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SUMMARY

An algorithm for stable and accurate computations of stresses in finite element thermo-elastic-plastic and
creep analysis of metals is presented. The effective-stress-function algorithm solves the governing equations
of the inelastic constitutive behaviour by calculating the zero of the appropriate effective-stress-function: a
functional relationship which involves as unknown only the effective stress. The derivation of the
effective-stress-function for thermo-elasto-plasticity conditions, including creep, for 2-D and 3-D analysis
is presented, and the algorithmic steps of the stress solution are discussed. For use in the stiffness matrix
a tangent material stress—strain relationship is evaluated consistent with the effective-stress-function
algorithm. The solution of some demonstrative problems shows the effectiveness of the solution procedure.

1. INTRODUCTION

The non-linear analysis of thermo-elastic-plastic and creep conditions has attracted much
attention in research and development, because with rapidly varying material conditions a stable,
accurate and computationally efficient solution can be difficult to achieve. The basic difficulties
are two-fold: the accurate integration of the stresses for given strains and the evaluation of
accurate tangent stress—strain relationships for use in the element stiffness matrices.

Consider a generic step in the solution of the finite element response. If we assume that the
solution is known for time ¢ (for the corresponding load) and let the time step (denoting also
load step) be At, then the basic equations next to be solved are?

r+AtR___t+AtF:0 (1)

where, at time ¢ + Az, '**R lists the externally applied nodal point forces and ‘*A'F gives the
nodal point forces equivalent (in the virtual work sense) to the internal element stresses.” Assume
that in the solution of equation (1) the nodal point displacements corresponding to time ¢ + At
and iteration (i — 1), denoted as ***U“ "1, have been evaluated, then the next nodal point
displacement increment AU® is obtained by solving

l+AtK(i—1)AU(i) — t+AtR — t+AtF(i—1] (2)

*We use in this paper the notation of Reference 1
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and then
t+AtU(i) — z+A1U(i— 1) + AU(i) (3)

We assume in equation (2) that the externally applied loads are deformation independent and
that the full Newton—Raphson iteration is employed; here the stiffness matrix is

. JF
THAIRE-1) [__]
au

In an actual practical analysis, the BFGS iteration scheme may be more effective, in which
case the tangent stiffness matrix is evaluated only at the beginning of certain iterations and is
then updated by rank two matrices." We may also note that the initial conditions in the iteration
of equations (2) to (4) are

t+AtF(O) = tF. 1+AtK(0) — tK. t+A[U(0) — tU (5)

4

t+ AIU(i—' 1)

The force vector ‘*AF¢~1) in equation (2) is (for a single finite element) calculated as
t+ArF(i~1)= J- BTt+Ato.(iAl)dV (6)
\ 4

where B is the strain-displacement matrix and ‘**e¢®~ " is the vector of stresses corres-
ponding to the displacements ' *4U“" ! In equation (6) we consider only materially non-linear
conditions; if also geometric non-linearities are included, the strain-displacement matrix, stress
vector and volume integration would correspond to a total or updated Lagrangian formulation.!

To evaluate equation (6) we note that at each element spatial integration point, the stress
vector is calculated using

t+A!e[i—1)

’+A’a("*1’=’0'+j Cde (7

e

where ‘e and ‘e are the vectors of stresses and strains corresponding to time t. These vectors
have been established as the solution at time t. Also, the matrix C is the stress—strain matrix.

The two basic difficulties in inelastic computations mentioned above and addressed in this
paper for thermo-elasto-plasticity and creep are the integration of the stresses in equation (7)
and the evaluation of the tangent material relationship used in the stiffness matrix **4K"" 1 of
equation (2).1:* It is most important to perform the stress integration in equation (7) accurately
and efficiently. Considering the accuracy, any error introduced here cannot in general be corrected
during the later solution stages, and in complex analysis can also not easily be identified. The
efficient solution is necessary to render large and complex analyses feasible. Further, an accurate
tangent constitutive relationship in equation (2) is required in order to obtain the full benefits
of establishing a new stiffness matrix in the convergence of the iteration. This observation is also
applicable when the BFGS method is used for the iteration, since here too the tangent matrix
is calculated in certain iterations.

The objective in this paper is to present the ‘effective-stress-function’ (ESF) algorithm for
analysis of metal structures, in which the integration of equation (7) is performed very efficiently
and an accurate tangent constitutive relationship is established. The essence of the ESF algorithm
lies in that the von Mises multi-axial thermo-clasto-plasticity and creep constitutive behaviour
is written in terms of one variable—the effective stress—and the solution of the unknown stress
state reduces to the evaluation of the effective stress corresponding to that stress state. This
effective stress is solved for using the effective-stress-function.

