworthy that the empirical overstress function @
can be determined basing on available experimental results
performed under dynamic loading.

3.4. Strain rate sensitivity

In previous sections fundamental features of finite deform-
ation, rate dependent plastic flow of crystalline solids were
discussed from microscopic and macroscopic phenomeno-
logical points of view. Particular viscoplastic flow model
was proposed to predict deformation textures and large stra-
in, temperature and rate dependent and strain hardening be-
haviour of polycrystals from the known behaviour of single
crystals.

The possibility of making such a prediction rests on the
tacit assumption that the mechanisms of plastic deformation
in aggregates are substantially identical with those observed
in single crystals.

Experimental justifications of the thermally activated and
phonon damping mechanisms as well as the discussion of

their range rate and temperature changes for particular mate-
rials have been given in many papers. Particular importance
for our purposes have results obtained by Campbell and Fer-
guson (1970). In their paper an account is given of experi-
ments in which the shear flow stress of mild steel was mea-
sured at temperature from 195 to 713 K and strain rate from
102 to 4 - 10" s™". The flow stress at lower yield is plotted in
Figure 7 as shear stress against the logarithm of shear strain
rate, for the various temperatures used throughout the inves-
tigation.
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I e d
300 225K, F IV 1
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- I N 4
A

|

|

I
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10°10%10%10" 1 10 0% 10° 10 105 10
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Fig. 7. Variation of lower yield stress with strain rate, at constant
temperature (after Campbell and Ferguson 1970)

For the purpose of the discussion which follows, it is con-
venient to divide the curves into three regions, each corre-
sponding to a certain range of strain rate which is a function
of the temperature. Following Rosenfield and Hahn (1966)
these will be referred to as region I, Il and IV. These regions
are indicated in Figure 7.

In region I the flow stress shows a small temperature and
strain rate sensitivity, the latter decreasing with increasing
temperature. Prestraining increases the flow stress but has
little effect on the rate sensitivity of the flow stress,
(0t/dIng? ), at room temperature. The dominant factor in
region I seems to be the long-range internal stress fields due
to dislocations, precipitate particles, grain boundaries etc.

In region II the flow stress shows greater rate and temper-
ature sensitivities. From a survey of their own and previous
work, Rosenfield and Hahn (1966) concluded that in this re-
gion the rate sensitivity (0t/ d1n €” )4 is independent of tem-
perature and strain rate. However, the data of Campbell and
Ferguson (1970) show a consistent increase in (0t/ & In € ),
as temperature is reduced.

It has been suggested by Campbell and Ferguson (1970)
that the flow behaviour throughout region II can be ex-
plained by the thermal activation of dislocation motion.

Since the relaxation time 7,7 is related to the dislocation
structure it may be governed by the deformation history,
rather than a function of the state variables €”, t and 9.

The experimental data obtained by Campbell and Fergu-
son (1970) for mild steel in region II are properly interpreted
by the linear approximation of the thermally activated
theory.
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Region IV is characterized by a rapid increase in semi-
logarithmic rate sensitivity (0t/d1n&” ), with increasing
strain rate, this parameter being approximately independent
of temperature in the range 293 to 713 K.

In Figure 8 the experimental data of Campbell and Fergu-
son (1970) for region IV are replotted using a linear strain-
-rate scale, and it is seen that, within the accuracy of mea-
surement, they can be represented by straight lines at all three
temperatures and all three values of pre-strain. While the
slopes of these lines show only a small dependence on tem-
perature, their intercepts on the stress axis vary greatly with
temperature.

3) b) _LOU PRE-STRAIN
T 400y | E 352_— a/,/‘ 3%
£ N Za0 T .
9 = B DO 2 . e
$300|- ;/‘Y .CE 250 & / _350
g L wnl B = -
200k Am,& S | / _;300
2 ,(‘,)/,b/ s 75 1250
= . 350¢ ~% |
o !,n_ . . | & ,Q/D/g
g 1007 " 1N s
= o - b @
r! { zsofa |
obv e 200 M . J
12 3 4 5 6 0 1 2 3 4 5 6

STRAIN RATE (10“SEC™ STRAIN RATE (10“SEC™)

Fig. 8. Variation of lower yield stress with strain rate (region IV):
a) zero pre-strain; temperature 293, 493, 713 K; b) pre-strain 7.5,
21, 38%; temperature 293 K. After Campbell and Ferguson (1970)

According to the interpretation presented by Campbell and
Ferguson (1970), the intercepts in Figure 8 are determined
by the temperature-dependent barrier stress t,, +U, /v (U,
denotes the activation energy for intersection at zero effec-
tive stress and v* the activation volume), at which the strain
rate reaches 1/7,,7. When the applied stress exceeds this bar-
rier stress, the time required to activate a dislocation past the
short-range barriers of obstacles is negligible, hence its ve-
locity is controlled by dissipation of energy as it moves
through the lattice. Assuming that this dissipation is of a lin-
ear viscous nature, the excess stress tp will be proportional to
the strain rate €°, i.e.

