L4/2

Experimental Verification of Constitutive Equations for Plasticity
Under Biaxial, Cyclic and Non-Radial Loading Conditions

G.T.M. Janssen

TNO, Institute for Mechanical Constructions,
P.O. Box 29, NL-2600 AA Delft, The Netherlands

J. Huetink

Twente University of Technology,
P.O. Box 217, NL-7500 AE Enschede, The Netherlands

SUMMARY

This paper presents theoretical and experimental results of plasticity research on
the austenitic steel WN 1.4948 and the ferritic steel WN 1.6770 both at room tempe-
rature. The plasticity experiments have been initiated to arrive at sufficiently accurate
and experimentally verified constitutive equations for plastic deformations arising from
arbitrary loading histories and for the materials mentioned before. The accurate deter-
mination of plastic strains is extremely important for the assessment of the structural
integrity of nuclear components.

The description of the plastic deformations has been based on the so-called fraction
model of BESSELING sometimes also indicated as sublayer or overlay model. The classical
theories show defectives especially for cyclic and non-radial load histories and it did not
appear profitable to try to extend the classical theory. However, the multi-yield surface
models, which also includes the BESSELING-model, definitely have prospects for further
developments.

In the fraction model a volume element is thought to be subdivided into a set of parallel
fractions having equal values of total strain. In the most general case each fraction exhibits
plasticity and creep properties including (saturating) isotropic strainhardening but the ma-
terial parameters such as the yield stress and creep-law parameters are different for each
volume fraction. Anisotropic hardening is introduced by the interaction of the volume frac-
tions causing a self-balancing system of initial stresses.

The verification of the mathematical description has been performed for biaxial states
of stress. General biaxial states of stress can be obtained with thinwalled tubes loaded in
a combination of tension, torsion and internal pressure. The whole range of principal stress
ratios =1 < 01/02 <1 is covered. About 30 experiments have been performed on the austenitic
steel and about 15 experiments on the ferritic steel. Besides loading programmes with mono-
tonically increasing loading conditions also cyclic and non-radial loading histories were
considered.

Since the austenitic steel shows considerable strain rate effects at ambient temperature
it is found to be necessary to extend the description with viscoplasticity using the BINGHAM-

model.



1. Introduction

This paper presents theoretical and experimental results of plasticity research on the
austenitic steel X6 CrNi 18 11 and the niobium stabilized ferritic steel 8 CrMoNiNb 9 10
in the German standards indicated as respectively WN 1.4948 and WN 1.6770. This research
has been carried out within the framework of a TNO-research programme on inelastic analysis
of structural components of the SNR-300.

The plasticity experiments have been initiated to arrive at sufficiently accurate and
experimentally verified constitutive equations for plastic deformation arising from
arbitrary multiaxial loading histories and for the materials mentioned before. The accurate
determination of plastic strain is of importance for the assessment of structural integrity
of nuclear components.

The description of plastic deformation has been based on the so-called fraction model
of BESSELING [1] sometimes also indicated as sublayer or overlay model. The classical theo-
ries show defectives especially for cyclic and non-radial load histories. However, multi-
yield surface models such as the BESSELING-model and the MROZ-model [2] definitly have
prospects for further development.

In the BESSELING-model an infinitesimal volume element is thought to be subdivided into
a finite number of parallel fractions. These volume fractions possess different properties
with respect to time-independent plastic deformation and/or creep. At volume-fraction level
only isotropic hardening rules are used. Anisotropic hardening is introduced by the inter-
action of the volume fractions causing a self-balancing system of internal stresses.

In this paper, the fraction model has been extended for saturating isotropic hardening
and strain rate dependent plastic deformation using the BINGHAM-model [3]. The verification
of the mathematical description has been performed for biaxial states of stress. General bi-
axial states of stress can be obtained with thinwalled tubular specimens loaded in a combi-
nation of tension, torsion and internal pressure. In that case the whole range of principal
stress ratios -1 < 01/02 < 1 is covered. Thirty-two biaxial plasticity experiments with
suitable chosen loading programmes have been carried out on the austenitic steel and four-

teen on the ferritic steel. All the experiments were carried out at room temperature.

