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The aim of the paper is to propose an improved procedure of damage material parameters
identification of the Chaboche model, coupled with the concept of isotropic damage model
proposed by AMAR and DUFAILLY [2]. The proposed approach has been implemented into sub-
routines of the FE MSC.Marc code, as the user’s viscoplastic subroutine UVSCPL, and has
been used to perform FE static and dynamic computations. The paper gives a brief descrip-
tion of the Chaboche model including damage. The results are also presented of FE dynamic
analyses using the respective UVSCPL subroutine. Analyses have been made for the nickel-
based superalloy INCO718 and for steel. The numerical examples prove that the proposed
identification approach is effective and the numerical implementation is correct.
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1. INTRODUCTION

The identification of material parameters and numerical modelling of ma-
terial damage by means of continuum mechanics is the subject of the present
paper. The continuum damage mechanics deals with the microscale-defined dam-
age variables as an effective surface density of cracks or the density of cavity
intersections with a plane. For reference, see e.g. KACHANOV [17] or LEMAITRE
[24], where the authors focused on the extensive study of continuum damage
mechanics.

Since KACHANOV [18] introduced in 1958 the concept of effective stress to
describe the rupture process under creep conditions, many theories of the con-
tinuous damage mechanics have been developed, regarding the concept of the
isotropic damage variable (see e.g. RABOTNOV [31], HAYHURST and LECKIE [16],
LEMAITRE and PLUMTREE [25]|, LECKIE [21]|, SIMO and Ju [32], FOTIU et al.
[14], SKRZYPEK et al. [33]). In the present paper, the isotropic damage concept
is used (see LEMAITRE [23] for details), which defines the surface density of mi-
crocracs and microcavities. For the sake of this concept the material damage
parameters are specified. This approach is introduced into the FE procedure
with the Chaboche model employed.
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2. CHABOCHE MODEL EQUATIONS

In the 1960s PERZYNA [29] proposed the elasto-viscoplastic constitutive
model, based on the orthogonal condition in the plastic law. The extension of
the PERZYNA law is the constitutive model proposed by CHABOCHE [12]|. The
Chaboche model is based on the assumption of the strain additivity

(2.1) £ =¢F 1l

where ¢ is the total strain rate, £ is the elastic strain rate and &’ is the inelastic
strain rate.

The isotropic damage expressed by the scalar parameter fulfils the condition
D € (0, 1). Based on the damage model proposed by KACHANOV [18], the
effective tensor of elasticity B* for damaged material may be represented by the
standard elasticity tensor B reduced by the damage parameter

(2.2) B*=(1- D) B.

Therefore, the relation between the stress and strain rate for the assumed
isotropic model of material can be expressed as follows:

(2.3) ('r:(l—D)-B:'sE:B*:(é—éI).

Consequently, the nominal stress rate ¢ is replaced by the effective stress rate

¢* in the damaged material, according to the formula

. ©

- 1-D
Replacing the initial stress by the effective stress in the constitutive equations
of the undamaged material makes it possible to consider the case of damage.

Therefore the damage evolution D, proposed by LEMAITRE [23], is expressed by
the equation

(2.5) D= (g)s .

The variables s and S are the damage material parameters, which are specified
on the basis of experimental tests. The rate of the equivalent plastic strain p
will be specified in the next part of the paper. The function Y is determined by
the Young’s modulus FE, the Poisson’s ratio v and the current values of damage
D, the Huber-Mises equivalent stress o, and the hydrostatic stress op. This
function is called the damage strain energy release rate. It is expressed by the
equation

o2 o\ 2
(2.6) Y:2_(1_€;)2'E'(;-(14—1/)—1—3-(1—2.1/).(02)).

(2.4) 5"
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In isothermal conditions, the inelastic strain rate ¢! in the basic variant of the
Chaboche model can be expressed by the following formula

3 o -X'
2.7 J3 .
27) ¢ P T e =X

The rate p is defined by the equation (see e.g. AMAR and DUFAILLY [2])

J(G’—X’)_R_k "
. 1-D
(2.8) p=< e >

where k, K and n are material parameters. The material constant k£ corresponds
to the initial yield stress, while the factor R describes the isotropic hardening.
Following ¢’ and X’ are the deviatoric parts of stress tensor and back-stress
tensor. Additionally, the invariant J (o’ — X’) is specified as

(2.9) J (o' =X') = \/;’ (o/ = X'): (¢’ — X').

