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Abstract: In the paper the material model for metals and its numerical applications are presented. The material model is stated
in terms of continuum mechanics, in the framework of the thermodynamical theory of viscoplasticity. The fundamental achievement
is that the constitutive relation includes a description of anisotropy of metal microstructure. Such approach gives qualitatively
and quantitatively new results compared with the existing models because it is possible to trace the directions of softening
and predict a damage path in process time. Numerical examples comprise full spatial modelling for HSLA-65 steel in adiabatic
conditions (the analysis of anisotropic bodies can be led only on 3D models) including: tension of sheet steel and twisting of thin
walled tube. During analyses strain rates of order 10*-107 s~ are observed and the process time up to full damage (loss of continuity

in the localisation zone) is around 100-300 s.
Key words: anisotropy, metals, constitutive relation

I. INTRODUCTION

Modern industrial requirements and a constant process
of designing new metals induce the necessity of developing
sophisticated mathematical models describing them. It is
because today during the investment process, there is no
time to prepare real prototypes (it is also economically
unjustified); thus the ability of mathematical (numerical)
modelling is fundamental. Taking common applications
of metals, e.g. cars, trucks, cranes, bridges, naval surface
vessels, submarines, the importance of the above state-
ments is easily understood.

A growing interest of the industry in the field of (con-
tinuum) damage mechanics is focused on including the new
physical phenomena (viscoplastic, rate dependent behav-
iour). These phenomena can be relatively easily modelled
and the obstacles connected could be overcome by using,
e.g. common finite element codes. The complexity
of the problem lays in the fact that the properly (in qua-

litative and quantitative sense) defined mathematical model
describing the damage phenomena in metals needs a de-
tailed description reaching micro scale observations.
As a consequence anisotropy of metal structure must be
included into the model.

Metals anisotropy in the mathematical model has deep
consequences in numerical applications for practical in-
dustrial problems. The most important, in contrast to the iso-
tropic one, are: (i) additional material parameters to be
identified, (ii) additional variables to be calculated,
and (iii) the necessity of full spatial modelling. Thus real
applications very often lead to analyses with over several
(or even hundreds) million degrees of freedom. To solve
the problem in an acceptable time (e.g. one or two weeks), it
is then necessary to apply supercomputers with hundreds
of processors and disk space reaching hundreds of terabytes.

In the paper we present both the theory describing metals
anisotropy and its numerical implementation. The mate-
rial model is stated in terms of continuum mechanics,
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in the framework of the thermodynamical theory of visco-
plasticity together with a phenomenological approach
[36, 11, 43]. Formally, the constitutive structure belongs to
the class of simple materials with fading memory, and due
to its final form and the way of incorporating the fun-
damental variables, belongs to the materials of rate type
with internal state variables [44]. The implementation is
done in the Abaqus/Explicit finite element code, utilising
a capability of user subroutine VUMAT, and applied to
anumerical solution of highly dynamic processes under
adiabatic conditions (strain rates of the order 10*+107 s™).
Two examples are analysed: tension of sheet steel
and twisting of thin walled tube. Theoretical and numerical
parts are preceded by a short summary of crucial ex-
perimental results that stress the fundamental role of metals
anisotropy in the process of deformation up to full damage
(loss of continuity in the localisation zone).

II. METALS ANISOTROPY

Let us focus on experimental observations of metals
anisotropy caused by the anisotropic nature of the micro-
damages (or microdefects). In the discussion we omit other
sources of metals anisotropy, like e.g. kinematical harden-
ing or well recognised and described phenomena during
metals deformation, like rate sensitivity, length scale
sensitivity or plastic non-normality. For detailed informa-
tion, please see the review reports, e.g. [21, 33, 8].

The experimental observations of metals can be gath-
ered in the following three main statements:

(i) metals are anisotropic,

(ii) intrinsic microdefects are not isotropic,

(iii) evolution of microdamage is directional.

