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Abstract 

The deformation behaviour under multiaxial loading at temperature 
higher than 800 °C is strongly controled by creep. For dimensioning 
and inelastic analysis the use of v. Mises theory and Norton's creep 
law for stationary creep are demonstrated for different combination of 
internal pressure and axial or torsional stress or strains. The 
experimental results are in satisfactory agreement with the 
theoretical predicted deformation behaviour if values for the 
coefficient k and n in the Nortons creep law are used, which are close 
to the real creep resistance in the component. 

1.Introduction 

The use of HTR for Nuclear Process Heat requires heat exchanging 
components with operation temperature above 900 "C. The Alloy 617 
(NiCr22Col2Mo) -s proposed as a reference material for tubing for 
these heat exchanging components. The Alloy 800 H (XlONiCrAITi 32 20) 
could be used fcr those part of lower loading conditions or lower 
maximum operat on temperature. The dimensioning of the tubes must be 
made against thj time and temperature dependent St value, which is the 
minimum of 

< \# 
min R p i % t </ with t = 100 000 h (1) 
K • R m t " p i * * 1 * creep strain limit 

R m = creep rupture strength IK 

The design values for dimensioning are derived from a scatterband 
evaluation of uniaxial creep test with specimen of a certain number of 
heat. But a component is not only exposed to a steady operation 
condition, start up and shut down procedures, change of loading 
conditions, upset conditions and hypothetical emergency conditions 
raise a combination of primary loading with superimposed stress or 
thermal induced strain controlled steady or cyclic secondary stresses. 

To describe the stress-strain-time relationship data from uniaxial 
creep tests are used. The mathematical description of the strain-time 
behaviour is bcsed on experimentally obtained creep curves. The 
inelastic analysis of the component gives the base for the evaluation 
of component behaviour under complex loading conditions. The 
mathematical description of the strain-time relationship, obtained 
from the uniaxial test, is transfered to a three-dimensional 
formulation /!/. The aim of this presentation is to investigate and 
verify or modify the above mentioned formalism for multiaxial creep. 

2. Principles 

The investigation of creep in tubes is part of a general evaluation 
programme of materials development for high temperature components of 
an intermediate heat exchanger (IHX) and steam methan reformer in a 
nuclear process heat plant. The loading conditions for the test 
reflect mainly upset and emergency conditions. For the theoretical 
description of multiaxial creep the theory of invariances, in which 
the v. Mises hypothesis and the Norton's creep law are integrated, Is 
applied. 

2.1 Test pieces 

The present candidates for the high temperature components in a 
nuclear process heat plant are Alloy 800 (XlONiCrAITi 32 20) and Alloy 
617 (NiCr22Col2Mo). Alloy 617 shows the highest creep rupture strength 
of the two candidates. The experiments for multiaxial creep were 
performed on pieces of typical tubes as used for construction of the 



I K prototype heat exchanges and aethane steam reformer for the test 
plants KVK and EVA II. The dimensions are listed in Table 1. 

TABLE 1. FORM OF SPECIMENS AND INVESTIGATED MATERIALS 

t | ) b » OMIWHWOOS 

IHX-<uba. 22x22 mm 
reformer lube: 1 2 0 X 1 0 mm 
budding, (est 40x3.5 mm 

spec, lorm (tubetest) 

iwan chmmical composition (wt-%) 

*y_ Fa Ni Cl Al Ti Mn Co Mo C 
Aaoy800 
A»oy6l7 

baL 32 22 0.4 0.4 1.0 - - 0.06 
- bal. 22 0.9 0.4 0.2 12 9 0.06 

2.2 Loading and temperature ranges and material behaviour 

The material behaviour under mechanical loading is principally divided 
into elastic, plastic (time independent), creep (time dependent). 
Fig. 1 shows schematically the separation of the material behaviour 
dependent on the loading and temperature. The different ranges overlap 
partly. The loading conditions discussed here lead to a time dependent 
creep, so only the range III must be considered. 

Fig. 

I 

temperature 

Boundaries between different behavior of 
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Fig. 2: Stationary creep rate of INCONEL 617 
dependent on the uniaxial stress 

An analysis of the operation and emergency conditions of heat 
exchanging components provides the following conditions: 
temperature 900 *C; stress intensity 30 MPA; strain 
rates 3 x 10" 2 % min'l. Fig. 2 shows the stationary creep rate as a 
function of stress, obtained in the uniaxial creep tests, and 
illustrates the range of the considered loading condition. 

2.3. Test programme 

The investigations of multlaxial creep on tubes are based on an 
extended materials evaluation progrem for HTR components in which a 
certain number of high temperature creep resistant alloys are 
subjected to standardised tests. This programme provided the design 
values. The experimental examination concerning multiaxlal creep 



TABLE 2. LOADING CONDITIONS 
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should help to answer questions related to inelastic analysis and 
simplified approximations. This results in a test matrix given in 
Table 2. With the exception of internal pressure all loadings were 
applied either stationally (stat). cyclically (cycl.) or relaxing 
(relax). Some of the test combinations were carried out with the same 
tube specimen in order to avoid the effects of scatter in the 
materials parameters. 