2. Analysis

Figure 1 shows a uniaxial presentation of a fraction model for time-independent plastic
deformation. When the volume fractions describe a perfect-plastic material then the fraction
model gives a piecewise lineair representation (Fig. 2). After a load reversal the
BAUSCHINGER-effgct is approximated. In order to describe the hardening behaviour such as is
observed in the austenitic steel (Fig. 9), also (cyclic strain range dependent) saturating
isotropic hardening has to be incorporated in the model.

The experimental evidence that the stress-strain curves for different strain rates are
equidistant in fully plastic range (Fig. 3) and the fact that time-dependency was not
observed in the elastic range can be modelled by placing a BINGHAM-fraction parallel to the
elastic-plastic fractions as is indicated in Figure 5.

Now we will discuss the mathematical description. Firstly, we form the equations of a
BINGHAM-fraction. The equations of the time-independent fractions can easily be derived then
from the BINGHAM-equations for they are a special case of these equations.

The total deformation rate in a volume fraction k is characterized by the total strain
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rate éi. which is the same for all volume fractions. In each fraction the total strain is
subdivided into an elastic and a viscoplastic part:
ek vk

éij = €55 + oF (€Y)]

With HOOKE's law the stress-strain relation for fraction k can be written as:

k ek [

o =x . =E,. - £7K) ()
ij ijmn “mn ijmn "“mn mn
where Eijmn is the tensor of elastic constants and is equal for all fractions. Moreover the
summation convention with respect to the subscripts is applied.
The total stress rate dij is obtained by summation of the stress rates ng over the frac-

tions taking into account the relative volume fraction ¢k:

N N
6, = 5 4ok , sk o= (3)
b k=1 H k=1

where N is the total number of fractions. Viscoplastic strain rates in fraction k can occur

if the stress point is outside or on the yield surface in stress space:

o> 0 )

During viscoplastic deformation the viscoplastic strain rate is considered to be
perpendicular to the yield surface ¢k [4] as well as to surface of constant energy dissipa-

tion fk [5]. These conditions can be summarized as:

k k
7 = fok B8 _ ok 95 )
J d0 . 30,
ij ij

where Bk must be a homogeneous function of the first degree of the stress components.
The equivalent creep strain rate éCk, equal to the equivalent plastic strain rate, is a func-
tion of the equivalent stress in the dashpot (Fig. 5) aCk =0 - GYk where 5Lk is the uniaxial
equivalent yield stress.

Substitution of (5) into (2) and (3) delivers a differential equation for the present

model. In incremental form it reads:

N _k

E,. Ae =Ao,.+ 3 B, agkd (6)
ijmn mn ij k=1 ijmn aGk
mn

These equations can be solved by following the general numerical methods for creep analysis.
For sufficiently small time steps and isothermal load histories A ECk can be approximated by
EE At, where Eg is the known creep strain rate at the beginning of time step At.

An often more economical procedure is to solve the equations with the tangential-stiff-
ness method. To arrive at these equations HUETINK's numerical method [6] for creep calcula-
tion is applied. In this method the severe stress dependency of ECk has been taken into ac-

count by the first order term of TAYLOR's series:
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By neglecting the second and higher order terms the increment of equivalent creep strain can

be written as:

t +At .
aek = Op gk g = 4 g% 4 aF 4 50K (®)
t
o
where
=ck
cok _ =ck k _, e
Ae (to)At,a—»;( ck) At
t

The unknown quantity A Eer can be eliminated using (2), (8) and the condition that

_ . - ok 36K -pk _ a5® tk , -pk
A UCk = A (]k - A UYk = -a-g A O'ij - _'Pk A EP = — A Oi. -E A Ep 9
3% 9E 30, . J
ij 13

where Etk is the tangential modulus which is considered to be constant during the time step At.