The ESF algorithm falls into the category of elastic predictor-radial return methods which
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have been reported to display good accuracy characteristics in plasticity solutions even for
non-radial loading conditions.>"!° We demonstrate these accuracy characteristics also in this
paper. Our conclusion is that the ESF algorithm provides an efficient, generally applicable but
yet relatively simple and accurate scheme for thermo-elasto-plastic and creep solutions.

In the next section we present the basic equations used in the ESF algorithm. We consider
von Mises thermo-elasto-plasticity with isotropic hardening, kinematic hardening, or perfectly
plastic conditions, including creep. In the creep calculations the a-method of time stepping is
employed.! We present the algorithm for three-dimensional and two-dimensional solutions,
including plane stress analysis.

In Section 3 we then present the calculation of the thermo-elastic-plastic-creep tangent
constitutive matrix. This matrix is evaluated numerically from the basic relations of the ESF
algorithm. Finally, in Section 4, we give the results of some sample solutions that demonstrate
the accuracy and efficiency of the algorithm developed.

The stress and strain tensors are usually represented using direct notation, with the scalar
product of a tensor a defined as

a‘a=aijaij (8)

where summation on the indices i, j is implied. However, for ease of presentation we sometimes
also use vector notation and engineering components instead of tensor components, which can
be easily seen from the text.

2. THE EFFECTIVE-STRESS-FUNCTION ALGORITHM

In this section we present the basic incremental equations for thermo-elasto-plasticity and creep
and then formulate the effective-stress-function (ESF) algorithm for von Mises elasto-plasticity
with isotropic and kinematic hardening or perfect plasticity and for creep conditions.

2.1. Basic equations for thermo-plasticity and creep

Including thermo-elastic-plastic and creep deformations, the constitutive equations can be
written in the form?

t+AtE
ttaQ t+ At t+ At P+ AL, C
S= oy (e e TR )
IFAIE
z+AtO.m:1—2t+mv(t+mem_t+meth) (10)

where for time 1 + At

rrag = deviatoric stress tensor
— 1+A10_ij _ 1+At0—m5ij
thate! = deviatoric strain tensor
— t+Ateij . H-Ateméij
ratgP = plastic strain tensor
t+ArgC = creep strain tensor
A = mean stress =?*%g,,/3
trate = mean strain ="'"%%,/3
THATE TAL, — Young's modulus and Poisson’s ratio
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corresponding to temperature ‘"6
1ralgth = thermal strain.

The thermal strain is calculated from
t+Ateth=r+Atmm(t+A19_9ref) (11)

where "%y and 0, are the mean coefficient of thermal expansion and the reference temperature,
respectively. In equations (9) and (10), and the equations to follow, we omit the iteration counter
(i) (used in the preceding section) for simpler writing, but we always imply that the equations
are valid for every solution and iteration step.

Since the creep and plastic mean strains are zero, the mean stress is determined using equation
{(10) which does not involve the inelastic strains. To calculate the deviatoric stresses corresponding
to time ¢ + At we note that equation (9) can be written in the form

t+ At

t+AtS — " z+mv (t+Ate// _ AEP _ AeC) (12)

where
1+Ate~ — 1+Ate/ _ teP . teC (13)

and ‘e ‘e are known plastic and creep strains at the start of the current time step. The task of
integration of the constitutive relations is now reduced to designing an efficient method for the
determination of ***'S, Ae and Ae®. The computation of Aef is presented for von Mises plasticity
and isotropic hardening and perfect plasticity in Section 2.3, and for kinematic hardening in
Section 2.4. We first determine the creep strain increment Ae®.

2.2. Creep with no plasticity
Using the a-method® we can write

Ae® = Ar*y'S (14)
where
S=(1—a)f)S+a"48§ (15)

Here 'S and '**'S are the deviatoric stresses at time ¢ and time ¢ + At, respectively, and « is the
integration parameter (0 < a < 1). The function % is given by

. 3AeC 16)
>
where
A& = 3AeC- AeS) 1 (17)
T=(1 -y + otV (18)

are the increments of the effective creep strain and the weighted effective stress, respectively. The
effective stress at time ¢ + At is defined as

z+Ar&=(%r+AtS,t+Ats)1/z (19)

In order to compute the scalar function “y some additional information which characterizes
the creep of the material is necessary. This information is provided by uniaxial creep experiments
resulting in creep formulas, which in general can be written in the form!’

