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Abstract: This paper presents the development of finite element software for creep deforamatidamage
analysis of weldment. The development and benchmark test of the software andestpss, plane strain,
axisymmetric, and 3 dimensional cases were reported in previous work id paper primarily consists of
two parts: 1) the structure of the new FE software and the existing FE librargdapplobtaining such
computational tool via an approach for stress and field variable updatitige @¢velopment and validation
of stress update; and 3) the development of validation of multi-matasiads version This paper
contributes to the computational creep damage mechanics in general and partihwdaddsign and the
development of finite element software for creep damage analysis of multi-material zone.

Key words: Finite Element Software, Multi-material Zones, Continuum Damage Mechaniezp Cr
Damage, Validation

1. Introduction

The finite element method has already shown to provide numerical scientistsl@gjttate means for
simulating creep damage mechanics. The standard finite element subroutines anduf@oftamage
Mechanics (CDM) can support the analysis of creep damage behaviors. Creep danmaggcmbas been
developed and applied to analyze creep deformation and the simulation for thdasrege evolution and
rupture of high temperature components [2-4].

The computational capability can only be obtained by either the development apglibation of
special material subroutine in junction with standard commercial software (SABA&IS or ANSYS) or
the development and application of dedicated in-house software [5].

The need of such computational capability and the justification for developimigise software was
identified and was reported in the early stage of this research [1, 5-6]. Esgeiiatireep damage problem
is of time dependent, non-linear material behaviour, and multi-material zones. Becker, ahdlf&yhurst
et al [8] has reported the development and the use of their in-house softwareefprdamage analysis.
Furthermore, Hayhurst has reported the use of Runge-Kutta integration metho@f3injdting et al [1p
presented a detailed discussion and the use of Runge-Kutta type integration algaritheno@er hand, it
was noted that Xu [11] revealed the deficiency of Kachanov-Rabatnov-Hayhursf) fidRnulation and
proposed a new formulation for the multi-axial generalization in the developmentegp clamage
constitutive equations. The new creep damage constitutive equations for low Cr-Manstéei high Cr-
Mo steel are under development in this research group [[12-13

This paper presents the latest progress in the development of finite elementestiftwareep
deformation and damage analysis of weldment. More specifically, it reportg firetstructure of the new
FE software and the existing FE library applied in obtaining such computationalidgoah approach for
stress and field variable updating; and secondly, the development and validation of stresangdaulti-
material zone version .

2. Overview of the system

This section presents briefly the structure of an object-orienteddlieiteent program for creep damage
analysis.On behalf of its popularity and object-oriented programming feafidle the NAG FORTRAN is
chosen as an implementation language tool.
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Fig.1. The flow diagram of the structure for developing FE software [15]

Fig. 1 shows the procedures for the development of such computational finite elememe sofththe
procedures can be summarized in:

1. Input the definition of a specific FE model including nodes, element, materialriysopeundary
condition, type of creep damage constitutive equations, as well as the computationall cont
parameters

2. Calculate the initial elastic stress and strain

3. Integrate the constitutive equation and update the field variables such as creegastrage, stress;
the time step is controlled

4. Remove the failed element [16] and update the stiffness matrix

5. Stop execution and output results

2.1 OOP for the definition of creep damage problem



! Creep Damage Multi-materials

use new_ 11brary ;  use eometr¥ 14ib ; implicit none

integer::nels,neq,nn,nr,nip,nodot,nod,nst,ndof,nprops, np_types, &
1,k,1e1 1ters 11m1t incs, 1¥ ndim, loaded_nodes, fixed_nodes

1og1ca1 converged H character (len=: 15) 11 element

real::e,v,phi,c,psi, &

det dt, ddt f, dsbar ,dgl,dq2,dq3, lode_theta,sigm,pi,snph,ptot,tol
real:: a,b,cz,h,hstar,kc
!

