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The development of finite element analysis software for
creep damage analysis

D.Liu', Q. Xu*, Z. Lu? D. Xu', F. Tan*
'School of Science and Engineering, Teesside University, Middlesbrougi3Brs UK
School of Computing and Engineering, University of Huddersfieldidétsfield, HD1 3DA, UK

The purpose of this paper is to present the finite element
Abstract - The development and application of method based on CDM to desigE software for creep damage
computational creep damage is very active amongam®h mechanics. More specifically, it reports the strucfrihe new
community and high temperature industry. This pgpesents FE software and the existing FE library applied in obtaining
a development and preliminary validation iofhouse finite  gych computational tool via an approach for stress and field

element analysis software for creep damage analy8i® yariable updating, and preliminary validation of current version
Fortran 90 and existing finite element library weiopted and ¢ ¢ ch software viaa uni-axial tension model.The

usedin the software developmenthe validation case study contribution of this paper is to provide a new version of

was conducted and reported, using uni-axial creee c in-house software to solve the whole process of all the three

Keywords: Computational Creep Damage Mechanics; Fétages of creep deformation and damage problem.

Algorithm; Non-linear Material; Validation

2 The finite dement method based on
1 Introduction CDM

This paper reportsa development and preliminary 2.1 The Continuum Damage M echanics (CDM)
validation of in-house finite element software for creep damage The continuum damage mechanics (CDM) used the

analysis. Creep damage mechanics ha_s been devemped_cad}%ept of creep damage as internal variable 1, 12]. One

components [1]. The computational capability relies on t amage mechanics, the material gets damaged does not

ava|lgb|ll_ty ofa computatlon_al tool and a set of Creep.dama%%sential has to be understood in detail and the damage should
constitutive equations which can accurately depicts tI'Bee considered in analysis [13]

complex phenomena. This paper addresses the former., The creep deformation is typically divided into primary,

. t.fTh(ta. nefed dOf sluc_h _co?putatlo?tal capability %ndttggecondary and tertiary stages. Initially, the characteristics of the
Jus dl ca |ont gr_ e\:ﬁ opmgln— otu se so ¢ V\;;l_re was cor;] u;e rimary-secondary (steady state) creep deformation behavior
and reported In the early stage o is research [2, re observed by simple experiments, but later the mathematical

Essentially, the creep damage problem is of time dependeal scription of tertiary creep through the use of CDM.

non-linear material behavior, and multi-material zones. The The finite element technique combined with continuum

standa_lr_d soft_ware does npt provide  the CompUtatlonégmage mechanics has been testified to be an efficient tool in
capability to simulate the tertiary creep stage readily witho tssessing the performance of the structural components

the development of complicated material user subroutine. T 4-16]. In many commercial finite element packages, the
computational capability can only be obtained by either t Ser-routines can be written for implemented taking’ into
development and use of special subroutine in junction wi count one or more damage mechanisms [17]

stanlfl arg co:nmermal sodftware s}ugh da}s AE;A.QL:]S and Al]:ltS Rupture processes can also be investigated by use of CDM
or the development and use of dedicated in-nouse so Waéﬁproach [18]. Some investigations of creep crack initiation

each has its own advantages and disadvan{ageslyde [4] apd growth in notched specimens have been performed with
and Hayhursf5] have reported the development and the use ? omising result§19, 20]
e T

theirin-house software for creep damage analysis; furthermo

Ling has presented a detailed discussion and use 2R Thegeneral structure of thefinite element
Runge-Kutta type integration algorithi@]. On the other hand, softwar e

it is noted thaKu revealed the deficiency of KRH formulation The structure of developing in-house finite element
and pr_opqseq a newformulation for the mli -aX|aI_ software for creep damage analyisiistedin Figure 1.
generalization in the development of creep damage constitutive

equations [J. The new creep damage constitutive equations

for low Cr-Mo steel and for high Qvio steel are under

developingoy colleagues in this research group [8, 9].