Tp =ﬂép, (8)

where 1 denotes the macroscopic viscosity. Equating 1, to
the difference between the applied stress and the barrier
stress 1, =1, +U, /v, we obtain for region IV

T=1, +ne’. (€))

Comparison (9) with (3), under the condition that
=1, (1+7T,,&") gives

(10)

The values ofn can be obtained from the slops of the lines
of Figure 8.

For room temperature and zero pre-strain we have the re-
laxation time as follows

n _ 2110’

- s =084-107 s.
T, 250-10°

T =

mD
For 493 K and zero pre-strain

~20-10°

= oS =13-107s.
150-10

mD
For 713 K and zero pre-strain

_18:10°

- s =15-107s.
120-10°

mD
Thus, in the phonon viscosity damping region IV the re-
laxation time is a function of temperature and is not sensitive
to pre-stressing (for room temperature).
For region II the relaxation time 7,7 is obtained as con-
stant value

Tr=2 -107"s,
while in region IV the relaxation time 7, is temperature
dependent and can change from T7,,p = 0.8 - 10° s to T,p =
=1.5-10"s.

For the viscoplastic model of polycrystalline solids the
relaxation time 7,, governs the viscoplastic flow in the entire
range of strain rate changes and for classical models it is gen-
erally assumed as constant value. However, in real case it has
to be a function of the rate of inelastic deformation £”, and
can be determined based on experimental data (cf. Fig. 9).

Y

4 :

- »
0 E: cP

Fig. 9. Variation of the relaxation time with strain rate for mild steel
(1) real case; (2) assumption for classical elasto-viscoplasticity

Another possible idea has been presented by Perzyna
(1980), namely that

) (11)

where ¢ is the control function and y is the temperature de-
pendent viscosity coefficient. The dimensionless control
function ¢is assumed to depend on strain rate. Thus we have

(12)
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Fig. 10. Comparison of theoretical description with experimental
results

In Figure 10 the theoretical results obtained by Perzyna
(1980) are compared with experimental data of Campbell
and Ferguson (1970) for room temperature (293 K). Taking
the best fitting curve we have

(13)

D ;
jp——— Y
655-10° { 107
Figure 11 shows the plots of the relaxation time (13) and

(12) for ¢ = N(-), i.e. for p assumed as the Heaviside func-
tion.

T
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Fig. 11. Variation of the relaxation time with strain rate for variuos
assumption

Dowling, Harding and Campbell (1970) investigated the
strain-rate sensitivity of the yield and flow stress of alumi-
num, copper, brass and mild steel over a range of strain rates
from 107 to 4 - 10* s™'. These experimental data can also be
used for determination of the overstress function ® and the
relaxation time 7, for these metals.

Basing on the analysis of experimental observations for
single crystals and polycrystalline metals we can conclude
that microshear banding influences very much a substructure
of a material under consideration. As a result of this it contri-
butes to viscoplastic strain rate effects. We have also shown
that the relaxation time 7,, depends on the active microshear
band fraction f,,; and on the rate of equivalent viscoplastic
deformation &”.

4. EXPERIMENTAL MOTIVATION
FOR INDUCED ANISOTROPY EFFECTS

For our considerations of anisotropic effects, the metallurgi-
cal aspects of fracture and spalling have great importance.
Effects of parameters such as grain size and substructure,
crack/void initiation sites, micromechanical aspects of gro-
wth, and coalescence can influence fracture and spalling me-
chanisms. To show the complexity of the anisotropy phe-
nomena in microdamage process we shell discuss several
available experimental results.

The most popular dynamical experiment” in the investi-
gation of the fracture phenomenon in metals is a plate-impact
configuration system. This experimental system consists of
two plates, a projectile plane plate impacts against a target
plane. This is a good example of a dynamic deformation pro-
cess. [f impact velocity is sufficiently high the propagation of
a plastic wave through the target is generated. The reflection
and interaction of waves result a net tensile pulse in the target
plate. If this stress pulse has sufficient amplitude and suffi-
cient time duration, it will cause separation of the material
and spalling process.

The reason for choosing this particular kind of dynamical
experiment is that postshot photomicrographic observations
of the residual porosity are available, and the stress ampli-
tude and pulse duration can be performed sufficiently great
to produce substantial porosity and the spall of the target
plate.

The experimental data presented by Seaman, Curran and
Shockey (1976) illustrate damage phenomena and provide a
common basis for considering damage criteria. They have
used a plate-impact configuration system. Following the
compression waves resulting from the impact, rarefaction
waves have intersected near the middle of the target plate to
cause damage in the form of nearly spherical voids. The
heaviest damage is localized in a narrow zone, which is
called the spall plane. Both the number and the size of voids
decrease with distance from this zone. This type of damage is
termed ductile fracture because of high ductility (ability to
flow) required of the plate material (Fig. 12).

The final damage of the target plate (aluminium 1145) for
a constant shot geometry but for different impact velocities
has been performed by Barbee, Seaman, Crewdson and
Curran (1972). The results suggest dependence of spalling
process on the pulse amplitude (Fig. 13).

