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Abstract

Sophisticated viscoplatic constitutive laws describing material behavior at high temperature have been
implemented in the general-purpose finite element code ABAQUS to predict the viscoplastic response of
structures to cyclic loading. Because of the complexity of viscoplastic constitutive equation, the general
implementation methods are developed. The solution of the non-linear system of algebraic equations arising
from time discretization is determined using line-search and back-tracking in combination with Newton method.
The time integration method of the constitutive equations is based on semi-implicit method with efficient time
step control. For numerical examples, the viscoplastic model proposed by Chaboche is implemented and several

applications areillustrated.

1. Introduction

The finite element method is widely employed in the nuclear engineering. The conventional approach, based
on material strength concepts, and possibly on elastic analysis by the finite element method, is more and more
often being replaced by inelastic analysis to take the effects of stress concentration, plastic or viscoplastic strain,
and damage into account, simultaneously or successively.

During last decades there have been many advances in descriptions of viscoplastic material behavior [1]. The
progresses of the computer hardware enable the sophisticated constitutive equations to be applied into the
analysis of the structure. So the development of the program for life prediction of the structure are more

necessary than ever.



The transition of constitutive laws from a laboratory or academic context to industrial use demands the
development of appropriate algorithms. In combination with the finite element code, this transition can be
applied to genera structural analysis. The purpose of this paper is to present the implementation procedure for
such sophisticated constitutive laws into the general-purpose finite element code ABAQUS.

The viscoplastic response of materials requires the time integration of system of non-linear first order
differential equations. This can be done by either explicit or implicit techniques. Explicit methods are
conditionally stable and it needs very small time step by consideration of accuracy. On the contrary, implicit
methods are unconditionally stable and time step can be much larger than that of the explicit method without
losing accuracy. However, the implicit methods solve the equations with the iterative way and the
implementation is more difficult than that of the explicit methods[2].

In viscoplasiticy, the constitutive equation might become very complicated to evaluate depending upon their
degree of non-linearity. Both the various types of the loading and the complexity of the constitutive laws ask a
stable and efficient algorithm. In this study, the semi-implicit method with efficient time step control is adapted.

The implementation of such an algorithm is illustrated by several numerical examples. The constitutive law
proposed by Chaboche is adapted in numerical examples. The problems of a cylindrical notched bar subjected to

asevera mechanical loadings are treated.

2. Implementation of the constitutive equation

In order to perform the nonlinear structural analysis, the several requirements should be satisfied. At first, the
finite element code should be programmed and the implementation algorithm of the constitutive equation into
FE code should be established. Because developing the FE code demands a lot of work and time, the structural
analysis including new devel oped constitutive equation may be very difficult work in industrial or research area.

Fortunately, the general-purpose FE codes, such as ABAQUS, MARC and ADINA, supply the user-defined
subroutines to supplement the special analysis, not covered by FE code. Using these routines, the material
behavior can be implemented and the structure made of new types of materials can be analyzed. In the case of
ABAQUS, the ‘UMAT" subroutine is the material definition subroutine and asks the information about the
constitutive equation, such as stress increments, state variable increments and the tangent modulus.

The implementation procedures of viscoplastic congtitutive equations into ABAQUS are made up the
integration of the constitutive equations and the derivation of the consistent tangent modulus. ABAQUS gives
the value of the initia state variable and the strain increment and then the final state variable and tangent
modulus are returned to ABAQUS [3]. At the first iteration of the equilibrium where the displacement fields are
unknown, the explicit methods are activated and the continuum tangent modulus is determined. From the next

iteration, the implicit methods are activated and the proposed algorithms are executed.

2.1. Constitutive equations in thermo-viscoplasticity
Viscoplastic equation basically consists of the evolution law of state variables divided into external state
variable and internal state variable. External state variables are direct-measurable quantities such as stress, strain

and temperature. On the contrary, interna state variables can not be observed directly and they are associates



with the internal change of the material, such as plastic strain, kinematic hardening, isotropic hardening and
damage etc.

Because the complex congtitutive equations contain many interna variables, the conventional methods
applied to classical kinematic hardening or isotropic hardening models cannot be adapted. For instance, the
Chaboche viscoplastic model contains three tensorial variables and three scalar variables[4]. So the
implementation procedure are generalized for arbitrary evolution laws represented in the function of the state
variables.

It is assumed that the total strain rate & can be separated into elastic &%, viscopalstic & and thermal
e components as

e=e°+eP+el @
where the elastic strain rates are related to the total stress rates by Hooke' slaw
S =Ee° )
where E isthe elasticity matrix and the thermal strain rates are given by
e = AT ©)
where A isthe matrix of thermal dilatation coefficientsand T is the temperature rate.
The viscoplastic strain rate can be represented as a product of the accumulated plastic strain rate P and the

plastic strain direction n

e’ =pn (4)
and each component is the function of the state variables.

p=p(s,X,R) ©)

n=n(s,X) (6)

where s is the matrix of the current stresses and X is the tensorial internal variables such as the internal
stresses associated to kinematic hardening. R is the scalar internal variable such as internal stresses associated to
isotropic hardening.