&%= 11(6) /() f3(0) (20)
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where f(6), f,(t) and f;(F) are functions determined experientially. We list here three commonly
used creep formulae.!?
Power creep

&% = a6t (1)
Exponential creep
e“=f(l—e ™ +gt (22)
where ]
f=aee"’
G \a
(2
g = ase"’
Eight-parameter creep
¢ = a05ax(taz + ast* + astae)e—a7/(9+z73~16) (23)

where a,, ay,...,a,are creep constants, independent of temperature, and 8 is the temperature in °C.
Using equation (20) the increment of the effective creep strain can be obtained as

A& = Atf,(6) f,(2) f5(°0) (24)

where f,(1) denotes the time-derivative of f, at the weighted time 7, here t =t + aAt, and the
weighted temperature is

0 =(1—a)0+a (25)

With equations (24) and (16) the function *y can be determined for a given value of "4, which
corresponds to the use of the so-called time hardening procedure.!! Physical observations show
that the use of the strain hardening procedure gives better results for variable stress conditions.
In the strain hardening method, the creep strain rate is expressed in terms of the creep strain
*¢®, rather than in terms of the time . This is achieved by substituting for 7 the pseudo-time 7,
obtained by solving the equation

€€+ f1(6) f3( O [2AL (1) — falc,)]=0 (26)

which follows from equations (20) and (24). In general, equation (26) is a non-linear equation
from which 7, is obtained numerically. Once 7, has been determined, the creep strain increment
Aé® can be computed from equation (24) where 1 is replaced by T,, and %y is then obtained from
equation (16).

In the case of power creep we can compute '*#¢% analytically as

t+Aze—C — [a(lj/azAtto—.m/az + (réC)llaz]az (27)

and Ae¢ ="**4¢g" —'¢C Hence, in this case, there is no need for a numerical solution of equation
(26).

It should be mentioned that when considering cyclic loading conditions, a modified effective
creep strain & is used instead of &€.1271%

In summary, we note that for a given effective stress '*4'g, the function "y is determined from
equation (16) (with the use of equations (24) and (26)) so that Ae® can be computed from equation

(14). Hence, when there is no plastic deformation (Ae® = 0), we can conclude that equations (12),
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(14) and (15), with the use of equations (16), (18) and (24), represent a one parameter system of
equations; the parameter is the effective stress '*¢. An efficient method to solve this system of
equations is discussed later, once the effects of plasticity have also been considered.

2.3. Creep with von Mises isotropic hardening plasticity
In the case of isotropic hardening the von Mises yield condition is represented by

t+Azfy(z+Ato_y) —_ %HA‘S'HA'S _%(Hmay)z =0 (28)

where the yield stress ‘**o, is a function of temperature. We assume that to every temperature

there corresponds one yield surface in the deviatoric stress space, as shown in Figure 1. For all
possible temperatures these surfaces reduce to a family of curves

o, =0,(e", 0)* (29)

as also indicated schematically in Figure 1, where é” is the effective plastic strain,
&= J‘(gde"-de")“2 (30)

and ¢, is the virgin material yield stress.

Consider now the determination of the increment of plastic strain, Ae?. We use the flow rule
of associative plasticity in the form

al+At
Ae® = Aiat+—mJ2=Ai‘+A’S (1)

where A4 is a scalar function to be determined. This expression for AeF is the basis of the radial
return algorithm described in References [3-6]. Geometrically, this equation means that Ae® is
in the direction of * **‘S. To determine A, we take the scalar product of both sides of equation (31)
to obtain

A& = A1 Mg (32)
or
Aé®
Ai:glmg (33)
'o;(éf '6)

nma; (51" NMe)

)

SXX

Figure 1. Von Mises yield condition represcnted in the deviatoric plane and as effective stress-effective plastic strain curves

fNotc that we do not give a left time superscript on a variable, here the yield stress a,, when we imply a generic value
instead of the discrete value (or curve) at a specific time
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Figure 2. Conditions used for determination of the function A4 in case of isotropic hardening

where A&’ is the increment of the cffective plastic strain in the time (load) step At. We now impose
the condition that the stresses should satisfy the yield condition (28), which can be written as

1+At6.:t+Aro.y(éP’r+AtG) (34)

The yield curve ** %a,(e",* *40) is shown in Figure 2. Since the function ***,(&%,**#0) is known
from experimental data, the value of ' *2'¢" for a given ' **'¢ and ‘'~ *'0 can directly be computed;
then Aéf ='*4g" — & and finally A can be obtained from equation (33). In case of a bilinear
stress—strain relationship as in Figure 2, Aé® can be determined in closed form,

_ tHAtE e
A€P=TTP}, (35)

and then
3 1 ——'O'y/H‘AtO—'

A= —
2 |+A1EP

(36)
Here ‘o, is the yield stress corresponding to the known effective plastic strain ‘e, and the plastic
modulus "*AE, is given as

t+ALE t+AL
HAE ngﬁ_ET_ (37)

where ‘*2E; is the tangent modulus. It should be noted that at the beginning of the iteration
to establish the stress state at time ¢ + At, the value of the effective stress can be above or below
the yield stress curve that corresponds to the temperature at time ¢ + At (see Figure 2 with the
possibilities ‘G and ‘5, ). The iteration then ensures that at time t + At the effective stress—effective
strain point is on the yield stress curve for that time.