The resulting incremental equations for a BINGHAM-fraction are:

k
ko _ ky ok _,ck , —cok 30 -
A oij = [Eijmn (1-h™) Yijmn] [A € h™ Aeg 80k ] (10)
mn
where
k k
-k -k - -
v - % 20 g s 8%, Bk=2 g 3
ijmn ijpg 80k 80k rsmn) Bok ijmn aak
Pg rs ij mn
ok 1+ af gtk ek _ 1
S L — s =
1+ akBk + akEtk 1+ akEtk
For pure creep the following equations hold:
B = —1 — anan =1 (11
1+ a8
and for time-independent plasticity
tk
= 2 —— and 1 = 0 (12)
E + B

In the material model shown in Figure 5 the first fraction is a BINGHAM-fraction and the
other fractions are time-independent elastic-plastic fractions. Summation over N volume

fractions yields:

N
[E., - 3 ¢*an9v jae =
ijmn 7 ijmn mn
-1
1 _ (1onl 1 ¢l , =col 30
Aoy + ¥t (B0 - (-hD) Y] e A - (13)
mn
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3. Determination of model parameters

In the present description we adopted the following starting points. The yield sur-
face of volume fraction k is based on the yield criterion according to VON MISES:
k_, k k_l'Yk2=1 'kZ_l_Ykzzo
0 =%sisy 03 @) 3 (@) 3 (@) (14)

where sij is the deviatoric stress tensor.

The yield stress aYk is considered to be a function of the accumulated plastic strain Epk
in the following way:

M _=pk
+ 3 A ozk {1 - exp ( f

i=1 € .
ol

aYk - &Yk

), M=1or 2 (15)

where

For the description of the strain rate effects we introduced in the first fraction the
following creep energy dissipation function for secondary creep:

2nt
-1 _Yl

ol (39 =@ -8 (16)

ag
o

The stress ai is introduced to obtain a dimensionless quantity between the brackets,
&Y .is the current yield stress and ¢ is the equivalent stress according to VON
MISES.

The viscoplastic parameters that are to be determined experimentally are Y, n!, Al and 5:.
They can be determined from a number of tension or torsion tests with different but constant
strain rates (Fig. 3) and a test with relaxation periods (Fig. 4).The size of the viscoplastic
fraction may be derived from the slopes just before and after a relaxation period (Fig. 4).
The isotropic hardening parameters can be derived from a cyclic tension or torsion test with
a sufficiently large strain range as is shown in Figure 9. From this figure the values

A Bf and Eoi can be obtained. The corresponding parameters of fraction k are assumed to be :

=Yk
a
0= 2 a5 Ekog iz 1or2 an
i aY i oi oi
where °
N
=3 gk
k=1

The parameters ¢k and azk can be derived from the so-called static deviatoric stress-strain
curve which is approximated by a number of straight lines as is indicated in Figure 7. The
static stress-strain curve is approximated by subtracting the asymptotic value s;: = % 0§§
from the total stress-strain curve. The slope of the several straight lines determine the

volume fractions ¢k‘ The initial yield stresses agk follow directly from the strain at the
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breakpoints. The parameter hkIIl is according to (12) and is the mean value between the break-
points q and g+1. The resulting model parameters of the materials considered are collected

in Table 1.

4. Experimental verification of the model

Figure 8 shows the tubular speciméns used for the biaxial plasticity experiments. The
axial strain and the shear deformation in the specimens of austenitic steel were measured
with special developed extensometers and gauge-rings with sliding contacts. The circumferential
strain was measured with 4 high-strain strain gauges [7]. In the ferritic tubular specimen
all strains were measured with straingauges. The axial load and the twisting moment were

measured with a load cell, and the internal pressure with an electronic pressure gauge.

Thirty-two experiments were carried out on the austenitic steel WN 1.4948 and analysed
with present model (Fig. 5). Some provisional results were already reported in [8]. Three
experiments were performed on artificially aged material. This ageing was carried out under
a tensile stress of 112.3N/mm? at 600° C during 50 hours. A small number of experiments
were used for parameter determination (Table 1). Loadhistories with and without loadreversals
were considered and also experiments under non-radial load conditions. Some examples of a
comparison of theoretical and experimental results are shown in the Figures 9-12. The

results shown in Figure 12 concern artifially aged material.

Fourteen experiments were carried out in the ferritic steel WN 1.6770 and were analysed
with the model shown in Figure 1. Also here a small number of experiments were used for para-
meter determination (Table 1). Some theoretical and experimental results of this material

are shown in the Figures 13 and 14.