The notation implies

2
‘ =W/—ép:ép
P 3

By combining Eg. (5), Eg. (6) and Eg. (10), the flow rule can be rewritten as
eP =f(s,X,R) 0
and inserting Eq. (7) into Eq. (2) gives
$ =Eé+f (s,X,R,T) 8
where " =(-)Ef(s,X,R,T).
The description of internal state variable can be generalized as the functions of the current state variables.
X =g(s,X,R,T) 9)
R=h(s,X,R,T) (10)
Equation (9) means the evolution law of the tensorial internal variable. It may be associated with the
kinematic hardening or the anisotropic damage etc. Similarly, equation (10) means the evolution law of the
scalar internal variables such as isotropic hardening, isotropic damage etc. Here, the detailed explanations about

the evolution law of internal variables are abbreviated so that the various types of constitutive equations can be



covered.

2.2. Timeintegration of the viscoplastic constitutive equations
Equation (8) to (10) show that the viscoplastic material behavior is governed by a system of non-linear first
order differential equations. They can be summarized in the general form
y=f(ty) (11)
wherey represents the vector of state variables, i.e., the stress and the hardening internal variables.

To minimized computational costs, it appears necessary to choose an algorithm of integration that requires a
minimum number of evaluations of the constitutive equations. The method chosen in this study is a semi-implicit
method. Much of the theoretical and practical aspects of this method have been covered by several authors such
as[5], [6].

Using trapezoidal rule, the increment of the state variable is expressed as

Dy =[(1- )y, +a¥ren]Dt (12)
By adding thisincrement into theinitial state variabley, , thefinal state variable vy, iswritten as
Ve = Ve +[2- a)f (ty) +af (t+DLy, +Dy)]ox (13

With respect to value of midpoint parameter g, the integration methods are classified as forward gradient
method(q = 1), backward gradient method(q = 0) and Crank-Nicolson method (q = 1/2). If midpoint parameter q
isthe arbitrary valueon 0< Q£ 1, that caseis called semi-implicit method [2].

The increment of the state variables can be written as

Ds = EDe+[(1- Q)f; +0f ., ]Dt (14)
DX =[(1- q)g + 0o ]t (15)
DR =[(1- q)h, +ahy,]Dt (16)

The notation implies that

fo=f(st, X, R To) ' Frao =F(Stwpts Xewnts Rewpts Tram)
Thefinal state variables can be deduce as

St+px =S¢ tEDe+ I(l‘ Q)ft* +0f (S pept X st Rt+Dt’Tt+Dt)JDt 1n
Xespt = Xy +[(1' Q)gt +qg(st+Dt1Xt+Dt'Rt+Dt’Tt+Dt)]Dt (18)
Ry =Ry +[(1' Q)ht +qh(st+Dtht+Dt’Rt+Dt1Tt+Dt)]Dt (19)

Since the initial state variables are all known value, the unknown values of the equation (17) to (19) are fina
state variables S .o, X+pts Risprs Tr+ox @0d the strain incrementsDe . In the case of the displacement-based
finite element method, the strain increments are prescribed in the beginning of the increment. For uncoupled
analysis, the temperature changes are solved at previous heat transfer analysis. (The formulation for the coupled
analysis with the thermal and force equilibrium must be considered the change of the temperature as an unknown
variable.) Thus the variables to be determined are reduced to S, , X{+ps Rispx - FOllOWing the semi-implicit
method, the time integration of the constitutive equations is converted to the root finding of the set of nonlinear
equations.

The Newton’s method is usually adapted for solving the nonlinear simultaneous equations. In spite of rapid
convergence near the root points, invalid selection of the initial guess can induce the divergence. In this study,

theinitial values of the state variables are determined by explicit methods within the limit of deviation.



Res= Yo - Iy +|@- a)f (6 y) +af (t+ Dty o) B (20)
where y:m isthe final state variable predicted by explicit method.
If the residuals exceed the tolerance limit, the time increment for forward gradient method are divided in
several shorter parts and the improved initial guess are determined. The line search and back tracking are used to
prevent the divergence of the root. These theoretical and practical aspects of these methods are explained in the

reference [7].