Start Pload = [KV] *TOTD - I:)C (1)
¥

Input and initialization

WhereP,q is applied force vector, af,] is the global

v

Seess o stiffness matrix, which is assembled by the element stiffness
] matrices [K,]; TOTD is the global vector of the nodal
Matrix inversion displacements arid. is the global creep force vector.
!
Displacements, 1tra\r\5 and stress | T [Km] = J‘.[ [B] T [D] [B] dxdy (2)
Cracp damage c-énsgmuue squations The[B] and[D] represent the strain-displacement and the

L2

stress-strain matrices respectively.

— e Select time increment

L

Calculate creep strain TOTD = [KV] 1k (Pload + PC) (3)
Ir.terr\a‘l loop X Reform stiffness
e . Sty e matis The initial P is zero and the Choleski Method [idused
S R ‘ for the inverse of the global stiffness mafi,]. By giving the
increment T S Peads the elastic strairg and the elastic stresg, for each
o element can be obtained:
fe roE . ves ] g = [B] * ELD (4)
No 6 = [D] * 4 ()
|
= The element node displacemétitD can be found from
g — Finished literation? the global displacement vector and the creep strainegaige
for each element can be obtained by substituting the element
s elastic stress into the creep damage constitutive equations. The

: creep strain can be calculated:

Stop

Fig. 1. The flow diagram of the structure of the rimite element software Eok (t+a1) = Eok(t) T Eckrate Al (6)
Cl + - Ci CKrate
The steps for the development of finite element software
can be summarized in: by
1. Input the definition of a specific FE model including

The node creep force vectors for each element are given

nodes, element, material property, boundary condition, Pa = [B] " [D] * £ 7)
as well as the computational control parameters
2. Calculate the initial elastic stress and strain The node creep force VectBé‘k can be assembled into the

3. Intggrate the constitutive eqqation and update the fie_bjoba| creep force vectd? . and theP . is used to up-date
variables such as creep strain, damage, stress; the tigaiation (1). Thus, the elastic strain can be updated:
step is controlled

4. Remove the failed element [21] and update the stiffness Sotk = [B] * ELD = g¢ + £ (8)
matrix
5. Stop execution and output results g = [B] * ELD — g4 (9)
23 The Integration of creep damage constitutive Where thegqy andeg are represent the total strain and
equation creep strain for each element respectively; and the elastic strain

The FEA solution critically depends on the selection of the iS used to up-date the equation (5).
size of time steps associated with an appropriate integration
method. Some integration method has been reviewed 31 The application of existing finite
previous work[3]. In the current version, Euler forward el t lib
integration subroutine, developed by colleague [28%s ement library

adop_ted herg for simplicit_y. More sophisticated Runge-Kutta | the development of this software, the existing FE
type integration scheme will be adopted and explored in fuwrlfbrary and subroutines such as [23] was used in programming

2.4 Thefinite element algorithm for updating The subroutines can perform the tasks of finite element
' stress meshing, computing and integrating the element matrices,

assembling element matrices into system matrices and carrying

The Absolute Method [23] has been given for the solutioput appropriate equilibrium, eigenvalue or propagation
of the structural creep damage problems. The principle eflculations.

virtual work applied to the boundary value problem is given:



3.1 Thefinite element meshing [E'u 3S”A inh(; 2T Boe0=) 5y (11.7)

The existing subroutines [23] are available in performing P
the mesh of element for the triangles, quadrilaterals and 26_9(1_;)5 (11.2) (11)
hexahedra “bricks”. For example, the subroutine geometry _3tx o= Kc (1 - o) (11.3)
(iel, nxe, aa, bb, coord, num) can form the coordinates and nod 3
vector for a rectangular mesh of uniform 3-node triangles. | ® = Cé, (?)V (11.4)
More specifically, it is counting in the x-direction and local ¢
numbering clockwise. For the quadrilateral elements and the Whereg, is the Von Mises stress; is the maximum
hexahedra “bricks” elements, the subroutine geometry 4qxand ~ principal stress and is stress state index defining the