! For a thorough discussion of the experimental and theoretical works in the field of dynamic fracture and spalling of metals please consult
the review papers by Meyers and Aimone (1983) and Curran, Seaman and Shockey (1987), cf. also Meyers (1994).
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Fig. 12. A cross section of an aluminum target plate that has under-
gone a planar impact by another aluminum plate: a) impact confi-
guration system; b) observed ductile fracture on a cross section
through target; c) magnification of (b) (after Seaman, Curran and

Shockey 1976)

IMPACT VELOCITY — 423 fps

IMPACT VELOCITY — 506 fps

: . 'aFtuu-::‘_
IMPACT VELOCITY — 668 fps

Fig. 13. The final damage of the aluminum 1145 target plate
for a constant shot geometry but for different impact velocities

(after Barbee, Seaman, Crewdson and Curran 1972)

A sample of full separation is shown in Figure 14, an alu-
minium target impacted by a plate has been damaged to the
extent that full separation occurred near the center of the tar-
get, cf. Seaman, Curran and Shockey (1976). The authors
suggested that this full separation appears as a macrocrack
propagating through heavily damaged material. The macro-
crack occurs as a result of coalescence of microvoids which
is also visible in Figure 14.

a)

s BN

-
[

i

Fig. 14. A sample of full separation of an aluminum target: a) duc-

tile crack propagation by void coalescence; b) tip of ductile crack

shown in (a), at higher magnification. Impact test performed by
Seaman, Curran and Shockey (1976)

Spalling by ductile void formation in nickel is character-
ized by ellipsoidal cracks with large axes perpendicular to
the direction of the applied tensile stress (cf. Fig. 15). A more
advanced microdamage process has been shown in Figure
16, where crack nucleation growth, and coalescence mecha-
nisms in nickel have been observed.

E -
- -,
“ .t - h - - -
F - . .-' - - - -
- -
- 100pm

Fig. 15. Spalling by ductile void formation in nickel
(after Shockey, Seaman and Curran 1973)
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2 : 100pm

Fig. 16. Void nucleation, growth, and coalescence observed in nickel
(after Shockey, Seaman and Curran 1973)

An example of brittle fracture for Armco iron is presented
in Figure 17 (cf. Curran, Seaman and Shockey 1981). It
shows the polished cross section through plate impact speci-
men with very well visible cleavage (penny shape) micro-
cracks. The damage, which appears as randomly oriented
planar microcracks, depends on the impact velocity as well
as on the duration of the tensile wave. The second property is
directly observed from the results presented in Figure 18 (cf.
Curran, Seaman and Shockey 1977). Use of a tapered flyer
results in longer tensile impulses at the thicker end. As it is
shown in Figure 18 these longer pulses lead to greater dam-
age in the Armco iron target (the inset gives to approximate
durations of the tensile pulses). The damage observed in this
experiment is termed brittle, although the microcrack growth
is much slower than elastic crack velocities, indicating con-
siderable plastic flow at micro crack tips.

Fig. 17. Internal cleavage (penny shape) microcracks caused
by shock loading in the polished cross section of an Armco iron
specimen (after Curran, Seaman and Shockey 1981)

a 0.34 microsec
b 0.45 microsec
¢ 0.55 microsec

d 0.63 microsec

0.5mm

Fig. 18. Tapered flyer impact experimental results for the Armco
iron target (after Curran, Seaman and Shockey 1977)

Adiabatic shear band localization during dynamic pro-
cess can be another good example of anisotropic effects.
Shear band form in one direction, which is determined by the
state of stress and the properties of the material of a body, as
well as by the boundary conditions.

Grebe, Pak and Meyers (1985) were conducted ballistic
impact experiments on 12.5 mm thick commercial purity ti-
tanium and T—6pct Al-4pct V alloy plates using steel projec-
tiles with 10.5 mm diameter. The impact velocities in their
experiments varied between 578 m/s and 846 m/s. The
microstructural damage mechanisms associated with shear
band formation, shock wave and dynamic fracture were in-
vestigated by optical and scanning and transmission electron
microscopy. The shear band were found along the two sides
of the cross-section passing through the axis of the projectile.
The measured shear band width in T6A14V varied between
1 and 10 um.

Observations of the onset of fracture along the shear band
were also conducted. Spherical and ellipsoidal microcracks
in T6A14V were found along the bands (Fig. 19). The mech-
anism of final failure in T6A 14V is a simple propagation of
a macrocrack along the damaged material within the shear
band region. In the explanation of the phenomenon of frac-
ture along shear band very important role has the micro-
damage process which consists of the nucleation, growth and
coalescence of microvoids.

The investigations reported by Grebe, Pak and Meyers
(1985) indicated that in dynamic processes the shear band re-
gions behave differently than adjacent zones (cf. Fig. 19).
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Within the shear band region the deformation process is
characterized by very large strains (shear strains over 100%)
and very high strain rates (10°~10° s '). The strain rate sensiti-
vity of a material becomes very important feature of the shear
band region and the micro-damage process is intensified.