2.3. Consistent tangent modules

In viscoplastic constitutive equations, the tangent modulus H can be defined as

., f(Ds)
f(De)

The tangent modulus should be obtained through the way consistent with the time integration method. By

Or Ds = HDe (21)

using it, the quadratic converge rate of the equilibrium iteration can be obtained.
Taking derivative of equation (17) to (19),

d(Ds) =ds;,;
é * * * u (22)
= Edeiﬂ"'qé‘E dsi+1"’l dxi+1"’l dR;,, UDt
afls | 1X|. IR|. H
i+1 i+l i+l
é u
d(DX) = dXj.q = éﬂ—g s + 18 dXiag +J9 dR;,, 0Dt (23)
el>lia Xl IRli4q a
é u
d(DR) =dR;,; = ém s +h dXig +h dR;. 0Dt (24)
@l1S li+1 Xlisa IRli4q G

The subscript ‘i" and ‘i+1' mean respectively, the derivative at initial state (t) and the derivative at final state
(t+Dt). Combining equation (22) to (24) gives
dy = DthgL(dy)+ E'd¥é (25)
élya
where dy = (ds;,, dX;,;, dR;,,)T, P=(fgh)", E'=[E 0 0.
By solving equation (25), the tangent modulus is derived as
¢ el
(dy)=4d - Dtéﬂ—ﬁa E'de=H'de (26)
e é&lvag

The matrix H* contains all the relations between the state variable increments and the strain increments as

following.
H =[H, Hy Hg (28)
ds =Hgde (29)
dX =Hyde (30)
dR =Hrde (31)

The tangent modulusis H and used at equilibrium iteration of the whole system.

3. Numerical examples



The numerical example considered isillustrated in Fig. 1. It consists of several material tests with the notched
specimen. The bar is modeled by 110 quadrilateral elements with axi-symmetric conditions. The constitutive
equation used in this example is proposed by Chaboche[4] for a stainless steel alloy of type AlSI 316. The brief
description of Chaboche model is listed in Appendix and the material parameters are given in Table.l. The
simulations are performed about tension test, cyclic test, creep test and stress recovery test.

Fig.2 represents the strain rate dependency of the viscoplastic material at simple tension test. The label * x/d’
means that the relative distance from the center of the specimen where ‘d’ is the radius of the specimen. The
strain rates are different with respect to the distance from the center and the stress levels are proportional to the
strain rate.

Fig.3 represents the hysteresis curve under cyclic loading. After 4 cycles, the hysteresis curve is stablized. The
creep behavior are simulated and displayed in Fig.4. It can be found that the stress concentration near notch
accelerates the creep deformation.  Fig.5 shows that stress levels at constant strain degrade gradually due to the
dynamic recovery. The main characteristics of viscoplastic material are successfully simulated and the

applicability of developed program into viscoplastic materialsis verified.

Table.1. Material constants for 316 stainless steel at 600 °C [4]

Symbol Constant Symbol Constant
E 144000 B 12
a 2.66 M, 4807
n 24 M, 58480
k 10 m, 4
Ko 116 m, 4

ay 15 g 0.2e-6
ag 0.35 M 2

a 67.5 h 0.06
C, 1300 m 19
& 80 Qo 30
c, 45 Q’ 455
Fo 5 Qmex 200

4. Conclusions

In the present investigation, the supplementary program for implementing of constitutive equations into
ABAQUS was developed. The time integration of constitutive equations was performed by the semi-implicit
method. The solution of the non-linear system of algebraic equations arising from time discretization was
determined using line-search and back-tracking in combination with Newton method. The effective calculation
procedure for consistent tangent modulus was developed with the consideration of general description of
congtitutive equations. The viscoplastic constitutive equations proposed by Chaboche were implemented for
numerical examples and material behaviors under several loading conditions were simulated to demonstrate the

efficiency and applicability of the present implementation.
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Fig. 1. Thefinite element model and the loading history

(a) cyclic tension-compression loading, (b) strain-hold loading, (c) stress-hold loading
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Appendix

The Constitutive egquations proposed by Chaboche[4]
Viscopastic strain rate:

e:ép s- X (A1)
2" J(s- X)
5= (36 X)- agR-k " A2
Ko+agR

where Simplies the deviatoric stress tensor.

The notation implies that

J(s- X) = \/g(sij - Xi(s - X))

Kinematic hardening and time recovery :

X=X, +X, (A3
e M,
2 - eJ(X)u
X =-gce, - aF (p)X; p- égl] X (A-4)
3 eMiq
F(P)=Fo+i- Fok™ (A9)

I sotropic hardening and time recovery :

R =b(Q- R)p+dQ, - R (Q, - R) (A.6)
Q=2MQua - (A7)
A L20
& e - Q0 (A8

=Q- Q. &- :
Q =Q Qrg maﬂ

Plastic strain memorization :

g=hH(F) <n:n">p (A.9)

)k:\/g(l- h)H(F) <n:n" >pn’ (A.10)

F=236 - x)- (A.11)
_3 (ep X) q

n:\/g s-a | n*:\/g €~ X (A.12)
2 J(s- a) 2 J(e,- X)

In the above equations K, Kk, a,, ag, N, ¢;, &, M;, m;, C,, &, M,, m,, Fo, b, g m, Q,",Q,,. M h are the material

constants which are function of temperature to be identified from the experimental data.
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