The evolution of the isotropic hardening R is defined by

(2.10) R=b-(Ri—R)-p,

while the kinematic X hardening is described as

(2.11) Xzéa-éf—c-x-p.

The variables b, R; and a, ¢ are the material parameters, which have to be spec-
ified on the basis of laboratory tests. It should be noted that it is necessary to
establish eleven material parameters in the presented model: two elastic parame-
ters E and v, seven inelastic parameters k, n, K, ¢, a, b, Ry, and two additional
damage parameters S, s.

The detailed description of several variants of the Chaboche model, with the
material parameters specified, was given by the present author in [4] and [37].
The constitutive equations of the Chaboche model, with respect to a hierarchy
of various models, were presented by CHABOCHE in [12] and WOZNICA in [36].
AKTAA and SCHINKE [1] applied the damage model proposed by HAYHURST
[16] to the Chaboche model. In the paper [11] BROCKS and LIN extended the
Chaboche viscoplastic law to a finite strain form based on an internal dissipation
inequality. The authors assumed a multiplicative decomposition of the deforma-
tion gradient into elastic and inelastic parts. In order to numerically investigate
the extended viscoplastic law, finite element algorithm and several examples were
presented.
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3. APPLICATION OF THE CHABOCHE MODEL TO FE OPEN CODE

In the numerical analysis the MSC.Marc system has been used. It is a multi-
purpose, FEA program for advanced engineering simulations, ready to be ex-
tended by user’s subroutines. In order to apply the Chaboche model to the
MSC. Marc system, the user-defined subroutines UVSCPL [34] were applied,
with the inelastic strain rate and the stress increments specified. The main part
of the algorithm used in the UVSCPL subroutine is presented in the form of
a flow chart, in two variants. In Fig. 1 the undamaged Chaboche model is
shown and in Fig. 2 the damage is considered. The present author used this
UVSCPL procedure for static and dynamic analysis with the Chaboche model
(see e.g. [6] and [38]). It should be noted that the values of time functions should
be calculated in each step of iteration.

At . .
AX = 5 (thAt + Xt) , X =Ximar +AX
At . .
AR = o (Rt—At + Rt) , Ri=Ri_nt + AR
I3
U/t,X,t,J(O'/t — X/t), J(O'/t),tr (O't)
(8
. J(O'/t—Xlt)—Rt—k "
Pt = e
N3
: _3 . o'y — X/
t 2 Pt J(Glt —X/t)
N2
. 2 T )
thg-a-st —c- X Py
N8
Ry=b-(Ri— Ry)py
N2
Ael =&l At
N3

A()'t =B- (Aﬁt — AEtI)

Fic. 1. Flow chart of the UVSCPL subroutine — Chaboche model.
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Fia. 2. Flow chart of the UVSCPL subroutine — Chaboche model with damage.
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Additionally, at the beginning of a given time step t;, in the first iteration all
values with index ¢ are taken as the final values from the previous step t; — At.

It should be noted that other commercial FE codes exist; they enable us
to introduce the constitutive models defined by the user. For example, some
results can be specified of FE analyses. They are the user-defined material mod-
els UMAT, in the form of a subroutine introduced to the FE ABAQUS code
with the unified viscoplastic model proposed by BODNER and PARTOM [10]
and by CHABOCHE [13] for polycrystal alloys, and the creep model suggested
by BERTRAM and OLSCHEWSKI [9] for single crystal alloys, coupled with the
anisotropic damage model. All these models are presented by Q1 and BROCK [30].

4. IDENTIFICATION OF DAMAGE PARAMETERS

4.1. Concept of identification

The present author used the concept proposed by AMAR and DUFAILLY |[2]
in the process of identification of material parameters dealing with damage. In
this concept it is assumed that at the beginning of the identification process of
damage material parameters the basics constants for the Chaboche model are
specified. If the parameters: F, v and k, n, K, ¢, a, b, Ry are known, the damage
material parameters can be specified. The detailed description of identification of
the material parameters for the Chaboche model is described e.g. by KLOSOWSKI
[19] or AMAR and DUFAILLY [2]|. The design of experiments suitable for the para-
meter identification of the Chaboche material model under the uniaxial loading
and stationary temperature conditions has been proposed also by FURAKAWA
and YAGAWA [15]. For the detailed studies of experimental methods in material
dynamics and impact, the author refers to the work [28].