Fig. 19. Shear band in Ti6Al4V target impacted at 846 m/s (after

Grebe, Pak and Meyers 1985): a) single shear band; b) microcracks

in the shear band region; c) elongated macrocracks along the shear
band; d) characteristic dimples observed in spall region

5. KINEMATICS OF FINITE DEFORMATION
AND FUNDAMENTAL DEFINITIONS

Let {X"} and {x"} denote coordinate systems on B and S re-
spectively. Then we refer to B = R® as the reference confi-
guration of a continuum body with particles X € B and to S=
¢(B) as the current configuration with points x € S. The ma-
trix F(X, t) = 0¢(X, £)/0X with respect to the coordinate bases
EA(X) and e,(x) is given by

(X,?)

Fox,n=22 (14)
oX

A

where a mapping x = ¢(X, ) represents a motion of a body B.
We consider the local multiplicative decomposition

F=F°-F’ (15)
where (F°)"' is the deformation gradient that releases elas-

tically the stress on the neighbourhood (¢ (V(X)) in the cur-
rent configuration (Fig. 20).

Fig. 20. Schematic representation of the multiplicative decomposition
of the deformation gradient

Let us define the total and elastic Finger deformation tensors

T e e eT
b=F-F , b°=F°-F (16)
respectively, and the Eulerian strain tensors as follows
e=l(g-b').  e=l(g-b)  (7)
2 ’ 2

where g denotes the metric tensor in the current configuration.

By definition”

e 1 el —1
e’ =e—e‘=—(b° —-b ") (18)
2

we introduce the plastic Eulerian strain tensor.

To define objective rates for vectors and tensors we use
the Lie derivative.”’ Let us define the Lie derivative of a spa-
tial tensor field t with respect to the velocity field v as

0

v (19)
where ¢ and ¢, denote the pull-back and push-forward oper-
ations, respectively. The rate of deformation is defined as
follows

d’ =L e’ :lLng

T2 (20)

e’ ®e’

—i(g UC‘ +g,0°
2 ac b cb

where the symbol 6 denotes the index lowering operator and
® the tensor product,

o' ..
b= <5 TV
Ox

a

e2y)

? For precise definition of the finite elasto-plastic deformation see Perzyna (1995).
® The algebraic and dynamic interpretations of the Lie derivative have been presented by Abraham ez al. (1988), Abraham and Marsden

(1978), cf. also Marsden and Hughes (1983).
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andy;, denotes the Christoffel symbol for the general coord-
inate systems {x“}. The components of the spin ® are given by

1 1{ov, 0v
a :7(gacU _gg UC a ):( 2 j (22)
) ’ b 2\ ox? ax
Similarly
d =L e, a” =L e” (23)
and
d=d® +d” (24)

Let t denote the Kirchhoff stress tensor related to the
Cauchy stress tensor ¢ by

pe'
_Pry
P

t=Jo (25)

where the Jacobian J is the determinant of the linear trans-
formation

F(X,1)=(0/3X)$(X,1),

prer (X) and p(x,f) denote the mass density in the reference
and current configuration, respectively. The Lie derivative
of the Kirchhoff stress tensor T e T*(S) (elements of T*(S) are
called tensors on S, contravariant of order 2) gives

L,t=¢, £(¢*r>=

z{F';[Fl ~(ro¢)~F‘T1~F’}°¢‘ = (26

=1— (d+0)-1—1-(d+ o)’

where o denotes the composition of mappings.

6. THERMO-ELASTO-VISCOPLATICITY
CONSTITUTIVE MODEL

6.1. Constitutive postulates

Let us assume that:
(i) conservation of mass,
(i1) balance of momentum,
(iii) balance of moment of momentum,
(iv) balance of energy,
(v) entropy production inequality hold.

We introduce the four fundamental postulates:
(1) Existence of the free energy function. It is assumed that
the free energy function is given by
v=y(e,F,9;pn) (27)
where 9 is temperature and p denotes a set of the inter-
nal state variables. To extend the domain of the descrip-
tion of the material properties and particularly to take
into consideration different dissipation effects we have
to introduce the internal state variables represented by
the vector p.

(i1) Axiom of objectivity (spatial covariance). The constit-
utive structure should be invariant with respect to any
diffeomorphism (any motion) £:S — S.

(iii) The axiom of the entropy production. For any regular
motion of a body B the constitutive functions are as-
sumed to satisfy the reduced dissipation inequality

r:df(n9+\]/)fi9q-grad9 >0 (28)
p

p Ref

wheren is the specific (per unit mass) entropy, and q de-
notes the heat flow vector field.

(iv) The evolution equation for the internal state variable
vector p is assumed in the form as follows

Lu=m(eF.9,1) (29)

where the evolution function m has to be determined
based on careful physical interpretation of a set of the
internal state variables and analysis of available experi-
mental observations. The determination of the evolu-
tion function m (in practice a finite set of the evolution
functions) appears to be the main problem of the mod-
ern constitutive modelling.