Based on the above discussion we can conclude that A4 is a function of the effective stress
‘A5 only. Starting with the known state defined by ‘é%, the solution for A is obtained by
searching along the line CD, as indicated in Figure 2. Hence, equations (12), (14), (15) and (31)
together with equations (16), (18), (24), (33) and (34) represent a one parameter system of equations,
where the parameter is the effective stress '*4d.

Now we can proceed to define an additional equation for the determination of '*4.
Substituting Ae® from equation (14) and Ae® from equation (31) into equation (12), and solving
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for 'S we obtain

1
t+AtS — t+AzL 1 — )ALt™Y'S 38
t+AtaE+aAtt'y+AA‘,[ € ( a) '} ] ( )
where
1 +t+Atv
1+AtaE — W (39)
Taking the scalar product of both sides in equation (38) we obtain
f(t+Ato—.) — az t+Ar62 + br”/ _ CZz,yZ _ d2 —_ 0 (40)
where
a=""a; + oA’y + AL
b=3(1 —x)At'+¥e"-'S (41)

c=(l —a)At's

d2 — %I+Ate//_t+Ateu

The coefficients b, ¢ and d are constants that depend only on the known values, independent of

"+at5 whereas the value of the coefficient ‘@’ varies with ‘*4'¢. The function f(***'5) defined by

equation (40) is the effective-stress-function whose zero provides the solution for **45. Namely
at this solution the assumptions used to calculate the creep and plastic strain increments, equations
(14) and (31), as well as the yield condition, equation (28), are satisfied.

To solve the non-linear equation {40), we employ a simple and stable bisection procedure with
an acceleration scheme. Once **2'G has been calculated, equations (38), (14) and (31) are used to
evaluate **#'S, Ae® and Ae®. The computational procedure is briefly summarized in Table 1.

A geometrical interpretation of the computational procedure is presented in Figures 2 and 3.

It should be noted that when & = 1 the direction of '**'S is determined by the unit normal ***'n

t+Atn — r+Azeﬂ/ “ t+AteN H (42)

where
” 1+A1e// “ — (I+Ate/r_t+Alen)1/2

In the case of thermo-plasticity only (*y = 0), the effective stress function (40) reduces to
f(t+Al5)=('+AlaE+A/1)2 1+Ara.-—2_d2:0 (43)

which is solved numerically using equations (33) and (34). When the yield curve is bilinear, ' *4'¢

Table I. Solution steps in the effective-stress-function algorithm
for thermo-plasticity and creep

Initialize value '* 27" ='7; then for k=1,2,...

Compute %™ from the creep formula

Compute AA® from the yield curve (when *%6%® > 'g )
Calculate the value of the effective stress function f(**45®)
Compute ‘*45%* 1) here one step of a bisection algorithm
is used. If "*45**1 does not represent (to a specified
tolerance) the solution, go to 2.

6. Compute '*48, Ae®, Aef and ' "¢

Al ol S e
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Case o=

-(l~a)at Ty 'S

tHat

(t*ala, + oK + o At ‘7)”‘“§

Case a<l

Figure 3. Geometrical interpretation of solution by the ESF algorithm; isotropic hardening; ***SF is the stress point
corresponding to the elastic solution

is obtained without bisections as

2 MELd 4 3,

A=
o t0:2t+AtEPt+AtaE+3 (44)
The computational procedure is started by calculating the elastic solution **#'¢%,
. d
H—Ato,l::t+Ar (45)
g

and then, if **#6* > ‘o, the solution ' *4'4 is obtained from equations (43) or (44). This solution
procedure corresponds to searching for '*#'S along DDy shown in Figure 3.

The above procedure for solving thermo-elastic-plastic and/or creep problems is applicable
when "v4E, > 0. For perfect plasticity (***Ep =0) and creep we first solve equation (40) for

(ralg =t+MGE using Ai=0, and then compare ‘*%¢ with ‘T If “TM6>T4G we use
(Tailg =""Mg (see Figure 4) to compute the corresponding value of %y and then determine A4

from equation (40) as
Ad=(d* + 2% — by) 2/ T g — G — o ALy (46)
In the case of no creep, this equation reduces to
Al=d] " dg, — g, (47)

The ESF algorithm described above is directly used in general 3-D analysis, or in plane strain
and axisymmetric problems for which the above derived equations are employed with appropriate
strain quantities set equal to zero.