the subroutine geometry _8bxz are also availabla3h [ multi-axial stress rupture criterion [24].
TABLE I.
3.2 The element stiffness matrix assembly Numerical values of constitutive parameters at 9[25]
. . Coefficient Value
The special purpose subroutines such as subroufie A () 21618 x 10
formnf, subroutine formkb, subroutine formku, and sultire B (MPa)) 20524 x 10
fsparv can assembly the individual element matrices to formjthe 0] 1.8537
global matrices. The selection of element stiffness mafrix h( MPa) 2.4326 x 10
subroutine is according with the definition of the geometrigal H* () 0.5929
details, especially in the nodal coordinates of each elementand Ke () 9.2273 x18
the element’s place in overall node numbering scheme. More  The intergranular cavitation damage varies from zero, for
details see [23]. the material in the virgin state, to 1/3, when all of the grain
boundaries normal to the applied stress have completely
3.3 The solution of equi|ibrium equation for cavitated, at whis time the material is considered to have
creep problem failed [25]. Thus, the critical value of creep damage is set to

do .3333333. The time increment is set to 1.0 hour. Once the
Direct solution methods and iterative solution metho éree damage reaches the critical value, the program will sto
have been used in solving the creep probléB). [In direct P Y prog P

solution method, the subroutine sparin and subroutine Spa&;@cutlon and the results will be output automatically.

based on Cholesky direct solution method are used to solve e \/glidation
sets of linear algebraic equations [23]. In iterative solution Prelimi lidati f h soft ; d
method, the subroutine cholin and subroutine chobac based on, ' '€!minary vai ation of such software was performe

Jacobi iterative solution methods can be used in programmirff!d it was conducted via a two- dimensional uni-axial tension
model given betw.

4 Validation of finite element software
and FE model

4.1 The creep constitutive equation

Creep damage constitutive equations are proposed to
depict the behaviors of material during creep damage
(deformation and rupture) process, especially for predicting the

lifetime of materials, within the CDM-based numerical 6 8
computational tool. Kachanov-Rabatnov-Hayhurst (KRH) Y
constitutive equations [24] are introduced as followed in details 1_.
and US(?d ”_" current pragmn Fig. 2. The uni-axial tension model and boundanyditions
— Uni-axial form
WA Bo(1-H) The length of a side is set to 1 meter
(¢= Asmh((l—w)(l—w)) (10.1) The Young's modulus and Poisson's ratio are set to
_h (1 — i*) ¢ (10.2) 10 1000000 KN/ri and 0.3 respectively. _
CKe H (10) A uniformly distributed load 40KN/m was applied on the
L‘P = 1-¢* (10.3) top line of this uni-axial tension model. The boundary
® = C&* (10.4) constraint conditions are given in Talble
Where A, B C, h, H* and Kc are material parameters. H _ TABLE II. _
The Numerical boundary constraint

(0O<H< H*) indicates strain hardening during primary creep, ¢ . . . .

(0< ¢ < 1) describe the evolution of spacing of the carbide Node Consiraint == Consiraints s Sboad inX Loadiny
T number inx 118Y% direction direction

precipitates [24]. direction direction

— Multi-axial form Node No.1 shut ’ 10 KN/m®

Node No.2 open open 0 KN/m? 20 KN/m?

Node No.3 open open 0 KN/m? 10 KN/m?