The material parameters are usually identified on the basis of the uniaxial
tension tests. In the case of uniaxial tension tests, the stress tensor o has one
non-vanishing component o

c 00
(4.1) o=|000],
00O
while the Huber-Mises equivalent stress 0., = o and the hydrostatic stress

o = /3. Then the function of the energy density (Eq. (2.6)) can be rewritten as

(4.2) Y =
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For simplicity it has been assumed that rupture of the specimen is specified by
the rupture time t¢,, while D = 1.0. Additionally, in practical applications it is
necessary to specify the value of the critical damage D,., which indicates the
limit of the theory. It should be noted that this factor must be lower than 1.0.
It usually lies between 0.2 and 0.8, depending on the type of material; see e.g.
LEMAITRE [22]. Substituting Eq. (4.2) into Eq. (2.5) we obtain

. 02 s
o i)
2.(1-D)? E-S

. 2-s 02 ° .
b-(1-D) :<2ES> P

The author has assumed, as AMAR and DUFAILLY in [2], that the value of
the parameter s is chosen arbitrarily; only the factor S has to be determined.
Then the interchange of variation is used; the Eq. (4.3) can be transformed to
the expressions

(4.3)

1 tr
1 o? 3
1-D)**dD=—— = —— | - pdt
/( ) 2 5+ 1 /(2-E-S) par
0 0
1 Loy
25 -
= . -pdt;
(4.4) 2 s+1 <2-E-S> /U pan
0
1
1/s _
(2-s+1)/7°"=2-E-8- . s
(f02'3 -pdt>
0
Finally, we obtain the equation of the damage material parameter S
£ 1/s
(2-s+1)"° 2
0

We can notice that the parameter S depends on the parameter s and the
history of loading (directly on o and p). It is necessary to establish the rupture
time of the specimen ¢, form the uniaxial tensile tests. Additionally it is necessary
to obtain the value of the o; and p; at each time step. Calculations to the first
approximation of the value of the damage parameters have to be performed
without damage. To calculate the integral from Eq. (4.5), the present author
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used simple method of numerical integration, according to the formula

tr n
(4.6) /(02'5 p)dt = {(Uj)zs “pj - At
0

Jj=1

Therefore, in the next calculation step, knowing the value of the rupture
strain &, established in the laboratory test, the parameter S is calculated. The
first approximation of the parameter S is made on the basis of the Chaboche
model analysis without damage. According to Eq. (4.5), considering the evolu-
tion of the stress and p, the first approximation of the damage parameter S; is
determined. The parameter S is evaluated from the following equation:

ex
erP

where £, is the rupture strain, which has been established on the basis of the
experimental test; (¢,); and \S; are the rupture strain and the value of damage
parameter S obtained in the i-th iteration of the numerical simulation (index 7
specifies the number of approximation of the parameter .S). In the above concept
of identification it is necessary to know the load history and the rupture time ¢,
which corresponds to the rupture strain &, (leading to the rupture of specimen
of the investigated material).

(4.7) Sig1 =5

4.2. Identification example — experiment simulation

In this section the present author is basing on the known material parame-
ters for Chaboche model with damage. For these known parameters the author
performed simulation of experiments of the uniaxial tensile tests, which are used
in the identification process of the damage parameters, according to the concept
of identification presented in the preceding section. At the beginning of the iden-
tification process of the damage parameters, the author assumed that the basic
parameters for Chaboche model are known (E, v, k, n, K, ¢, a, b and Ry).

AMAR and DUFAILLY |2| presented the material parameters for nickel-based
superalloy INCO718 (at 650° C [2]): E = 162000.0 [MPa], v = 0.3 [—],

k=501 [MPa], b=15.0[-], R; = —165.4 [MPa], a = 80000.0 [MPa],
c=2000[], n=24[], K = 12790 [(MPa-s)l/"}, S = 4.48 [MPa,
s = 3.0 [=]. On the basis of these material parameters, the authors performed

the simulation of the constant strain rate test for ¢ = 0.01 [sfl] (see Fig. 3,
“Experiment simulation”). The numerical calculation was performed for the truss
structure, subjected to the uniaxial tension test. The following geometrical para-
meters were assumed: length [ = 1.0 [m] and cross-sectional area A = 0.001 [m?].
It should be noted that failure of the specimen happened suddenly, see Fig. 3.
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11

2500 5
de/dt =0.01s /
2000 Pt
’
‘T 1500
2 ’
8 1000 -
@ MSC_UVSCPL+Ch
500 / experiment simulation
/
/
0 -
0.000 0.005 0.010 0.015 0.020
strain [-]

Fic. 3. Constant strain rate test for £ = 0.01 s71.