dynamic arrays
real ,allocatable :: kv(:),%oads(:),points( 210,
dee(:,:),coord(:,:),fun(:),
der(:,:),deriv(:,:),bee(:, km(:,:),eld(:) eps( 3,
sigma(:),bload(:),eload(:), rate( ), 9 coord(:,:),
eVﬁ:(:),dGVD(:),ml(:,:),m2(:, ,m3(:, ), Flow(:, ),
(:),storkv(:),tensor(:,:,:), stress( 3, totd( ),

bdylds(:),0ldis(:),
.gac(:,:),we1ghts( ),
e

o o @0 2o @ o

evpt(:,:,:),value(:),load store( J,prop(:,:)
! add arrays
real, allocatable:: hrate(:),srate(:),wrate(:), hvp( Y, svp( ) wvp(:),
vpt(:,:, 3, svpt(.,:,:),va HEE
integer, allocatable :: nf(.,:) , gC:), no(:) ,num( ) g_num(:,:) ,g9_g(:,:),
kdiag(:), sense(:), node(:) , etype(:)
! input and initialisation
open (10,file="p68.dat’,status= 'old",action="read")
open (11,file="p68.res’,status="replace’,action="write’)
read (10,%) element,nels,nn,nip,nodof,nod,nst,ndim
ndof=nod*nodof
allocate (nf(nodof,nn), points(nip,ndim),weights(nip),g_coord(ndim,nn),
num{nod) ,dee(nst,nst),evpt(nst,nip,nels),tensor (nst,nip,nels),
coord(nod,ndim),g_ (ndof,ne1s),stress(nst),etype(ne1s),
gac(ndim,ndim),der?ndim,nod),deriv(ndim nod), num(nod nels),
ee(nst,ndof),km(ndof ,ndof),eld(ndof) eps(nst? sigma(nst)
b10ad(nd0f),e10ad(ndof),erate(nst),evq(nst) devp(nst) g(ndof),
mli(nst,nst),m2({nst,nst),m3(nst,nst),flow(nst,nst)
! add allocat
allocate (hrate(nst),srate(nst),wrate(nst),hvp(nst),svp(nst),wvp(nst), &
hvpt(nst,ni ,ne1s),svpt(nst,nip,ne1s),qut(nst ,nip,nels))
b define the element type and multi-materials-------—--—--—-
read(10,%) nprops , np_types
a110cate(pr0p(npr0ps np_types)}) ; read(10,%) prop
etype = 1 ; if(np types>l¥ read(10,*) etype
! read geometry and connectivity
read(10,*) g_coord; read(10,%) g_num
nf=1; read(10,*) nr ; if(nr>=0) read(10,*)(k,nf(:,k),i=1,nr)
call formnf(nf); neg=maxval(nf) i allocate(kdiag(neq)) i kdiag = 0
I

B e
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Fig.2. Classes for dynamic arrays, input and initialisation

The elastic and elastic-plasticity programming from literaturevyag]carefully studied, and the overall
structure and the relevant standard subroutines/library [17] were adopted whesgdsle for
programming efficiency. Dynamic array has good flexibility, convenience andeeftigi therefore, all of
the arrays used in programming are dynamic arrays. The boundary conditions are stored in “dat” file and
they can be read by main program [17]. The components of weldment are compleketfuisction of
creep damage analysis for muttiterials is essentially. In this programprops and np_typesare two
integer variables; they represent the number of material property and numbéerentliproperty type
respectively.etypeis a dynamic integer array and it represents element property type y@oprs a
dynamic real array and it represents element properties. No matter singialmaadel or multi-materials
model, the program can check the material property type automatically and all thialmatameters are
provided by “input-dat” file.

g_coordis a dynamic real array and it represents nodal coordinates for all elememisnis a
dynamic integer array and it represents global element node numbers matrig. Bothdandg_numare
provided by “input-dat” file through the FEM pre-processing. Consequently, the generality of the program
can be increased since the modular design of program.

2.2 The finite element algorithm

The finite element algorithm [18] for creep damage problems is brieflydirted as follows by
governing equations and corresponding stress updating equations.

The governing equations are assuming that the total strain € can be partitioned into the elastic and creep
strains, thus the total strain increment can be expressed as:

Ade= Aee+ A& (2)

wherede, 4¢® and 4<° is total strain increment, elastic strain increment, and creep strain emtrem
respectively [12].
The stress increment is related to the elastic and creep strain increments by:

Ado= D(de- ) (2



where is the stress-strain matrix and it contains the elastic constants.
The stress increments are related to the incremental displacementivédxgtor

Ao = D(BAu - Ag) 3)

whereB is strain-displacement matrix. The equilibrium equation to be satigfigdtime can be
expressed by:

JBrAodv= AR (4)

wheredR is the vector of the equivalent nodal mechanical loadvasidhe element volume. Combining
equations (3) and (4):

JvBTD(BAu - Ae)dv= AR (5)
2.3 Creep damage constitutive equation

The creep damage constitutive equations are the mathematical descripteoretztion between creep
deformation, creep damage and external applied stress. There are different typegpofdamage
constitutive equations. One example is Kachanov-Rabatnov-Hayhurst (KRH) ¢omsttyuations and it is
included here due to its popularity.