5. Conclusions

Both for the austenitic steel WN 1.4948 and for the ferritic steel WN 1.6770
the plastic deformation can be predicted quite satisfactory. The description of the
strain rate effects observed in the austenitic steel is also quite satisfactory. For the
ferritic steel this effect was ommited because it was far less pronounced than for the
austenitic steel. Also a quite accurate description is given of saturating isotropic
strainhardening where isotropic hardening is considered to be a function of accumulated
plastic strain.
The description of the gradual transition from elastic to fully plastic behaviour after one
of more loadreversalsstill calls for improvement. Especially for non-radial loadconditions
this can lead to differences between theoretical and experimental results. Special attention
has to be paid to the distribution of isotropic hardening over the fractions. It might be
possible that introduction of softening cannot be avoided.

The accuracy of the prediction of artificially aged material is comparable with the
predictions for the material in as delivered condition. Adaption of the model is not

necessary only the parameters have to be determined again.
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TABLE 1. MODELPARAMETERS

Material WN 1.4948 WN 1.4948 WN 1.6770
artificially aged
E [N/mm2] 191000. 202000. 188000.
v 0.28 0.28 0.28
s
gt "oY [N/mm?] 0.7364  84.6 0.7483  129.9 0.4295  206.6
_y2
§2 UOY - 0.2193  212.6 0.2081  314.3 0.3833  406.6
_ y3
Y3 GOY - 0.0363 637.9 0.0301 683.4 0.1156 703.7
_ ya
¢4 OY - 0.0078 1343.0 0.0078 1640.0 0.0572 1135.1
- ¥S REMAINS REMAINS REMAINS
5 -
1} 00 0.0002 ELASTIC 0.0057 ELASTIC 0.01447 ELASTIC
Al [N/ (mm2.s)] 0.04866 12.73
ol [N/mm?) 84.6 129.9
nl 4 4
A ElY [N/mm2] 501 27.7 0.005 159.3 0.165 90.8 0.025
- Y -
A 02 - 802 190.5 0.135
o
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Model for time-independent

plastic deformation

Fig. 2

Multi-linear representation of a
stress-strain curve (4 volume frac-
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L 4/2



— 300
g
. -5 o1
§ _£,,=167-107 s
° 200 Ty
T | o !
i w1
| 7
| €4=0810" 57 FIREPIAN]
o Iy %Sg_)
%

0020 0025

> E

0 0005 0010 0015

Fig. 3 Strain rate effect for WN 1.4948

Bingham

[fraction, | Elastic-plastic_fractions 4

T

Springs

Dashpot

-+
i
i
i
1
H
1
!
i
'
|
|
i
H Slipelements
'

!

'
'
'
1
'
'
'
'
'
1
i
1
'
0
'
{
i
1
i

[N
w;
z

Fig. 5 Modified model for time-depen-

dent plastic deformation

1601
o deviatoric s(ress-struin’ﬂyg’/_r_/——
£ . o
£ | / Sxx =30 5
Z120, £ 4 BT
A R
w
upproximateﬂ curve
for €,,=0

Sxxiqe) = Sxxial

9 k, k
T 1hgy| -
P { “"‘] 26[@yxiqe1) ~€xxiq)]

q=1,2,0 N1
% =36y K=1.2...N
0002 000 0006 0008 000 002 00% 00%

" e

Fig. 7 Approximation of a deviatoric

stress~strain curve for éxx->0

b
150 dr,
— ~_arctan —~
& | ™\ deyy
E |
E 125 I~
=
r
100-
75 I L
50
WN 14948
25
0
0 0005 0010 0015 0020
— g
Fig. 4 Torsion curve with relaxation

periods (900 s)

x from cyclic torsion test
yoy2 oy £
— o' odl el

036

a0l 462277 Nimm®  £,,=0.005
86,1905 N/mm’  &,=0135
o 5 <1784 Nimm’
[ WN 14948
% om0 ol 0% o0m om 0% om
—_— Ep

Fig. 6 Saturating isotropic strain hardening

T

lgers

g

]