Additional considerations arise in the solution of plane stress, beam and shell problems; namely
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t ot t
g,= G,(8)

teat . _trat t+al
0, =0, (7780)

.-A§P——

tgP  taigP F

Figure 4. Yield condition for perfect plasticity

in these cases some normal stress components are equal to zero and the corresponding strain
(different from zero) must be determined. The formulation of the ESF algorithm for beam and
shell problems is discussed in detail in Reference 16. In the following we briefly summarize the
form of the effective-stress-function f(** /) for plane stress conditions. In this case equation (40)
reduces Lo

f(t+At5)=t+AIS§x+l+mS3y+t+A'S§z+2t+Atsz—%t+AtO'3=0 (48)

where

1
HA‘Syy = (blcy +b,c,)

-3
t+ At — b b

zz b%—bg( zcy+ lcz) 49
t+Athx= _(t+AtSyy+t+AtSzz) ( )
t+ At !

1+ At Tl
= e, — (1 — a)Ary'S
yz t+AtaE+aAtr,y+Al‘l yz ( )ALy yz]
The scalars by, b,, ¢, and ¢, are functions of the effective stress, as summarized in the Appendix.

It is interesting to analyse the accuracy of the solution obtained using the ESF algorithm.

Consider the case when the integration parameter o« = 1. In this case equation (38) gives

eag_ T

— 1+Az 50
’+A‘aE+At1y+Al n (50)

If during the time interval At the loading is radial, i.e.

t+Am =ty =15/ /2/3'5) (51)

then the directions of **4S, Ae® and Ae€ are without error; of course, the magnitudes of these
variables are established with the approximations used in computing the creep strains. However,
it is important to note that in case of thermo-plasticity only and radial loading, the solution is
accurate for any load increment. This is also demonstrated in some numerical examples (see
Section 4).

In the case of non-radial loading the ESF algorithm exhibits good accuracy characteristics,
as it corresponds to the radial return method.*> However, the ESF solution procedure is more
general, because it is applicable to thermo-plasticity and creep, and reduces the solution for the
stresses to solving a single governing non-linear equation for the unknown '*%.
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el =0

/ Y

Figure 5. Conditions used in solution of kinematic hardening plasticity

2.4. Creep with von Mises kinematic hardening plasticity
In the case of kinematic hardening, the yield condition at the temperature **6 is
:+Atfy — %(t—f‘ AxS . t+Atd).(t+AzS _ r+Atd) _ %(t+Ato'yv)2 =0 (52)

where "4 is the back stress** and defines the position of the yield surface (Figure 5). As
before, we assume that ‘*¥g,, is defined by the temperature ‘**‘0 only (Figure 2), but using the
equations of Section 2.3 our procedure can readily be extended to also include changes in the
yield stress due to strain hardening.

Following the radial return concept we can express Ae® as

at+AZf‘
A" = Al mg Y = AXTHS — T a) (53)
or
Ae? = AATTAG (54)
where
r+At§:r+A!S__t+Atd (55)

is the radius shown in Figure 5. It should be noted that the magnitude of *"*'§ is related
to "**g,, through the relation

(A | = (FAG A2 - \/2—/‘:+Azayv (56)

In order to determine A4 we need a constitutive relation defining the change of the back stress.
We use

Aa=I+A‘CAeP=t+AZCA;Lt+Atg (57)
where?
t+AtC :%1+A1EP (58)

From equation (57) and the yield condition (see Figure 5) we have
”A‘Sz’a+(1 +t+AlCAA)t+AtS (59)

Taking the creep strains into account as in Section 2.1, we obtain, using equations (12), (14)
and (54) the following constitutive relation:

1
t+ Ats _ . qitArgr 1 — OAFY'S — t+ArS
SR Vo [F7%%e" — (1 — a)AL™y'S — A4 1 (60)

*Note that the back stress ‘a is a tensor (bold symbol). We use the symbol « also for the integration parameter (scalar)
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From the last two equations the radius **#'S can be obtained as

1

t+Ars —
a,+(1+8Ca)AL® (61)
where
a,=""Mg. + alAt%y (62)
g=""Ne" gt (1 — a)ALy'S 63)

Now we can use the condition that the magnitude of **4'§ is determined by equation (56) and
this gives AA. Taking the scalar product on both sides of equation (61) and solving for A4, we obtain

lgl/Ii* 48| —a,
1+'"4Ca,

gl =(g-g'* (65)

As in the case of isotropic hardening, A4 is in equation (64) a function of the effective stress
*+atz: However, if creep strains are not included, A4 is independent of *4/G and is a constant
determined by the strain ‘**%¢” and the conditions at the start of the time step, which are
considered to be known.