6.2. Fundamental assumptions

For our practical purposes it is sufficient to assume that the
internal state vector p has the form

o)

where € is the equivalent viscoplastic deformation, i.e.

e ! ( ar- dpj

&denote the microdamage second order tensor, with the phy-
1

sical interpretation that (&: &)E =¢ defines the volume frac-

n=(e", (30)

(€2))

tion porosity and takes account for microdamaged effects
and a denotes the residual stress (the back stress) and aims at
the description of the kinematic hardening effects.

Let us introduce the plastic potential function

f=10,.0,5,9.1)

where J, n J. , denote the first two invariants of the stress ten-
SOr T=T— QL.
Let us postulate the evolution equations as follows

d” =AP, o’ =AQ, L E=E, La=A (32)

where for elasto-viscoplastic model of a material we assume
(cf. Perzyna 1963, 1966, 1971, 1995, 2005)

1 f
A=—o- L -1
T, m <®( K )>
T,, denotes the relaxation time for mechanical disturbances,

the isotropic work-hardening-softening function « is

K=Kk (e”,9,€)

(33)

(34)
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@ is the empirical overstress function, the bracket (-) de-
fines the ramp function,
-1
( J (35)
& = const

Q.= and A denote the evolution functions which have to be
determined.

p Y
ot

of
ot

6.3. Microshear banding effects

To decsribe the microshear banding effects let us assume that
the relaxation time 7,, depends on the active microshear
bands fraction f,,; and on the rate of equivalnet viscoplastic
deformation &” (cf. Pecherski (1988) and Nowak, Perzyna
and Pecherski (2007)), i.e.

T =T (S &") (36)
Additionaly we introduce the simplification as follows
T, =T,0, (fus )0, ") (37

For example, for mild steel (cf. considerations in Section
3.3) we can postulate

¢| (fms )=[17 fms (SP )]:

| (38)
s [ ——
l+exp(a—be")
and
1
NG
b, ("= 1 (39)
85
where /., a and b are material parameters. Finally we have

1
{1 72 o1 }(éply (40)
l+exp(a—be”) || &F

6.4. Constitutive assumption for the plastic spin

Let us postulate that Q has the form” (cf. Dafalias 1983 and
Loret 1983)

Q=n"(a-P-P-a) (41)
where n* denotes the scalar valued function of the invariants
of the tensors a, & and P, and may depend on temperature .

To take into consideration the observed time dependent
effects it is advantageous to use the proposition of the de-
scription of the intrinsic microdamage process presented by
Perzyna (1986), Duszek-Perzyna and Perzyna (1994), and
Dornowski and Perzyna (2000).

6.5. Anisotropic intrinsic microdamage mechanisms

Let us assume that the intrinsic microdamage process con-
sists of the nucleation and growth mechanisms.”

Based on the heuristic suggestions and taking into ac-
count the influence of the stress triaxiality and anisotropic ef-
fects on the nucleation and growth mechanisms we assume
the evolution equation for the microdamage tensor & as fol-
lows

on* 1 1,
L&=——— (D[ ————1
Ug ot Tm< |:[‘cn(§,(x,,9,8p) ]:|>+ (42)
S-S N S 1
ot T, T, (& 0,9,8")

*

The tensorial function describes the mutual

ot
microcrack interaction for nucleation mechanism, while the
. . o0g” . .
tensional function g— represents the mutual microcrack in-
T
teraction for growth process, 1, and 7., denote the threshold

stresses for microcrack nucleation and growth, respectively.

1
INn =aljl +a2w/¢7; +a, (.7; )3

defines the stress intensity invariant for nucleation, a; (i =
2, 3) are the material constants, J and J are the second and

(43)

third invariants of the stress deviator T’ =(t—a)’,
1

I, =bJ, +b,\J; +b;(J3)° (44)
defines the stress intensity invariant for growth and b; (i = 1
2, 3) are the material constants. This determines the evolut-
ion function E.

In the evolution equation(42) the functions

h=h(t,9,e" & a)

5&’(1’)

(45)

g2=4(1.9,¢" (46)
play the fundamental role, and have to be determined based
on available experimental observation data. We also introd-
uced the denotations as follows

. 1
wald) ) e
ot Ot ot

The treshold stress 7, and t,, for microcarck nucleation
and growth, respectively, can be assumed as the material
functions in the form

o
ot

‘cn :Tﬂ(aﬁaﬂsﬂgf’)9 TGq

=1, (&0,9,") (48)

¥ For a thorough discussion of a concept of the plastic spin and its constitutive description in phenomenological theories for macroscopic
large plastic deformations please consult the critical review paper by Van der Giessen (1991).
% Recent experimental observation results (cf. Shockey, Seaman and Curran 1985) have shown that coalescence mechanism can be treated

as nucleation and growth process on a smaller scale.
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6.6. Kinematic hardening

To determine the evolution function A we shall follow some
results obtained by Duszek and Perzyna (1991). The kinem-
atic hardening evolution law takes the form

Lol - _ P8
Lyo=— (D 1){4P+rz ?:Q+%&:Q(T+V3§)} (49)

m

where 7y, r» and 73 are the material coefficients and

Q = g + g _ % :%
ot \0§ 0t) ot
The kinetic law (49) represents the linear combination of

the Prager and Ziegler kinematic hardening rules and addi-
tionally depends linearly on the microdamage tensor &