Uni-axial form [18

(&= Asinh(%) (6.1)

. h H\ .

H= i(1 — )& (6.2) ©)
V, =X (1 gyt 63)

@ = C¢ (6.4)

where A, B C, h, H* and Kc are material parameters. H (0 < H < H*) indicea@s Isardening during
primary creep, @ (0< ¢ < 1) describes the evolution of spacing of the carbide precipitates [18].
Multi-axial form [1§:

_ 38 , Bo.(1-H)
£y == Asmh(—(l_‘p)(l_w)) (7.1
. h H) .
JH= 0—8(1 L (7.2) -
¢ ="L(1- @) (7.3)
@ = C&, (Z—Z)V (7.4)

whereg, is the Von Mises stress; is the maximum principal stress ands the stress state index
defining the multi-axial stress rupture criterion].18

The intergranular cavitation damage varies from zero, for the matetial wirgin state, to 1/3, when
all of the grain boundaries normal to the applied stress have completely caeatathi;h time the material
is considered to have failed [19]. Thus, the critical value of creep damage is set to 0.383883urrent
program. Once the creep damage reaches the critical value, the program vékestofion and the results
will be output automatically.

Other type of creep damage constitutive equations will be incorporated in the FEcsoffutire.

2.4 The integration scheme

The FEA solution critically depends on the selection of the size of time a$spciated with an
appropriate integration method. Some integration methods have been reviewed in previous wotkég6].
current version, Euler forward integration subroutine, developed by colleagues [2@dewed here for
simplicity.



€ne1 = Ep + ExAL (8.1)
Hy..=H,+ HxAt (8.2)

(pn+1 = @Pn + (P * At (8-3) (8)
Wpi1 = W, + ®xAt  (84)
\tnﬂ = ¢, + At (8.5)

It is noted that DO2BHF (NAGR]] integrates a system of first-order ordinary differential equations
using Runge-Kutta-Merson method. This subroutine can be adopted in the FEA softearepoflamage
analysis development, and more sophisticated Runge-Kutta type integration scheme will be adotted i

2.5 The stress update algorithm

Creep deformation can be regarded as a time-related plastic deformation and theoptheesgep damage
is absolutely transient. Thus, the accuracy of finite element results would lenggtl as a result of the
residual stress during the increment of the time. The Absolute Method [14] hagiyeefor the solution of
the structural creep damage problems and the finite element algorithm for upgtetieyess has been
developed.

The principle of virtual work applied to the boundary value problem is given:

Piosa= [K)] X TOTD- P, 9)

wherePiaq is applied force vector, and| is the global stiffness matrix, which is assembled by the
element stiffness matricek{]; TOTD is the global vector of the nodal displacements Rnid the global
creep force vector.

[Ku = [[[BI"[D][Bldd, (10)
The B] and D] represent the strain-displacement and stress-strain matrices respectively.
TOTD = [K]* X (Proad + Po) (11)

The initialP; is zero and the Choleski Method [13] is used for the inverse of the gtidfredss matrix
[K\]. By giving thePiaq, the elastic straink and the elastic stressfor each element can be obtained:

£o= [B] X ELD (12)
Oek=[D] X ek (13)

The element node displacement ELD can be found from the global displacemenanedter creep
strain ratescwate fOr each element can be obtained by substituting the element elastiardtreb® creep
damage constitutive equations. The creep strain can be calculated as:

Eck(t+ a0 = Eck(t) T Eckrate X AL (14)
The node creep force vectors for each element are given by:
Po= [B]T[D] X Eckx (15)

The node creep force vecty can be assembled into the global creep force véttand theP. is
used to up-date Eq. (9). Thus, the elastic strain can be updated:

Etotk= [B] X ELD= ok + €k (16)
Eek= [B] X ELD - &k (17)

where thewx andec represents the total strain and creep strain for each element redpeatind the
elastic strairzekis used to up-date the Eq. 13



3. Thepreiminary validation of the software
3.1 The validation of stress update program

The validation of this software for stress update was performed and it was conduet@thne strain
casein Fig.3 [1]. The width of this model is set to 5 metdilse Young's modulus E and Poisson's ratio v are
set to 1000 MPa and 0.3 respectively. An equivalent linear distributed load b Wa¥ applied on the top
line of this model.