The effective-stress-function is formed by using equation (60). Taking scalar products on both
sides of equation (60) we obtain

f(H—At ) 2 t+At 2 _P p= 0 (66)

Al =

(64)
where

where
p= 1+ At (1 . cx)At‘y‘S AJHA'S (67)

The computational procedure for kinematic hardening plasticity and creep is basically the
same as when isotropic hardening is considered, see Table I. The difference is now in the
computation of AL Namely, A4 is calculated from equation (64), and then to determine the value
of f(**%), the radius ***§ is computed using equation (61).

Note that when there are no creep strains, the bisection algorithm is not employed: if the
elastic solution gives stresses outside the yield surface, A4 is computed using equation (64), ‘+4'§
is obtained from equation (61) and '*'S is calculated using equation (59).

We may note that in the case of no creep, our algorithm can be interpreted as the radial return
mapping technique,'® with the appropriate change in the position of the yield surface. However,
when creep is present, the displacement of the yield surface and the stress state do not correspond
to the radial return method; this can be concluded from equations (60) and (61).

The above procedure for solving kinematic hardening (and creep) has been presented for
general 3-D analysis (and plane strain and axisymmetric solutions for which simply the
appropriate strains are set to zero). If plane stress or shell analyses are considered, modifications
of the procedure presented here are necessary, see References 15 and 16.

Our observations about the solution accuracy in case of kinematic hardening are similar to
those described for isotropic hardening. For exampie, if the loading is radial in a time (load)
step, then in case of bilinear thermo-plasticity only, exact solutions are obtained for any integration
time (load) step At. This is demonstrated in Section 4 (see Example 2).

3. ELASTIC-PLASTIC-CREEP CONSTITUTIVE MATRIX

In this section we present a numerical procedure to compute the elastic-plastic-creep tangent
constitutive matrix consistent with the ESF method. We want to compute a tangent constitutive
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matrix CEPC corresponding to the stress—strain state at the end of the time (load) step, which by
definition is given by

az+Ato. ES

CEPC = Tme (68)

t+ AL

To compute the above derivatives we use a perturbation procedure. Namely, we can write

CEPC

— [C“)C(Z)~--C(")] (69)

t+ At
where the column vectors C® are

CY=6a"/6" (no sum on i) (70

and 6% is the perturbation in the ith entry of the vector ‘**%; 6 is the stress perturbation

vector corresponding to 6 and n is the dimension of the constitutive matrix.
The computational procedure consists of the following steps.

1. Compute the vector ' "¢

2. From the perturbed strain vector

tHAgl) —1+Arg 4 50 (71)
where
P =596, (no sum on i) (72)

3. Compute the perturbed stress vector ‘™#¢® and
6o_(i)=t+A16.(i)_t+Ato_ (73)
4. Compute the column vector C? from equation (70).

The computation is performed using the ESF algorithm.

At the start of the iteration for time step At we use an approximate CFPC matrix, since ' %%
has not yet been computed. Let ' *4'S; be the ith component of the deviatoric stress vector *+4'S
and **%'¢, be a component of the deviatoric strain vector **4’¢, then we can obtain from equation
(38) for isotropic hardening and/or creep, and from equations (60), (61) and (63) for kinematic
hardening (and creep),

at+AtSi ) ,
g, T Coy (74)
where for isotropic hardening,
1
C (75)

TG ALY Ay
and for kinematic hardening,

_ 14'TMCAL
Ca,+(1+17%Ca,)AA

The approximate sign in equation (74) indicates that changes in A4 and *y due to changes in
+4tg are neglected. Also, it should be noted that « = 1 is used in equations (75) and (76). From

’

(76)

*Note that we use here engineering strain variables
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equation (10) we obtain

at+Atam
at+Ate =I+A1Cm (77)
t+AtE
= 1 — 21+Av

Using the definitions o i~
expressions for the CI7° can be derived from equations (74) and (77). For example, in the case

of plane strain analysis, we obtain

frratg | tHAlg . T4 and 'TA'S,; given in equations (9) and (10), the

e Cf 0
CEPC = CEC 0 (78)
Symm. CEEe
where
cI;:ll’C — %(ZHA:C/ + t+AtCm)
5 =CH° (79)
CESC — %(t + AtCm __t+ AtC/)
ngI;C — %1+Atcr

We have implemented this procedure in ADINA and observed good convergence characteristics
(see Example 4). Also, the cost of evaluating this tangent constitutive matrix is quite reasonable.

4. EXAMPLE SOLUTIONS

In this section we present a number of example solutions which demonstrate the effectiveness
of the ESF algorithm. In the first three examples we study the accuracy of thermo-plasticity
solutions when a 2-D clement (plane stress or plane strain) is subjected to radial and non-radial
loading conditions. The last example shows the stability, as well as the accuracy, obtained in a
creep solution.