Statement (i) reflects the fact that the internal structure
of metals is never free of the inhomogeneities. Metals
microstructure shows different sizes and shapes of adjacent
grains [16], presence of different phases like pearlite or
ferrite [26], or existence of defects like microcracks, micro-
voids, mobile and immobile dislocations densities [2, 45]
(cf. Fig. 1). The inhomogeneities of metals structure
indicate their anisotropic character, evolving dependent
on the analysed process. We can classify them in two
sources of metals anisotropy: the first linked with disorders
of microstructure itself and the second associated with
the existence of intrinsic defects.

For mathematical modelling purposes, at the continuum
level of description, the material model for metals should
manifest the anisotropic properties. The frequently used iso-
tropic descriptions for metals should be thought of as the first
approximation which carries not enough information (though
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Fig. 1. The anisotropy of the HSLA-65 steel microstructure

it certainly does not disavow such an approach in many
applications cf. [13, 17]).

Statement (ii) confirms the experimental results that
metals anisotropy caused by intrinsic defects comes not
only from its existence but especially from its inhomogene-
ous structure.

As an example let us consider the effects of a flat plate
impact experiment in 1145 aluminium [39]. The separation
observed is preceded by the evolution of micro-
damage (microvoids), consisting for undamaged material
of three stages: nucleation, growth and coalescence. Notice
in Fig. 2 that all of the microdefects are elongated per-
pendicularly to impact direction, thus to maximal tensile

Impact direction

L1 50 um

L1 500 um

Fig. 2. Cracks anisotropy in 1145 aluminium after flat plate
impact experiment [39]
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stresses. In this experiment they have approximately
an ellipsoidal shape. So, intrinsic defects have a directional
nature. Their anisotropy influences the whole deformation
process, having a considerable impact on it.

For constitutive modelling purposes, we apply in the ma-
terial model the directional measure for microdamage,
since what causes the obtained anisotropic model is more
reliable. Notice that commonly used isotropic damage
assumption (thought as ideally spherical microdamage
assumption) is no longer valid for today's industrial requi-
rements. With such approximation we lose the information
on the directions of microstructure evolution. In conse-
quence one can not predict damage directions or final
failure modes with satisfactory accuracy.

Finally, statement (iii) expresses explicitly experimental
facts that the anisotropic properties of the continuum body
evolve anisotropically during the deformation process
(cf. experimental results presented in [12]). Notice that it is
a consequence of structure rearrangement itself but espe-
cially by directional evolution of intrinsic defects.

Fig. 3. Anisotropic microcracks in the shear band region
in Ti-6 pct Al-4 pct V alloy (after [12])

As an example in Fig. 3, the evolution of microvoids
in the region of forming shear band is presented. Notice
that the evolution is directional, microvoids are elongated
through the shear band. So, the existing or nucleating micro-
damages growth is directional according to the imposed

deformation process, inducing the anisotropic evolution
of material properties.

And again for constitutive modelling purposes the mode
should enable us to take into consideration not only
the anisotropy of microdamage but also its anisotropic
evolution. Such an approach is most natural based on ex-
perimental results discussed.

As a concluding remark of this section, let us recall that
the microdamage evolution mechanism in metals generally
has three stages, namely: nucleation of defects, their growth
and coalescence. All are anisotropic and should be de-
scribed by the material model.

III. MATERIAL MODEL

IT1.1. The concept of microdamage tensor

The acceptance of the continuum mechanics and phe-
nomenological approach locate the model in macro (meso-
macro) space scale. Thus all variables in the model reflect
the homogenised reaction from smaller scales of observa-
tions.

Microstructure modelling in terms of continuum
mechanics causes that we replace real micro geometry
of its structure (its anisotropic nature) by directions of ten-
sorial field. Hence we introduce the microdamage tensorial
field of the second order (as a state variable), denoting it by
the & cf. [36, 11, 41], which reflects the experimentally
observed anisotropy of metals structure in the mathematical
(constitutive) model.

The formal definition of the microdamage tensor is
stated as follows.

Let us suppose that for selected points P; in material
body B on three perpendicular planes, the ratio of the da-
maged area to the assumed characteristic area of the re-
presentative volume element (RVE) can be measured, i.e.