On the basis of the simulation of experiments performed for the constant
strain rate test € = 0.01 [s™!], the following rupture time ¢ = 1.92 [s] (which
corresponds to e = 0.0192 [-]) is established. For the purpose of the first
approximation of the damage parameters, the author carried out the numerical
calculations for the Chaboche model without damage to the limit of the strain

ex
P

and the rate p was specified, see Fig. 4.

(see Fig. 3). On the basis of these calculations the evolution of the stress
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F1a. 4. Stress and p in the strain domain for ¢ = 0.01 s~ 1.
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Additionally, at the beginning of the identification process, it was necessary
to assume the value of s. In the present investigation the author performed the
identification process for five assumed values of parameter s: 1.0; 2.0; 3.0; 4.0;
5.0. In these cases it is possible to observe evolution of the damage material
parameters. The values of parameters s may be specified optionally, but the au-
thor assumed them to be an integer S (the parameter s is the exponent in the
Eq. (2.5)). The first approximation of the parameter S (named S; see Table 1), is
calculated on the basis of the Chaboche analysis without damage. The following
approximation S;, according to Eq. (4.7), is performed for the Chaboche model
coupled with damage. In each step of numerical calculations, strain (&,); is spec-
ified and compared with the rupture strain obtained from laboratory tests. The
results of identification of the damage material parameters are given in Table 1.
It is possible to observe that the convergence of the parameter S is better for
higher values of the parameter s.

Table 1. Identification of damage parameters.

s=1.0[
% 1 2 3 4 5 6 7
Si [MPa| 0.179 0.200 0.219 0.232 0.250 0.260 0.265
(er)i 0.0170 | 0.0175 | 0.0180 | 0.0183 | 0.0187 | 0.0190 | 0.0191
s=2.0[
% 1 2 3 4
S; [MPa] | 1.99 | 210 | 2.15 2.20
(er)i 0.0182 | 0.0187 | 0.0189 | 0.0191
s=3.0[]
i 1 2 3 5
Si [MPa| 4.26 4.33 4.40 4.45
(er)i 0.0189 | 0.0189 | 0.0190 | 0.0191
s=4.0 [
% 1 2
S, [MPa] | 615 | 6.2
)i 0.0189 | 0.0101
s=5.0[
% 1 2
S, [MPa] | 7.62 | 7.70
(er)i 0.0190 | 0.0102

For each of the assumed values of the parameter s, parameters S are esti-
mated, see Table 1. For these pairs of damage material parameters, numerical
simulation of the uniaxial tension tests for ¢ = 0.01s7! is performed, see Figs. 5
and 6. In spite of the same rupture strain €, specified for each pair of parameters
s and S, it is possible to observe small differences between strain vs. stress curves,
given in Figs. 5 and 6. These differences can be seen better on the background
of the strain vs. damage D curves.
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Fi1G. 5. Simulation of constant strain rate for different values of damage parameters.
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Fi1G. 6. Simulation of constant strain rate for different values of damage parameters.

For the purpose of final acceptance of pair of damage parameters, simulation
of the creep tests (constant stress tests) for o = 2000 [MPa] for each pair of the
parameters s and S are performed. The obtained results are given in Figs. 7
and 8, where only the numerical calculations with the damage parameters s =
3.0 [-] and S = 4.45 [MPa] give a good approximation of the simulation of the
experiment, see Fig. 9.
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Fi1c. 7. Creep test for o = 2000 [MPa] for different values of damage parameters.
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F1c. 8. Creep test for & = 2000 [MPa] for different values of damage parameters.

Similarly to the case of a constant strain rate, the damage parameters can
be determined on the basis of the creep tests. For that purpose the evolu-
tion of the stress and the rate p (see Fig. 10) is performed. The parameter
S (see Eq. (4.5)) in the Chaboche model calculations without damage are ex-
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Fia. 9. Creep test for o = 2000 [MPa] .
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Fia. 10. Stress and p in the time domain o = const = 2000 [MPa].

ploited, see Fig. 9 (MSC _UVSCPL+Ch). On the basis of simulation of exper-
iments of the creep test, the rupture times ¢, = 1.045 [s| (which correspond to
er P =0.0171 [-]) are specified. Based on the stress and p evolution (see Fig. 10)
the first approximation of the parameters S = 3.98 [MPa| is calculated for the
assumed value of s = 3.0 [-]. Next iteration of the numerical analysis gives the

final values of S = 4.45 [MPa).