-1

(50)

ot aT{aTg ot

af+(af aKJ_ag

6.7. Thermodynamic restrictions and rate type
constitutive relations

Suppose the axiom of the entropy production holds. Then the
constitutive assumption (27) and the evolution equations
(32) lead to the results as follows

oy oy
ey, B O
,@L ufilqgrads >0
ou O p9 B
The rate of internal dissipation is determined by
3{:_67“'.% =
op
e a\V\/§+6\V I’iP+}’2NP7:Q”E+ (52)
oe’ V3 oa 7:Q+nr&0
oD
+7 A——:E

Operating on the stress relation (51); with the Lie deriva-
tive and keeping the internal state vector constant, we obtain

LurzLe:d—L'hQ—
L (53)
—[(L* +gt+1g +W):P]l—(D(=—-1))
T, K
where
e 52@/ th 62\,'\/
[f=p, , —+* [*fo_p =¥
Pre ez’ PR ets (54)

W=n"[(gr—18):(0g—ga)]

Substituting \ into the energy balance equation and tak-
ing into account the results (51); and (52) gives

p91 =—divq+p9i. (55)

Operating on the entropy relation (51), with the Lie deriv-
ative and substituting the result into (55) we obtain

pcpS :—divq-i-F)paT:d+pX*r:d” +px TKIL,E (56)
Ref

where the specific heat

2.A A~ 2 A
Cp :*\978 W: X**KZ* @7876 \V (57)
09°? 09  090¢

and ¢ and " are the irreversibility coefficients.

6.8. Fracture criterion based on the evolution
of microdamage

We base the fracture criterion on the evolution of the micro-
damage tensor &. 1

Let us assume that for (£:&)2 =& catastrophe takes
place (cf. Perzyna 1984), that is

k=Kk(e?,9,&)| 1 =0

L 58
(E:8)2=tF (58)

1
It means that for (£:£)2 =&” the material loses its carry-

ing capacity. The condition (58) describes the main feature
observed experimentally that the load tends to zero at the
fracture point.

In is noteworthy that the isotropic hardening-softening
material function k proposed in Eq. (34); i should satisfy the
fracture criterion (58).

7. ANALYSIS OF THE FUNDAMENTAL
FEATURES OF THE MODEL

7.1. Invariance with respect to diffeomorphism

Our description of the thermo-elasto-viscoplastic constituti-
ve structure is invariant with respect to any diffeomorphism.
It means that the constitutive structure is invariant to any su-
perposed motion. Such constitutive structure is called cova-
riant, (cf. Marsden and Hughes 1983).

The covariance property of the constitutive structure has
been achieved due to the assumption that the rates of the de-
formation tensors and the stress tensors (as well as all vectors
and tensors) are defined based on the Lie derivative. Of
course, the covariance description has very important conse-
quence for proper mathematical investigations of some phe-
nomena which can be discussed in the solution of the evolu-
tion problems. It will be also very crucial for proper descrip-
tion of meso-, micro-, and nano-mechanical problems and
particularly in their numerical solutions.

7.2. Finite plastic deformation and plastic spin effects

The kinematics of finite elasto-viscoplastic deformation is
based on notions of the Riemann space on manifolds and tan-
gent spaces, (cf. Marsden and Hughes 1983). A multiplica-
tive decomposition of the deformation gradient into elastic
and viscoplastic parts is assumed. The viscoplastic spin has
been also taken into account in the constitutive structure.
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Due to these assumptions we obtain the consistent de-
scription of finite elasto-viscoplastic deformations. The
main effect generated by the viscoplastic spin can be ob-
served from the rate type constitutive relation for the
Kirchhoff stress tensor t (cf. Eq. (53)). In this equation the

additional term 1 (CD(i — 1) W:P describes the influence
K

m

of the viscoplastic spin.
7.3. Plastic non-normality

Plastic non-normality (i.e. P # Q is generated by the influe-
nce of microdamage mechanisms. This effect is clear from
the comparison of P (cf. Eq. (35)) and Q (cf. Eq. (50)). It has
very important influence on the description of localization
and localized fracture phenomena.

7.4 . Softening effects generated
by microdamage mechanisms

By introducing the internal state variable & i.e. the micro-
damage tensor in the constitutive structure the description of
the intrinsic microdamage process has been achieved. From
the available experimental observations we learn that there
are three main mechanisms responsible for the evolution of
microdamage, namely nucleation, growth and coalescence
of microcracks. Taking advantage of the conjecture that co-
alescence mechanism can be treated as nucleation and gro-
wth process on a small scale we simplified the description of
the intrinsic microdamage by making allowance only for the
nucleation and growth mechanisms.

From the fundamental rate equation for temperature 9 (cf.
Eq. (56)) we observe that the micro-damage mechanism gen-
erates dissipation effects. On the other hand from the form of
the isotropic work-hardening-softening function « (cf. Eq.
(34)) we see the direct description of softening effects caused
by the intrinsic microdamage process.