Node No.4 shut open 0 KN/m? 0 KN/m? Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
Node No.5 open open 0 KN/m? 0 KN/m? No.2
Node No.6 open open 0 KN/m? 0 KN/m? Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
Node No.7 shut shut 0 KN/m? 0 KN/m? No.3
Node No.8 open Shut OKNIm? OKN/m? Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
Node No.9 open shut 0 KN/m? 0 KN/m? No4
- - — Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
The theoretical stress in Y direction can be found as: | o5
_ P40 ) Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
—Z—ﬁ—4OKN/m No.6
The stress in X direction should be zero Element 0.1040E+06 0.6540E04  0.1798E+00 0.3334E+00
. ) No.7
These stress yalues should remain the same throughot téﬁg]em 01040E+06 0.6540E04  0.1798E+00 0 3334E+00
creep test up to failure. No.8
Using the theoretical stress value into uni-axial version of
creep constitutive equations, the theoretical rupture time, creep TABLE VII.

strain rate, creep strain and damage can be obtained by a excel The percentage error

program R6] and some of them are shown in Table IIl.
TABLE I,

The theoretical rupture time, creep strain rate, creep sffain

104000-104062

Rupture time percentage error = |
104062

| X 100 = 0.0596%

and damage obtaindxy excel program

Rupturetime Creep strain rate Creep strain
104062 0.000065438 0.179934333

Creep damage
0.33333335

0.0000654—0.000065438

Strain rate percentage error = |
0.000065438

| X 100 = 0.0581%

0.1798-0.179934333
0.179934333

Creep strain percentage error = X 100 =0.0747%

5 FE resultsand discussion

0.3334-0.33333335

D T rror =
amage percentage erro | 033339395

| x 100 = 0.02%

TABLE IV.
The initial elastic stress obtained from FE software
Stressin y-direction

Stressin x-direction

Element number

Element No.1 -0.3388E06 0.4000E+02
Element No.2 -0.3388E06 0.4000E+02
Element No.3 -0.3388E06 0.4000E+02
Element No.4 -0.3388E06 0.4000E+02
Element No.5 -0.3388E06 0.4000E+02
Element No.6 -0.3388E06 0.4000E+02
Element No.7 -0.3388E06 0.4000E+02
Element No.8 -0.3388E06 0.4000E+02

Other results are shown in TabMk to VII. They show
the results obtained from the FE software do agree with the
expected theoretical values and the percentage errors are
negligible.

In the current version, Euler forward integration
subroutine, developed by colleague [22] was adopted. here
Rupture time, strain rate, creep strain and damage obtained
from FE software have been revealed that have a good
agreement with the theoretical values obtained from the excel

The initial elastic stress and the stress involving cregpogram. Work is ongoing in this area and will be reported in

deformation and stress updating are shown in T&bleand

future

Table V, respectively. Both confirmed the uniform distribution
of stresses, and the values of stress in Y direction obtained frgn Conclusion

FE software are correct, and the stress in X direction
negligible.
TABLE V.

is
This paper reports the finite element method based on
CDM to design FE software for creep damage mechanics. It

The stress obtained from FE software with the streggesents the structuf the new FE software and the use of

update program

Element number Stressin x-direction Stressin y-direction

Element No.1 -0.3388E06 0.4000E+02
Element No.2 -0.3388E06 0.4000E+02
Element No.3 -0.3388E06 0.4000E+02
Element No.4 -0.3388E06 0.4000E+02
Element No.5 -0.3388E06 0.4000E+02
Element No.6 -0.3388E06 0.4000E+02
Element No.7 -0.3388E06 0.4000E+02
Element No.8 -0.3388E06 0.4000E+02
TABLE V1.

existing FE library in obtaining such computational tool via an
approach for stress and field variable updating. It further
investigates preliminary validation of current version of such
software via a uni-axial tension model.

The immediate future development work includes: 1)
multi-materials; 2) implementing R-K integration scheme; 3)
intelligent and practical control of time step; 4) removal of
failed element and update stiffness matrix; and 5) further
validation.

Rupture time, creep strain rate, creep strain and damage Refer ence

obtained from FE software at failure
Rupture Strain rate
time
0.1040E+06  0.6540E04
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Creep
damage
0.1798E+00 0.3334E+00

Element
No.1
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