AP

y, (M

where 4/ is a damaged area and A denotes the assumed
characteristic area of the RVE — Fig. 4. Based on calculated
ratios (4f / A) three vectors are calculated. Theirs modules
are equal to those ratios and are normal to RVE planes (see
Fig. 4).

Such measurements can be repeated in any different
configuration obtained by the rotation of those three planes
through point O — Fig. 4. So, for every measurement
configuration from those three vectors, we compose
the resultant and choose that configuration, in which
the resultant module is the largest one. Such resultant is
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called main microdamage vector and is denoted by Em
[42],i.e.
P AP A? AP
M =1 g 4728 +3 & 2
4 47 a4’ @
where the (%) denotes the principal directions of micro-
damage and AP > 47 > AY.

Fig. 4. The concept of microdamage tensor

In the following step based on the main microdamage

vector, we build vector called microdamage vector, de-
noted by & [42]

s 1 [(aY . (Y. (arY )
é _M (7J e1+[7] e2+(7J e; . 3

Finally we postulate the existence of a microdamage
tensorial field &

S R STR ST
§=1& & sl “
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which we define in its principal directions by applying
the formula combining the microdamage vector and micro-
damage tensor [42]

é(”) = é;ll. (5)
So
n =\/§“§<m>”‘1(51(m)é1 +EMe, +§§’")é3) ’ ©)

and the fundamental result that

A &m0 0

;3 S

¢ = 3 0 é‘é b0 . @)
0 0 &m

So, the physical interpretation for components of micro-
damage tensor is:

The diagonal components ¢;; of microdamage tensor £,
in its principal directions, are proportional to the compo-
nents of the main microdamage vector 5;'("1) which defines
the ratio of the damaged area to the assumed characteristic
area of the RVE, on the plane perpendicular to direction i.

Moreover, taking the Euclidean norm of the micro-
damage field ég we obtain

3 A A A

If we assume that the characteristic length of the RVE
cube is / we can rewrite Eq. (8) as

Ve @lz A () + (4] |

B )

From Eq. 8 another physical interpretation for micro-
damage tensor appears. Namely, the Euclidean norm
of the microdamage field defines the scalar quantity called
the volume fraction porosity or simply prosity [35, 36].

V-v. TV
JEiE=¢= = (10)

where ¢ denotes porosity (scalar damage parameter), V' is
the volume of a material element and V; is the volume
of the solid constituent of that material element and V),
denotes void volume

NEYR 2 2 2
n= () + () ()

The interpretations of the microdamage tensorial field
impose the mathematical bounds for microdamage evolu-
tion, namely

¢e(0,1), and & e(0,1). (12)

It is important that the experimental evidence shows
that there exist the initial porosity (denoted by ¢, ) which
in metals is of the order &, = 107*+107° [18] and also that
the porosity can not reach full saturation, i.e. £ =1, during
the deformation process. Fracture porosity depends then on
the material tested. To have some preliminary recognition
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for metals, notice that the fracture porosity for them is
of order 0.09+0.035 [5-7].

II1.2. Constitutive model for an adiabatic process

In the theory, as mentioned, continuum mechanics with
phenomenological approach are accepted. The abstract
body is a differential manifold. Because the description
operates in spatial configuration Lie time derivative is used
to obtain an objective model (in the sense of spatial
covariance [15] — in other words independent of the “ob-
server”. Below the fundamental results for an adiabatic
process are given; for a detailed and more general formu-
lation please see [41].

In the kinematics of the body, finite elasto-viscoplastic
deformation is governed by the multiplicative decomposi-
tion of the total deformation gradient to elastic and visco-
plastic parts [14, 32]

F(X,t)=F°(X,1)-FP(X,?). (13)

In (13)
99(X,t)

X

>

is deformation gradient, ¢ is motion, X denotes material
coordinates, ¢ is time and F°, F” are elastic and viscoplastic
parts, respectively.