16 A. AMBROZIAK

4.8. Identification example — direct experiment

In this section the present author identify the damage parameters for steel
at 20°C, based on laboratory tests, performed by Krosowskr [19]. The ex-
perimental tests were carried out at the Department of General Mechanics of
RWTH Aachen. The following parameters for the basic variant of the Chaboche
model are taken for steel (see KLOSOWSKI [19] for details): E = 223000 [MPa],
v = 03 [] and & = 210.15 [MPa), n = 9.51 [], K = 14.085 [MPas'/"|,
¢ = 38840 [], a = 611700 [MPa|, b = 16.74 [-], R1 = —138.48 [MPa|.

Like in the former case (see preceding section), the damage material para-
meters for Chaboche model are specified on the basis of the constant strain rate
tests. According to the Eq. (4.5) and assuming the value of s = 2.0 [-], with
the following approximations considered, the parameter S = 0.4 [MPa| has been
specified.

The results of damage analysis for the estimated damage parameters
(s = 2.0 [], S = 0.4 [MPa]) with two different strain rates & = 0.01 [s7]
and € = 0.001 [s_l] are given in Figs. 11 and 12. Good agreement has been
obtained of strain vs. stress curves from FE calculations and the experiment.

On the basis of numerical simulations the present author has observed that
the damage is indicated when the strain is equal to 0.01 [-]. The strains less than
0.01 [ result in the zero value of the damage parameter D. There is no differ-
ence between the results obtained from the numerical simulations with damage
(MSC+UVSCPL+Ch+Dam) and without damage (MSC+UVSCPL+Ch), see
Fig. 13. This limit specified the strain at the damage threshold.

400 —
de/dt =0.01§ , Al —
' : -(‘_‘CCECCG-U-.;.J .
300 P
&
© = 0.06
D00 Ao ..B
2
MSC+UVSCPL+Ch+Dam g L 0.04
Experiment 5,
100 § 7| == MSC4+UVSCPL+Ch [ B
5 g 002
=
strain [-] =
o stre - ;
0 — —L 0.00
0.00 0.05 0.10 0.15 0.20

Fi1c. 11. Numerical simulation of the uniaxial tension test for ¢ = 0.01 [sfl].



IDENTIFICATION AND VALIDATION OF DAMAGE PARAMETERS ... 17

400 —
! .‘.......Q-:‘-
30() .............. - .................... ............... . .._ 0‘08
: et
200 4 |@@e@00  MSC+UVSCPLACh+Dam [ Fi | L0
Experiment =}
MSC+UVSCPL+Ch S F0.04
o
100 = reereennenes . ..._._..7 .................................. %;Q.._.
: : 2
... : % 0.02
° : S
e® : L in|[- :
0 °® ,[ !_ strain [-] | | 900
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Fi1c. 12. Numerical simulation of the uniaxial tension test for ¢ = 0.001 [s_l].
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Fi1G. 13. Numerical simulation of the uniaxial tension test for ¢ = 0.01 [sfl] to the e4.

In Table 2 the characteristic values of the ductile damage parameters for three
chosen types of steel are given. The strains €; and &, (see Table 2) specify the
strain at damage threshold and strain at failure, and D, is the critical damage
(the value of damage parameter D at macrocracks initiation).
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Table 2. Characteristic ductile damage parameters.

Material ea [-] er [ D. [-]
investigated steel 0.01 ® 0.45 ») 0.10
steel XC 38 [23] 0.00 0.56 0.22
steel 30CD4 [23] 0.02 0.37 0.24

steel E24 [23] 0.50 0.88 0.17

2) parameters are established on the basis of numerical simulations of uniaxial tensile tests,

P) parameter is established on the basis of laboratory tests.