It is noteworthy to add that the fundamental fracture crite-
rion (cf. Eq. (58)) is also based on the evolution of micro-
damage.

7.5. Anisotropic effects in microdamage mechanisms

The induced anisotropy generated by the microdamage ma-
chanisms is described by the internal state variable & i.e. the
microdamage tensor.

Kinetic equation for &takes into account the influence of
the stress triaxiality and anisotropic effects on the nucleation
and growth mechanisms.

7.6. Plastic deformation induced anisotropic effects

Experimental observations of plastic flow processes have
shown that finite plastic deformations induced the effect of
anisotropy of a material. To describe this effect the residual
stress (the back stress) o has been introduced to the constitu-
tive structure as the internal state variable. The aim of this is

to take into account the kinematic hardening phenomenon,
which can be treated as first approximation of the description
of plastic deformation induced anisotropy.

The evolution equation postulated for the back stress o
represents the linear combination of the Prager and Ziegler
kinematic hardening rules and additionally depends on the
microdamage tensor &,.

This kind of anisotropy generated by the kinematic hard-
ening law will have very important influence on the localized
fracture phenomena in thermo-viscoplastic flow processes
under cyclic dynamic loadings.

7.7. Thermomechanical couplings
(thermal plastic softening and thermal expansion)

An analysis of thermomechanical coupling effects can be ba-
sed on the investigation of the evolution problem formulated
for a thermo-elasto-viscoplastic model. Thermal expansion
effect influences the fundamental, adiabatic, elastodynamic
matrix /E for an adiabatic process, so it can have very im-
portant influence on the propagation and interaction of the
deformation waves.

On the other hand the thermal plastic softening as typical
dissipative effect influences an adiabatic process through the
nonlinear function f. Of course, it will have a lot of influence
on the localization phenomena as well as on the fracture phe-
nomena.”

7.8. Influence of stress triaxiality on the evolution
of microdamage

The introduced modification of the kinetics of microdamage
leads to the description of the influence of stress triaxiality.
This has been done by assumption that the stress intensity
invariants for nucleation and growth depend on the three
invariants of stress tensor, cf. Eqs (43) and (44).

It has been shown by Dornowski and Perzyna (1999,
2000, 2002) that this modification helps to describe the accu-
mulation of damage during dynamic loading process.

7.9. Rate sensitivity

To analyse the influence of the strain rate effect let as write
the evolution constitutive equation (32) i in the form as fol-
lows

|a? :Ti@(]f: [P (59)

where || - || denotes the norm of the vectors in the 6-dimens-
ional space. The equation (59) yields the following dynam-
ical yield criterion

]

[=RE",8,8) 1+ 07| T, (f,)0, (" )"=7

(60)
[#]

9 For a thorough analytical discussion of the thermal plastic softening and thermal expansion effects on the localization of plastic deformati-
on please consult the papers by Duszek-Perzyna and Perzyna (1994, 1998).
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This relation may be interpreted as a description of actual
change of the yield surface during the ther-modynamical
process. This change is caused by isotropic and anisotropic work-
hardening-softening effects, by the evolution of substructure
and dependence on temperature and by the influence of the
strain rate effects. It is noteworthy to add that the relation (60)
constitutes a basis for experimental investigations which
seek to examine the theoretical assumptions, (cf. Fig. 21).

Subsequent dynamic loading surface at £=1,

Initial yield surface at =1,

i T

ELASTIC-VISCOPLASTIC

Subsequent dynamic leading surface at 1=,

Fig. 21. Dynamic loading surface for the elasto-viscoplastic
response

7.10. Length-scale sensitivity of the constitutive model

The constitutive equations for a thermo-elastic-viscoplastic
model introduce implicitly a length-scale parameter into the
dynamic initial-boundary value problem, i.e.

[=BcT,,

or [=BcT, 0 (S )0, (7)) (61)

and as example for mild steel we have

1
1 g )

=BT, | 1= fo lp} {,P— lj (62)

+exp(a—be" ) |\ g
here T, is the relaxation time for mechanical disturbances,
and is directly related to the viscosity of the material, ¢ denot-
es the velocity of the propagation of the elastic waves in the
problem under consideration, and the proportionality factor 3
depends on the particular initial-boundary value problem
and may also be conditioned on the microscopic properties
of the material.

The relaxation time 7, can be viewed either as a micro-
structural parameter to be determined from experimental ob-
servations or as a mathematical regularization parameter.

It is noteworthy to stress that the length-scale sensitivity
of the constitutive structure is of great importance for proper
description of mesomechanical problems.

7.11. Dissipation effects

We observe that for an adiabatic process dissipation effects
are generated by following phenomena:
(1) viscoplastic flow;
(i) viscoplastic deformation induced anisotropy;
(iii) microdamage mechanisms.
For an adiabatic process (q = 0) Eq. (56) takes the form
cpé =9 Lﬁ:d+x*r:dp +1 KL E
P ref

(63)

When the nondissipative term is neglected, then Eq. (63)
takes the form

cp9=x*‘r:dp+x**K:LU§ (64)

From Eq. (64) we can compute the irreversibility coeffi-
cient y . It gives

*

cpS - KL E
X ==

o (65)

For "= 0, i.e. when the influence of the intrinsic
microdamage mechanism is not taken into consideration, Eq.
(65) takes the form

. c,9

X =
t:d”

(66)

For this particular case the irreversibility coefficient y*
has a simple interpretation as the heat rate conversion to plas-
tic work rate fraction. However, Eq. (65) shows that the re-
maining work rate is attributed to the energy rate lost for
microdamage effects.