1 3 5 7
2 4 6 B
(1]
9 11 13 7| 15
10 12 714 16
. . 5
17 19 21 7| 23
18 20| 22 24
0
25 zr | 29 31
ES 28 30 32
I L.
37 39
38 "0
a5 ‘a7
a6 | a8

Fig. 3. Plain strain tension model [1]
The theoretical stress in Y direction can be shown as:
0
0y =7 = o= 10KN/m?
The theoretical stress in Z direction can be shown as:
0'Z=E*62=E*U*€y=E*U*%=3KN/m2

The stress and displacement obtained from FE software with the stress uipstakied due to creep
deformation are shown in Fig. 4 and Fig. 5.

Fig. 4. Stress dlstrlbutlon inY dlrectlon at rupture time  Fig. 5 Stretzsbdtmn in Z direction at rupture
time

Using the theoretical stress value into the multi-axial version of creeptutorestequations, the
theoretical rupture time and damage can be obtained without stress update ibgdgebtoutine [17] and
the results are shown in Table 1

Table. 1. The damage obtained from FE software at failure

Rupture time Creep damage
180460 0.3333334




Fig. 6. The damage distribution on 180230h

The Fig. 4 and Fig. 5 show the results obtained from the FE software dowébrélee expected
theoretical values.

Table 1 and Fig. 6 have revealed that rupture time and damage obtained from FE lsaftsvargood
agreement with the theoretical values obtained from the subroutihe [22

3.2 The validation of the multi-materials version

The validation of new software for multi-materials version was perfoamédt was conducted via a
two-dimensional tension model in Fig. 7. In this program, the number of matenirfympropsis set to 1
and 2 separately. The number of different property typdypesis set 2 (Young's modulus E and Poisson's
ratio v). The length of a side is set to 1 meter. The Young's modulus E and Poisson's ratio v are set to 1,000
MPa and 0.3 respectively. A uniformly distributed linear load 40 KN/m waseabph the top line of this
uni-axial tension model. Table 2 shows the material property of each elemenhpriopsis set to 1 and
when npropsis set to 2 respectively.

Fig. 7. 2D tension model

Table. 2. The material property of each element wipgpps= 1 andhprops=2 respectively
nprops Materialsgroup 1 (E and v) Materialsgroup 2 (E and v)

Nprops=1 Element No.1,82, 3,4,5,6,7an No element

Nprops=2 Element No.1, 2, 3and 4 Element No 5, 6, 7 and 8



Fig. 8. The stress distribution in Y direction at rupture time whenpheps= 1

Fig. 9. The stress distribution in Y direction at rupture time whenpheps= 2

Whennprops= 2, that means there are two kinds of material properties. In program,irsggwm
kinds of material properties in model; but the values of material properties in “input-dat” file are all same
from nprops= 1 to nprops= 2. Thus, the stresses distribution in y direction betwgeaps= 1 andnprops
= 2 should be same. Fig. 8 and Fig. 9@ good agreement with this deduction.

4. Concluson

This paper is to present the finite element method based on CDM to design Flesmitveaeep
damage mechanics. More specifically, it presents briefly the structure ofjest-atiented finite element
program for creep damage analysis; secondly, it reports the development of suchesoiftivaing the
development of finite element algorithms based on CDM for creep damage analysise aiseé of some
standard subroutines in programming; thirdly, the development and the validatiba 6hite element
software include stress update and multi-materials were reported.

Working in this area is on-going and future development work includes: 1) developnnt
incorporation the new constitutive equation subroutines; 2) intelligent and ptactitrol of the time steps;
3) removal of failed element and updating stiffness matrix; 4) further valijadind 5) real case study. It
will be reported in due course.
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