5. NUMERICAL EXAMPLES

5.1. Example 1

In this example the numerical analysis of circular steel plate under impact
load are investigated. According to symmetry of the structure and loading, a
quarter of the plate was analysed. The geometry of the plate used in the numeri-
cal calculations is shown in Fig. 14. In the analysis, the four-node shell elements
were applied (Element 139, see [34]). The verification was done of the assumed
boundary conditions and type of the analysis. For details see [3], where the au-
thor described the application of the Bodner—Partom constitutive equations in
the finite element analysis.

t[ms] | p(z)[10°Pa]
0.0 0.00
3.2 0.00
3.5 3.40
4.1 3.40
4.5 4.00
6.0 4.50
11.3 4.60
14.2 5.60
16.0 5.80
24.0 6.05
28.0 6.10

pa &
1.58 pf) 2

Fic. 14. Circular steel plate subjected to the impact pressure.
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For the examined material, the following parameters were assumed: the elas-
tic modulus £ = 223000.0 [MPa|, the Poisson’s ratio v = 0.3 [-]; the thick-
ness of the steel plate ¢t = 1 mm. Additionally, the following material pa-
rameters for Chaboche model were taken: £ = 210.15 [MPa|, n = 9.51 [,
K = 14.085 [MPas'/"|, ¢ = 38840 [], a = 611700 [MPal, b = 16.74 [],
R; = —138.48 [MPal, with the damage parameters s = 2.0 [-] and S = 0.4 [MPa]
estimated in the previous section.

The numerical calculations were performed using the proportional damping
matrix with the Rayleigh damping multipliers o = 3.46 - 1076 and 8 = 27.32.
Parameters o and (8 are the stiffness matrix multiplier and the mass matrix
multiplier, respectively. They were calculated by the formula

_ 9. (&2 w2 — &1 -wr)

02 — W2 )
> 2 (51 §2 - wi)
1 w2 —&2-wyp
ﬁ:2'QJ1'WQ' ) D) ;
Wy — Wi

assuming that for the value of critical damping, the first two frequencies were
given. The concept of specifying these multipliers is proposed in the paper [7].
To integrate the nonlinear equations of motion, the Newmark algorithm with
the time step At = 51077 was carried out.

Elasto-viscoplastic Chaboche model with damage is used to describe the be-
haviour of the steel plate under dynamic vibrations Fig. 15. These results of
numerical simulations are compared with the results of the experimental test,
which was performed in the impact pipe.

A
7o ]
2'5 ~ -8 2R NEBA L& & o _ f_— - —Aj""-"
e L AR e ARV
g | f AWV evy : ; imeeat 6
&, | 'W;" " : am—
E 20 —|=I', ..................... s .,n ......................
‘S ' : i
3 . .f"- ---J =
= 1.5 4- .’u ......................... ST Hiin s im s Bpte e b i i L 4-:{\_‘
g7 (s | S
5 i : ——————————————— experiment L
s 10 l emcommes  pressure z
= - 7]
k= - : MSC UVSCPL+Chab+Dam =2 o
§ 05 _' ............. ... =
S .
5] d - : E ; :
= Y 5 : ¥ z :
0.0 d— Zam : ' j 0
4 8 10 12 14 16 18
time [ms]

F1G. 15. Inelastic damped vibrations of the plate.
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It should be noted that the elastic solution (see Fig. 16) gives a completely
different response of the vibrations, while the Chaboche model calculations are
close to the experimental results. The maximum value of the damage parameter
in this case is about 0.002 [-], thus a non-damage state of the plate is observed.
Additionally, the velocity and acceleration plots (Figs. 17, 18) in the time domain
illustrate the dynamic behaviour of the plate under impact load.

/4 12

-—eeme pressure
MSC_elastic solution |- 1()

2.5

pressure [1 0’Pa)

o5 191 ) I RN T . -

deflection of middle point [mm)]

e

o
e
N

4 6 810 12 14 16 18
time [ms]

FiG. 16. Elastic damped vibrations of the plate.
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Fi1a. 17. Middle point velocity.
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Fic. 18. Middle point acceleration.

5.2. Ezxample 2

At the beginning, the dynamic analysis of a rod subjected to the impact
force is presented. The elasto-viscoplastic constitutive equations of the Chaboche
model with damage are taken to describe the behaviour of the material. Numer-
ical calculations are performed for a simple truss structure, with the following
geometrical parameters: [ = 1.0 [m] (length) and A = 0.001 [m?] (cross-section
area). One of the ends of the rod is fixed while the next end is free. The free end
of the truss element is subjected to impact forces F'.