The solutions are obtained using the ADINA computer program'” in which the ESF algorithm
has been implemented.

Example 1. Thermo-plastic deformation of plane stress element (isotropic hardening)

The plane stress element shown in Figure 6 is subjected to biaxial tension and shear, according
to the loading curves shown. The changes of temperature over time and the virgin yield stress
as a function of temperature (and time) are dlso shown in the figure.

The loading in the time interval 0 to 1 is radial, in the interval 1 to 2 is non-radial, and from
2 to 3 we have reverse radial loading.

In the intervals 0 to 1 and 2 to 3, the solutions for increments of plastic strains are exact for
any number of integration time steps. In the non-radial loading interval, the increments of plastic
strains change direction and the solution depends on the number of time steps used in that
interval. The 100-step solution in the non-radial loading interval is taken as the baseline solution,
and the accuracy is studied by defining the angle y,. As shown, the accuracy of solution increases
rapidly with the number of integration time steps used.
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Creep Formula
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Figure 9. Analysis of creep of thick-walled cylinder
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Example 2. Thermo-plastic deformation of plane stress element (kinematic hardening)

The plane stress element shown in Figure 7 is subjected to radial, non-radial, and reverse
radial loading conditions. As in the case of isotropic hardening, the solution is exact in the radial
loading, even for large translations of the yield surface. The percentage error in the effective
plastic strain at time 2, measured on the 100-step solution, shows a rapid decrease as the number
of time steps is increased.
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Example 3. Thermo-plastic deformation of plane strain element (perfect plasticity)

The plane strain element of Figure 8 is subjected to biaxial straining. Once initial yield has
been reached (at point 1 on the yield surface), the element is strained with constant strain rate
such that the direction of the deviatoric strain rate & is in the tangential direction to the yield
surface at point 1. In the time interval 0 to 2 o, is assumed to be constant, in order to compare
the numerical results with the analytical solution of Reference 4. The accuracy of solution is
measured by the angle ¥, between the deviatoric stress vectors %S, and %Sy, and also by the
error in the effective plastic strain, 2e%, where N denotes the number of time steps used. The
errors in the deviatoric stress and in the effective plastic strain decrease rapidly as the number
of steps is increased.

In the radial loading interval 2 to 3, the solution is exact for any number of time steps, although
there is a severe change in the yield stress.

Example 4. Creep of a thick-walled cylinder

In this example we demonstrate the accuracy of solution obtained when the ESF algorithm
is applied to a creep problem. The results are compared with the solutions in References 2 and 12.

The problem considered and the finite element mesh used are shown in Figure 9(a). All solution
results presented here are obtained by starting the creep solution from the initial elastic solution.

A baseline solution obtained with the ESF algorithm is shown in Figure 9(b). A comparison
of this solution with the averaged solution results obtained with five computer programs*® shows
a difference of less than 2-3 per cent.!? Figures 9(c) to (f) show further solutions obtained with
the ESF algorithm using different time steps and values of the integration parameter a. As
expected, the results are practically identical to those reported in Reference 2. Also, when =1,
even with a time step of At =10° a reasonable solution is obtained using the ESF algorithm,
the error being about 11 per cent!

To demonstrate the effectiveness of using the elastic-plastic-creep constitutive matrix derived
in Section 3, we show in Table II some results regarding the equilibrium iterations. The results
correspond to At = 10° and the full Newton iteration method' with the use of our elastic-plastic-
creep matrix.

The results in Table II show excellent convergence characteristics.

5. CONCLUSIONS

A procedure for the stress integration in thermo-elastic-plastic and creep analysis has been
presented. The method—called the effective-stress-function (ESF) algorithm—{alls into the

Table II. Unbalanced energy and unbalanced force during
equilibrium iterations (full Newton method with use of
elastic—plastic creep constitutive matrix)

Tteration Unbalanced energy Unbalanced force
i (t+AtR _ t+AtF(i))TAU(i) " t+AtR _ r+AtF(i) ”
1 082 x 107! 044 x 10*

2 090 x 1074 039 x 102

3 082x10°8 017 x 10°

4 013 x 10713 053 x 1074
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category of radial return methods but is more general because it is applicable to thermo-elasto-
plasticity and creep. Consistent with the ESF algorithm a tangent stress—strain relationship for
the calculation of the element stiffness matrices has also been presented.

The main characteristics of the ESF algorithm are as follows.

The method is computationally stable and accurate because the otherwise complex stress
integration in thermo-elasto-plasticity and creep is reduced to the solution of a single equation.
This effective-stress-function equation is solved using a simple and robust bisection technique.