For further definition of the rate type constitutive
structure let us define the rate of deformation. Starting from
spatial deformation gradient denoted by 1

ov(x,1)

I(x,7) = 2200

14
ox (14

where v denotes spatial velocity and x are spatial coordi-
nates, by its decomposition to symmetric and antisym-
metric parts, we obtain

I=d+w=d°+w’+d” +w?, (15)
d=1(1+1T) (16)
2 b
w:l(l—lT). (17)
2

Now taking Lie derivative of the assumed strain meas-
ure (the Euler-Almansi strain) we have the fundamental
relation

&=L, (e" ) (18)
and simultaneously

d® =L, (e*), (19)

where L, stands for Lie derivative and e for the Euler-
Almansi strain, showing that the symmetric part of spatial
deformation gradient is directly Lie derivative of the Euler-
Almansi strain.

Next, assuming that balance principles hold, namely:
conservation of mass, balance of momentum, balance
of the moment of momentum and balance of energy and
entropy production inequality is satisfied, we define four
constitutive postulates. We have the following axioms [34]:

(1) Existence of the free energy function . Formally

we apple the following form

l//:l/?(e,F,ﬂ,,u),

where g denotes a set of internal state variables,
that governs the description of dissipation effects,
and @ is temperature.

(i) Axiom of objectivity (spatial covariance). The ma-
terial model should be invariant with respect to any
superposed motion (diffeomorphism). It is proved
[15] that the consequently used Lie derivative for
all rates in the constitutive structure assures the
covariance.

(iii) The axiom of the entropy production. For every
regular process the constitutive functions should
satisfy the second law of thermodynamics.

(iv) The evolution equation for the internal state
variable vector u should be of the form

LU:u = Iil (e: F’ l?: lu)a

where evolution function m has to be determined
based on the experimental observations; notice, that
the determination of m appears the most challeng-
ing problem in modern constitutive modelling.

The explicit statement of a complete set of governing
equations for an adiabatic process is preceded by an ad-
ditional assumptions. So, for an adiabatic process we
postulate as follows (cf. [5, 6, 34, 9, 43, 41]):

(i) microdamage does not influence considerably
the elastic range,

(i1) in every material point of the body there exists

an initial microdamage state,

(iii) conductivity and thermo-elastic effects are omitted.

Assuming that the above hold, the deforming body
under the adiabatic regime is governed by the following set
of equations. They state the initial boundary value problem
(IBVP).

Find @, v, p, 7, & U as a function of ¢ and x such that
[31,21, 23, 24]:

(i) the field equations

¢:D:
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sz divr+:-gradp—;l/2'grad(f35)1/2 )
pRef P 1_(65)

p :_PdiV”'FW(LD‘f : va)l/z >

=L :d+2r'd—£’h19—(£e+gr+7-g):dp, (22)

. * 1
§:2§.d+ail o — & 1),
or T, 7o (& 0"

d=X r.ar+ L k:L,¢,
pe, pe,

(i1) the boundary conditions
a) displacement ¢ is prescribed on a part I'y of T'(53)
and tractions (7-m)“ are prescribed on part T of
I'(B), whereI'yN I' . =0andI'yU I'. =T(B),
b) heat flux q - n = 0 is prescribed on ['(B),
(iii) the initial conditions @, v, p, T, & @ are given
at each particle Xe B att=0,
are satisfied. Above we have denoted: g, a referential
density, T the Kirchhoff stress tensor, p a current density,
L° an elastic constitutive tensor, £” a thermal operator, g
ametric tensor, dg / ot the evolution directions for an-
isotropic microdamage growth processes, 7, a relaxation
time, I, a stress intensity invariant, 7., the threshold stress,
X', X" the irreversibility coefficients and c, a specific
heat.
For the evolution problem (22) we assume as follows:
1. For elastic constitutive tensor £°

L=2uT+1(g®g), (23)

where 4, A are Lamé constants.
2. For thermal operator £

L£"=(2u+32)0g, (24)

where 6 is thermal expansion coefficient.
3. For viscoplastic flow phenomenon d? [27, 28]

d” = A”p, 25)

()

=l noemwea i)
n)=0,

(27)
n,(0) =n = const,

ke ={x, () [x, () - ko () | exp[ -5 e” ]} -

. {1_((5:5)1/2 ]ﬁ(m] (28)
Sr ’