When modelling thermomechanical behaviour of materi-
als, x* is usually assumed to be a constant in the range
0.85-0.95 (a practice that dates back to the work of Taylor
and Quinney (1934)).

Recent experimental investigations performed by Mason
et al. (1994) by using a Kolsky (split Hopkinson) pressure
bar and a high-speed infrared detector array have clearly
shown that this assumption may not be correct for all metals,
(cf. Fig. 22).
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Fig. 22. The irreversibility coefficient %" versus strain calculated

for Ti-6Al-4V titanium using the avarage of the temperature of
the two detectors (after Mason et al. 1994)
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The reason for this considerable discrepancy is clearly
visible from Eq. (65). The rate of the stored energy implied
by the evolution of microdamage is responsible for the de-
creasing of y* (e.g. as it has been observed for Ti—6A1-4V
deformed at high strain rates).

7.12. Dispersion effects

It is very well known fact that the stress wave propagation in
an elasto-viscoplastic medium has the dispersive nature.

The dispersion effect is very crucial for the development
of the regularization procedure for the rate independent plas-
tic flow evolution problems, cf. Section 7.14.

Of course, the dispersion effects will also influence very
much the initiation and development of localization phenomena.
A thorough analysis of these consequences has been present-
ed in Glema, Lodygowski and Perzyna (2000, 2001, 2003).

7.13. Regularization of the evolution problem

Very recently, it has been widely recognized to consider an
elastic-viscoplastic model of a material as a regularization
method for solving mesh-dependent problems of plasticity.
In these regularized initial-boundary value problems, wave
propagation phenomena play a fundamental role. An elastic-
-viscoplastic model introduces dissipative as well as dispers-
ive nature for the propagated waves. The dispersion property
implies that in the elastic-viscoplastic medium any initial di-
sturbance can break up into a system of group of oscillations
or wavelets. On the other hand, the dissipation property cau-
ses the amplitude of a harmonic wavetrain to decay with
time. In the evolution problem considered in such dissipative
and dispersive medium, the stress deformation due to wave
reflections and interactions are not uniformly distributed,
and this kind of heterogeneity can lead to strain localization
in the absence of geometrical or material imperfections.

7.14. Synergetic effects generated by
cooperative phenomena

The question arises as follows: can cooperative phenomena
described by a thermo-elasto-viscoplastic model lead to
some synergetic effects.

This fundamental question has not easy answer. However,
some investigations of the influence of synergetic effects on
localization phenomena have been already presented, cf. for
single crystals: Duszek-Perzyna and Perzyna (1993, 1996),
Duszek-Perzyna, Korbel and Perzyna (1997), Perzyna and
Korbel (1996, 1998) and Perzyna (1998, 2002); and for
polycrys-talline solids: Duszek-Perzyna and Perzyna (1991,
1994, 1995, 1998) and Perzyna (1994, 1995, 1998). Numeri-
cal investigation of synergetic effects for localization and
fracture phenomena has been given in Duszek-Perzyna and
Perzyna (1994, 1998) and Lodygowski and Perzyna (1997).

8. EPILOGUE

The experimental works have brought deep understanding of
the evolution of the dislocation substructure and the intrinsic
microdamage mechanism during dynamic loading processes
and clearly have shown that microshear banding influence a
substructure of a polycrystalline material and fracture me-
chanism of metals does very much depend on the strain rate
and wave shape effects.

The crucial idea in this theory is the very efficient inter-
pretation of a finite set of the internal state variables as the
equivalent plastic deformation, the microdamage tensor and
the residual stress (the back stress). To describe suitably the
time and temperature dependent effects observed experi-
mentally and the accumulation of the plastic deformation and
anisotropic damage during dynamic loading processes the
thermomechanical coupling has been taken into account and
the kinetics of microdamage and kinematic hardening law
have been modified and generalized.

Since the rate independent plastic response is obtained as
the limit case when the relaxation time is equal to zero hence
the theory of elasto-viscoplasticity offers the regularization
procedure for the solution of the dynamical initial-boundary
value problems. The viscoplastic regularization procedure
assures the stable integration algorithm by using the finite
difference or finite element methods.

There is our hope that this thermodynamical theory of
elasto-viscoplasticity may be used as a basis for the descrip-
tion of the behaviour of modern materials, particularly
nanometals (cf. Meyers, Mishra and Benson (2006), Jia,
Ramesh and Ma (2003) and Korbel, Nowak, Perzyna and
Pe.cherski (2006)) and the investagation of plastic strain lo-
calization and localized fracture phenomena in meso-, mi-
cro-, and nano-mechanical processes.
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