In thermo-elastic-plastic solutions, the algorithm exhibits excellent solution accuracy in radial
loading, even for very large load steps, and in non-radial loading good accuracy is obtained
when using reasonable load step magnitudes.

In creep analysis the method displays no difficulties in the solution of the implicit integration
equations. Hence there is practically no restriction on the time step size At to converge in the
stress solution. Of course, the accuracy of the creep solution depends on the magnitude of the
time step used.

The method is directly applicable to large strain analysis.!®

In this paper we considered only the analysis of problems modelled by the traditional von
Mises plasticity and pressure-independent creep laws. Here, the only variable in the computations
of the inelastic strains is the effective stress. An extension of our approach to material laws in
which the inelastic strains depend on more than one variable would require the formulation and
solution of additional functional relationships involving these variables.

Our experiences with the ESF algorithm are most encouraging and we believe that the solution
procedure provides an excellent basis for the development of more automatic and error-controtled
schemes for inelastic finite element solutions.

APPENDIX

Effective-stress-function for plane stress analysis (isotropic hardening)

Assume plane stress conditions with the stresses acting in the yz plane. The constitutive
equations are

1+ At __t+ At sE 1+ At

Syy - Eyyl ag
t+ At __t+At E t+At

Szz - ezz aE (Al)
T+ At __t+Ar JE i+ At

Syz - e{vz/ aE

where el 1 AR 1T 4B are the deviatoric elastic strains. Using the condition that '* 4 =0

it follows that the elastic strain through the thickness is

t+ A1
t+AreEx= —1_t+Atv (t+AteJl;Iy+z+Atelz-;z (AZ)
and the mean elastic strain is
t+AteE=t+Ath(z+m€fy+t+At(3i) (A3)
where
l _ 2r+Atv
t+ AtC —
¥ 3(1 _ t+Arv) (A4)
Using that

t+At __t+At,E t+ At IN 1+ At th
e;= e+ e; + e (A5)
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where the **~¢}N are the inelastic strains,
c
r+AteE]j\I r+AreP +t+At z] (A6)
and the " ¢! are the thermal strains, we can obtain from equations (A3) and (A5)
+ At E + At t+ At t+ At t+ At IN 1+ Ar IN t+ At th
tratgl =TTNC (TMe 41T e, — ey — ' T Mey; — 2 Me™) (A7)
Now *2%/F and "% can be expressed as
t+me;l§ H—At " (1 1+A1C )AelN+z+AtC AeIN (A8)
I+AIQ'ZE — 1+Atelzrz _( - z+Ath)Aelz];J + t+AtCVA€yy
where
t+AL t+AL t+At t+Ar t+AL . _itA t 5IN
ey =(1— C,) " e, — C,) e, —(1 C.Ye,
+ !+A!Cvte¥j _ (1 _ 2t+Ath)t+Atelh
1+Aterzlz=(1__r+mc )z+At vt"'AtC 2+Ateyy
_(1 t+AtC )telN + t+AtC teIN (1 _ 2t+AtCV)1+Ateth (A9)
Substituting equation (A8) into equation (Al) we obtain
t+At, t+At __t+Ar __tt+Ar IN | t+Ar IN
ag' " VS, = e, —(1 C))Ae,, + C,Ae; (A10)
[+AtaEt+ArSzz — r+Are/z/z _ (1 . 1+Ath)Aelzlj + t+AthAe;];I

Next we use equations (14) and (31) to express Aely and Aely. Then, solving from equation (A10)
for **4'§, and "*4'S_. we obtain

trarg o=(byc, + byc.)/(b3 — b3) (A11)
A8 =(byc, + byc,)/(b] — b3)
where
by = *Sag + (1 = *8C (AL + aAry)
b, ="YAC (AL + aAt™y)
¢y = 44, "Zy (1—)[(1 — t+AtCV)tSy} _t+AtC‘_’SZZ]At‘y (A12)
c; ="l — (1 —o)[(1 —*NC,)S,, — T 4C,1S,, JAtY

The quantities by, b,,c, and ¢, depend on the effective stress **2'G. As before, the deviatoric stress
FTA8,; is expressed in terms of ‘T4'G by equation (38). Then the effective-stress-function has the
form (48).

Finally, once ‘*#¢l} and ***¢!y have been computed after solving equation (48), the total
strain through the thlckness ’*A‘exx can be obtained as

t+Ar, 1+t+Atv
i+ At _ t+At t+At t+ At IN 1+ Ar IN t+ At ,IN t+At,th
€xx = [ —i+an, (" Ve, + €2z €yy — ezz) + exx + 1 _+a, e (A13)
where
t+ At IN t+ At IN t+ At lN
ex=—(""Ye, + " Yz, (Al4)
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