K, (8) =k, —K, 0, K0(8) =Ko — Ky O,

p@)=p-B"0,

19_190
%

||Lv:||—||Lva||]’"F>
STe <[ el ) /)

=8 -8"0,

d=

B

Y (ij _
P oT &=const oT
(29)
= ! 7 [+ + Atrro],
| 2 2
(27, +34% ()’ |

and f denotes potential function [40, 30, 29, 11], x
is isotropic  work-hardening-softening function [30,
19, 10], 7 stress deviator, J,, J'2 are first second in-
variants of Kirchhoff stress tensor and deviatoric part of
the Kirchhoff stress tensor, respectively;

A=2(n1 +n2(§:§)1/2),

£ can be thought as quasistatic fracture porosity and
||L,)g"c|| denotes equivalent critical velocity of micro-
damage.

. For the microdamage mechanism taking additional

assumptions [4, 10, 117:
e increment of the microdamage state is coaxial with
principal directions of stress state,
e only positive principal stresses induces the growth
of the microdamage,

we have
or or/|\or

-1
, and §=%T:g’:7—, 30)

where
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1
Tog =e@(1=(¢:6)" JIn—=x
q ( ) (5:5)1/2 32)
{25, (8) = [, () = ko (D] F (&€, D)}
c(?¥%) = const,
1—(5'5)1/2 %5
F= < : +
l_é‘fo (6:5)1/2
(33)
172 %‘5
NIEGHAS
1-¢&,
and
I=bti+b(5) +B(5) . e
l;i (i =1, 2, 3) are the material parameters, J; is

the third invariant of a deviatoric part of the Kirchhoff
stress tensor.

Taking those fundamental postulates into account, and
assuming that tensor G can be written as a symmetric
part of the fourth order unity tensor Z [22], thus

o 1
G=1", Gu= E(éikéjl +0y0 )’ (35)

we can write the explicit form of the growth function

g as
I O T
g—E(Tl +TH+7'1H), (36)

and the gradient of g with respect to the stress field
gives us the following matrix representation of a tensor
describing the anisotropic evolution of microdamage

81171 0 0

Jg

a_T: 0 gnmy 0 | (37
0 0 8337

where 7y, Ty, Ty are the principal values of Kirchhoff
stress tensor.

Notice that the definition of the threshold stress for
microcrack growth function 7, indicates that the growth
term in evolution function for microdamage is active
only after nucleation — before nucleation we have in-
finite threshold lim;_,, 7, = co.

5. For temperature evolution Eq. (22) we take
k=T (38)

Notice that the regularization evolution problem (22) is
well-posed [25, 20, 21]. The relaxation time 7,, can be

viewed as a regularization parameter which introduces
implicitly the length scale. Thus, it can be proved [21, §]
that a so called Cauchy problem defined above has a unique
and stable solution.

IV. NUMERICAL EXAMPLES

IV.1. Introductory remarks

The common aim of a thermomechanical analysis is to
determine the stress, strain (its elastic and viscoplastic
parts) and thermal fields during the deformation process.
The damage mechanics of solids introduces additional
measures which enables tracing of the damage progress.
In the proposed formulation, as mentioned, the novelty is
that we can trace softening directions. Such description
gives qualitatively and quantitatively new results. Knowing
homogenised microstructure rearrangement directions, we
can more precisely establish softening zones and in con-
sequence mode of failure (loss of continuity) — which is
fundamental from the point of view of modern industrial
requirements.

The solution of the IBVP defined by Egs. (22) has been
obtained by using the finite element method. The Abaqus/-
Explicit commercial finite element code has been adapted
as a solver. The model has been implemented in the soft-
ware by taking advantage of user subroutine VUMAT,
which is coupled with the Abaqus system [1]. For a de-
tailed algorithm please see [41].

IV.2. Numerical identification

To solve the IBVP defined by Eqgs. (22), one has to de-
termine 28 unknown parameters that characterise the ana-
lysed material (steel). In Table 1 we present a complete set
of parameters (identified in a sense of numerical
calibration) for HSLA-65 steel. The identification proce-
dure bases on results obtained experimentally in [17].