The dynamic analysis for three different values of the impact forces
F = 0.10 [MN] (see Fig. 20), F = 0.11 [MN] (see Fig. 21) and F' = 0.12 [MN]
(see Fig. 22) is performed. The force is acting rapidly on the structures, in the
time ¢ = 0.0 [s], see Fig. 19. For the calculation, the material constants, cor-
responding to the Chaboche model with the following damage constants were
taken (INCOT718 at 650°C [2], see also [20]): E = 159.0 [GPal, v = 0.3 [],
k = 514.21 [MPa|, b = 60.0 [], Ry = —194.39 [MPa|, a = 170000.0 [MPa],
¢ = 5000 [, n = 40 [|, K = 1023.5 [(MPa-s)l/”], S = 4.48 [MPal,
s = 3.0 [|. The reference calculations (named MSC_ UWSCPL+Ch, see
Figs. 20, 21 and 22) were performed without damage, according to the FE pro-
cedure given in Fig. 1.

In the research, two variants of the Chaboche model analysis are compared
with each other: considering and neglecting the damage. In this case, small in-
fluence of damage is observed in the examined time range when the values of
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forces are F' = 0.10 [MN] (see Fig. 20) and F' = 0.11 [MN] (see Fig. 21). The
force F' = 0.12 [MN] (see Fig. 22) results exceed the limiting damage value, the
specimen is destroyed. Evaluation of the damage parameter D, specified by Eq.
(2.5), as a function of time, is given in Fig. 23. Due to the merely numerical
character of the example, only the calculations for free vibrations are consid-
ered. To integrate the nonlinear equations of motion, in the present example the
Newmark algorithm [27] with the time step At = 5-107° [s] is applied.

1) geeaneancancancan o anoan o an o e
VL [N N . T— N N
9 . % 3 . by
B DG &t emeamo@me force factor |-
5 | . _ _ .

3] : : : : :
E 04 - A— s S  N— A——
b : : : : :
& : : : : :
e T T I — ...........................................
0.0 ; : E ; :

0.000 0.005 0.010 0.015 0.020 0.025 0.030
time [s]

Fi1G. 19. Force factor value history diagram.

4 : // ;
24t e R
oI
i AN
= TR TLER LA
: o lﬁliu ........................................
SRR
2 , ri e=commecames  MSC UVSCPL+Ch

.' MSC_UVSCPL+Ch+Dam |
0 l ¥ A

0.000 0.005 0.025 0.030
time [s]

Fic. 20. Displacement diagram for F' = 0.10 MN.
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Fia. 21. Displacement diagram for F' = 0.11 MN.
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Fia. 22. Displacement diagram for F' = 0.12 MN.

In the second variant of calculations, geometry of the plate is taken from the
Example 1, see Fig. 14. In this case, the material parameters for INCO alloy at
650°C are accepted for the description of the plate material. The evolution of
pressure in time domain is accepted according to Fig. 19. High value of the impact
pressure, p = 11.5 [10° Pa], was assumed for distinct presentation of application
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Fic. 25. Displacement diagram with damage parameter evolution.

of the proposed procedure for damage analysis. It should be noted that the
subroutine UACTIV [34] was used to deactivate elements in the structure model,
when the value of the damage parameter D in all integration points of the element
is greater than the value of critical damage D.. The vertical displacements for the
quarter of a plate are presented in Fig. 24. The elements close to symmetry lines
are deactivated due to evolution of the damage parameters, see Fig. 25. Then
the crack runs to a diagonal of the plate. Finally, the middle part of the plate
separates and moves rigidly. The author is aware of the fact that the detailed
investigation of the structure crack propagation is connected with dynamic crack
problems and the knowledge of explosions (see e.g. NEMITZ [26], BASISTA and
NoOwACKI [8] and WEODARCZYK [35] for details). Nevertheless, this calculated
example demonstrates practical applications of the presented procedure.

6. CONCLUSIONS AND FINAL REMARKS

In this study, the author proposed an improved concept of identification and
validation of damage parameters. A model of isotropic damage based on a con-
tinuum damage variable on the concept of effective stress, can be directly applied
in calculations. The procedures are presented to introduce the Chaboche model
considering damage, into the open commercial FE-program code. Identification is
made for nickel-based superalloy INCO718 and for steel by means of elastic mod-
ulus change caused by damage. The numerical examples prove that the Chaboche
law and the presented method of performing the numerical implementation, are
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effective. The future research should be concentrated on the development of the
FE procedure, with emphasis placed on temperature influences and criterion for
crack extension.

It is worth pointing out that the presented damage approach with the concept
of damage parameters identification has been successfully used by the present
author to describe the damage evaluation in the elasto-viscoplastic constitutive
equations of the Bodner—Partom model, (for details see [5]).
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