T

S Noled with loctite
3%

Fig. 8 Tubular specimens for plasticity

experiments

L 4/2



UOTSI0] pue peO] [eIXE JO UOTIBUTQWOD ' UT AI03STY peo [erpea-uoN T[T °8ti

0€00 0Z00 000 0000
A e e e ——
»xw E— - |

S9
. 1001
i
— ———f=———— 10
= Aﬁao_
_ |
voipoipasd —— Jooz
Juawiadxd  —%— mmEﬁ:z.,\xH

(67671 Nm]

0£00 0z00 0100 G000
XXN - ﬂ
002~
—p
002
uoyoipaid —— ' 007
juawadxe —v— ANEE\z_xxo

370L> uotrsiol e Aq pemoyfoy parydde A{snosuejTnurs oinssaid [eurdjuT pue WOTSUI] QI "8Tj

0200 000 0000 0100
Ax
33—
e ) 0s1-
aAINd uoISIO} (P) !

o — 0
N ost
.cwELmvaxm —— EE\z_>xH 00e

[
o] 2
(9AIND UTEI}S-S$91]S TRTIUSAIFUMDIALY)

S100 0,00 S000 0000
K 3

3 —-—

/ -
|-
uonoipayd ——
juswiadxa  —%—

(87671 Nm]

q

AK
[ZWwiN] 0

2o 8000 7000 0000

004~
3AJND UIDJS-SS3US [DIXD (9)

XX 5

T
uonopasd —— x
Juswiadxa —s— [ZWwNI™0

814

Aioys1y uoljDWIOAP (D)
Buipoojun 1
A=
s oszi=f*3 su000=A%3 | |
[ z v | >xw
-2 !
5 |
(]
Buipoojun i
(] I
5 (0eor=hhg s.ou:wnxxwg }
s 04913 v IKh3xxg
g7 '
o
Yo

AJ0ys1ypoO)
00z 0 00Z-
[WW/N] X0 =—
z 7 5 S oo
Z,
{5}
s 4
0 T > 0
€
Z 001
. 00z
X
N
uoTsI03 JOITJL) 6 311
0000€ 00002 00001 0
[s]awl} ~e—— 00€-
Dy
0sL-

| & i
i
uoypoipasd —— r 7 %

juawadxe —e—

h 7 H oSt

) X1

L 4/2

— 10—



sanssaxd TeursajuUT pue pPeO] [BIXE JO UWOT]BUIQWOD B UT AJO3ISTY peo| [eIpei-uoN 41 °"31j

00SZL  0000L

—m_rE: —_—

oAy

uoijoipayd ——

jJuswuadxe —s—

0200 0100 0000 0100 0000 0100~
o —— o) _
—_———————p— e 005~
Q...VQN e P/ | N 0 Ko _ 220ds ssauys Ul snJo|
y r\\\ KJ0ys1y uolDWI0RP
;A D 1—
007 fA— 00s 2
LSS
‘ k H °
voyopald —— uoyoipasd —— A3
009 I 0004
juswadxa —¢— _NEE\ZTQO jJuawiadxad —e— _NEE\z_xxo
y—
patidde A793eUIalTe UOTSIO] DTITIAD pue peo] TJeTxe OTITdA) €I "81g _
00SZ = 00SZL 00001 00S4 000S 00SZ As0ys1y uolIDWIOAP xx3
[sjowy ——r § -—— 1100~
()
f00s-  1-=2 A A o
0
4100
| |
Axg
00S
. y— {100-
-9 A A
OLSTRM 1, \ Bﬁo
uoyoipad oot 1100
juswiadxs —e— XX,
[N 0 _ 200
XXW

9AIND peOT TETITUT 9Y3 ur

spotiad UOTIEXe[31 YITM UOTISIO] JTTI4) I "S1f

0006 0009 000€ 0000 00002 00001
[S]oWl} ~—— [s]ow)y —~-——rno
% 00z~
i 10 / -
| | 3
| { , AM
! e 001 Q —F—
%% i
100 PUD S000 2000 1000 "50000=*3 00z \ ASN
10 UoHDXDIAI W gL A3 poo ol
uoyoipasd —— uopaipasd —— ﬁ
00€ 007
~NEE~z_>xH Juawadxs —e— _NE_EZ_?P

DI IID ‘8767 L NM

L 4/2

—11 —