The HSLA-65 steel belongs to the class of HSLA
steels (High-Strength Low-Alloy) which were developed
in 1960s. The high strength of this steel (flow stresses are
in the rage 400+1200 MPa dependently on temperature)
connected with good weldability, formability, thoughtness,
elevated service life, less weight to the traditional high-
strength steel, cause the broad range of its nowadays
applications e.g. cars, trucks, cranes, bridges, naval surface
vessels, submarines and other structures that are designed
to handle large amounts of material efforts, frequently
subjected to wide range of temperatures [38]. The steel has
the characteristics of the bcc structure, hence belongs to so
called ferritic steels. As a consequence this metal has high
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temperature and strain rate sensitivity, and displays good
ductility and plasticity (true strain > 60%) [17]. The
mechanical properties of the HSLA-65 steel are strongly
affected by impurities in its internal structure. It is impor-
tant that the processing (rolling) of the HSLLA-65 steel can
induce the anisotropy of its structure [17].

Figure 5 shows the adjustment of the model predictions
to experimental data. Notice that the numerical solution is
obtained from full 3D thermomechanical analysis account-
ing for an anisotropic intrinsic microdamage process
mentioned; in other words the presented numerical results
take into account the whole local process. The curve fitting
shows that using presented material model one can obtain
the numerical simulations in very good agreement with
experimental observations.

Table 1. Material parameters for HSLA-65 steel

A=121.154 GPa | 11=80.769 GPa | prer= 7800 kg/m?| nt,y = 1
¢=0.067 bi=0 b=05 by=0
¢ =036 & = mp— ILye]-s™
5 =6.0 5 =14 T,,=2.5 s my=0.14
Kk, =570MPa | k. =129MPa| x, =457MPa | k, =103MPa
=110 B=25 =0 =025
7 =08 ¥ =01 0=10°K" |c,=470J/keK
1201.00 + experimental results
—numerical simulation
__ 1001.00
g - 4 XXX
=, 801.00 W
-
£ 601.00f ¢
o
= 401.00
201.00
1.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60
True strain [-]

Fig. 5. The comparison of the experimental [17] and numerical
results for strain rate 3000 s~ and initial temperature 296 K

In the following examples the initial conditions are
assumed so as to obtain the local process of order as in a cali-
bration procedure, so material parameters Table 1 are used.

IV.3. Tension of sheet steel

In this example the 3D numerical results of tension
of HSLA-65 sheet steel are presented. The geometry of the

analysed specimen was: length /, = 20 mm and the thick-
ness ¢ = 0.8 mm. The specimen was fixed at one end, while
at the second end the constant velocity =60 ms™ was
applied. The global strain rates in the specimen were around
3000 s™'. The finite element model consists of C3D8R
(8-node linear brick, reduced integration element [1])
elements with 375 kdof. The process time up to full damage
was 1.15- 10 .

To show the influence of the initial microdamage state
on the whole evolution process, two cases are considered
(cf. Fig. 6). The first with the initially isotropic and homo-
geneous microdamage state, and the second with random
(anisotropic) distribution of the initial microdamage state
(keeping its initial norm in the physically justified range,
namely & = 107*+107%). In both solutions the evolution
of microdamage was anisotropic.

twist direction

>

isotropic initial
microdamage state

anisotropic initial
microdamage state

t=76e05s

t=88e-05s

real experiment

t=1.0e-04s

Fig. 6. The comparison of the damage modes for isotropic and
anisotropic initial microdamage state for tension test

The applied velocity on a right end had induced
the elasto-viscoplastic wave propagation in the specimen.
The waves interactions during the process determine
the strain localization zones [8]. The further process evolu-
tion induces the intensified damage evolution in those
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zones, leading to failure in one of them. During deforma-
tion the analysis of the evolution of the microdamage
principal directions, in the zones of highest porosity clearly
indicate that the plane perpendicular to the maximum
principal microdamage direction defines the most deterio-
rated plane in the material, thus reflects damage plane
(cf. Fig. 7).

tension direction >

ber="

A

& Max. principal
& Mid. principal predicted
& Min. principal failure path

N
—
"

experiment

K
-——
5

Y
.
Ll
A
i
H

Fig. 7. Numerical vs. experimental results for tension test
— anisotropic initial microdamage state case

IV 4. Twisting of thin walled tube

The example presents the application of the discussed
material model in the numerical analysis of a 3D thin
walled HSLA-65 steel tube under shear dominating
stress conditions. The analysis is in fact the idealisation
ofthe IBVP investigated experimentally in [3], where
torsional loading at high strain rate conditions is applied by
taking advantage of Kolsky bar (Split-Hopkinson Bar).
The geometry of the analysed specimen was described by
ring thickness ¢ = 0.38 mm and outer radius » = 4.75 mm.
The specimen was fixed at one end, while at the second end
the constant angular velocity @, = 650 rad s ' was applied.
The global strain rates in the specimen are around 3000 s~
The obtained finite element model consists of C3D8R
elements with 315 kdof. The process time is 3.96- 10~s.

As previously, we have analysed the initially isotropic
(and homogeneous) and anisotropic initial microdamage
states to indicate the role of the evolution of microstructure
in the deformation process (cf. Fig. 8). The applied angular
velocity on end had induced the elasto-viscoplastic wave
inthe specimen. As for tension example, the waves
interactions during process had determined the strain
localization zone [8]. The further process evolution had
induced the intensified damage evolution in this zones,
leading to failure in its bounds. Again, results indicate, that

the plane perpendicular to the maximum principal micro-
damage direction defines the most deteriorated plane in
the specimen, thus constitutes damage plane (cf. Fig. 9).

IV.5. Some comments on material model application

The proposed model for metals with anisotropic evolu-
tion of microstructure in states the following contributions
to numerical simulations of the deformation process:

(i) tracing of the anisotropic damage evolution,

(i1) failure mode prediction before its appearance.

twist direction’

=

t=92e-05s

isotropic initial
microdamage state

anisotropic initial
microdamage state

t=356e-04s

Fig. 8. The comparison of the damage modes for isotropic
and anisotropic initial microdamage state for twisting test

Reliability of the numerical analysis of metals depends
on a proper description of its microstructure anisotropy
(cf. Figs. 6 and 8). It is shown in numerical examples that
for random distribution of the initial microdamage state
(with its initial norm in the physically justified range,
namely & = 10*+107%) the results better reproduce the ex-
perimental evidence. It is because the strain localisation
and damage during dynamic processes in metals are strictly
related to wave effects [8]. The introduced anisotropy
of microstructure influences the way in which the waves
are travelling and as a consequence the deformation
process and final mode of fracture.
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twist direction
£ Max. principal
j £ Mid. principal

£ Min. principal

experiment

predicted
failure path

Fig. 9. Numerical vs. experimental results for twisting test-
anisotropic initial microdamage state case

For computations purposes it is important to mention
that the introduced microdamage tensorial field do not
introduce any additional significant computational costs.
Namely, the analyses carried on the SGI Altix 3700 (CPU
128x1.5 GHz IA-64, RAM 256 GB, OS GNU Linux) give
the total time of a single analysis using 8 processors around
8 hours for tension and 20 hours for twisting. It is clear that
real industrial applications (e.g. analysis of crash test
without using any multiscale technique) would require the
computing power exceeding (probably) nowadays capabili-
ties.

V. CONCLUSIONS

In the paper the material model for metals described in terms
of phenomenological continuum mechanics in the frame-
work of thermodynamics is presented. The model is
a straight extension of the Perzyna viscoplasticity theory
for an anisotropic bodies. The novelty is that the model de-
scribes the anisotropy of microdamages which enables to
obtain qualitatively and quantitatively new results compared
with the existing models, namely: tracing the directions
of softening and predicting a damage path in process time.

The model has been implemented in a commercial
finite element code (Abaqus/Explicit) by taking the advan-
tage of the user subroutine VUMAT that is able to be
coupled with software, and applied for full spatial highly
dynamic processes under adiabatic conditions. In the paper
two examples are discussed, namely: dynamical tension
of sheet steel and twisting of thin walled tube. The model is
able to reproduce experimental observations with very
good agreement.
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