2.4 Experimental Realisation 

The mechanical loadings were applied using servo hydraulic Instron 
test machines with load capacity of 100 kN for tensile and 500 Nm for 
torsion for heat exchanger tubes and 500 kN tensile load for reformer 
tubes. The tubes were heated by multizone resistance furnaces. The 
internal pressure was supplied by a gas inlet through the flanges at 
the ends of the tube specimens and regulated by a pressure valve. 
The strains in axial direction were measured by the movement of the 
piston and calibrated by specific tests. The angle of torsion of the 

117 specimen was determined by the twist angle of piston and by 

calibration tests. A continuous measurement of the radial deformation 
was not carried out because of the distortion of the continuous 
temperature profile. The radial deformation was measured after 
periodical interruptions of the tests. 

2.5 Mathematical background 

2.5.1 Uniaxial creep 

A scatterband evaluation of test results from more than 300 creep 
tests showed that Norton's creep law (power law creep) /3/ Is a good 
fit to describe the stationary creep. Fig. 2 shows this result for one 
melt. In Norton's creep law the stationary creep rate Is a function 
of as follows 

i » k'(tf/E)n • k ( 5 n with E as Youngs Modulus. (2) 

2.5.2 Multiaxial creep 

The transfer of the uniaxial creep law to multiaxlal exposure leads to 
a static indefinite problem. The solution of this problem requires 
additional postulates and a materials law. For the further 
considerations, the following postulates are important: 

Constancy of volume: 
This is equivalent with the application of the stress deviator for 
the calculation of the deformation 

- Compatibility: 
This means the continuity of the strain rate distribution 
Invariance of coordinates: 
The result of the calculation must be independent of the selection 
of coordinates 
No hardening rules: 
There should be always an equilibrium between strain rate and the 
true stresses in the component 



Isotropy: 
The materials behaviour is the same in all dimensions of the 
component 
Materials law: 
For stationary creep Norton's creep law is assumed to apply. 

For a given loading ,j is the stess tensor and -jj the related 
deviator. Reflecting the assumed postulate and using Norton's creep 
law, the tensor of stationary creep rate is given by 

L ij = 2 K G " " 1 <5ij* (3) 
2 v 

with G v as the deviatoric stress according the v. Mises hypothesis. 
The tube geometry suggests cylindrical coordinates, therefor, the 
compatibility leads to 

d W , J_ (<TU . <or) (4) 
d r r 

with ^ r as radial stress component, (T u the circumferential stress 
component and r the radius. In thin walled tubes, the stress 
distribution across the wall can be replaced by membrane stresses, so 
that the calculation is static definite without the application of 
compatibility /4, 5, 6/. 

Under additional estimation of the elastic strain proportion, the 
complete description of multiaxial strain rate follow the equation: 

1 u = Li* tf*j * kllS&i +^-k C5"*1 6*J <*) 
E E 2 " 

with -J as Poisson's ratio, .$ the trace of the stress tensor, & \j the 
Kronecker symbol. 

3. Comments on Lifetime Estimation 

The Multiaxia? stress distribution is determined for a component under 
a given load, and a deviatoric stress fry is calculated therefrom. 
Loading is considered to be permissible for a predefined service life, 
if "S v does n o* exceed the value of St (if necessary with reduction 
factors). Finally, <5 V is also used to determine the times to failure 

of individual load categories for time sequences in order to 
substitute thtm into the linear damage rule for lifetime prediction. 

The deviatoric stresses can be calculated from multiaxial stress 
conditions according to different hypotheses. ASHE CC N47 provides for 
stress assessment by means of the shear stress hypothesis according to 
Tresca IV, where 6" - 6 M J X - B ^ j n . According to v. Mlses' shape 
variation hypothesis, is 

G-v <• \Z-i<5, •*$• ~~Z *i *«' 
(6) 

for i • j an invariant of the stress tensor. Finally, the principal 
stress hypothesis according to Lame /4/ uses the highest eigenvalue of 
the stress tensor as the deviatoric stress. 

Figure 3 shows for demonstration purposes the calculation for a heat 
exchanger tube under internal pressure and variable tensile stress. 

p 4 0 1 1 
IHCONCL 617 IHX tube 
p • 40 bar. 990OC 

tenant lead 

i i i i 
0 8 10 IB 20 29 90 

tenaila atrtaa/NPa 
0 8 tO 10 20 29 90 

tenelle atrea /N% 

Fig. 3: Deviatoric stresses and times to failure for'a heat exchanger 
tube under tensile load and Internal pressure 



The diagran on the left describe the deviatoric stress (the deviatoric 
stresses according to Tresca and Lane coincide in this case) and the 
curves on the right illustrate the service life resulting from the 
deviatoric stresses at 950 *C. The curves are based on the creep 
rupture strength of 1NC0NEL 617. The deviatoric stress according to 
Tresca and Lame is always more conservative than that of v. Mises. All 
deviatoric stresses only coincide inhere the axial stress in the tube 
corresponds to the circumferential stress. 

The main emphasis of the multiaxial creep experiments is to observe 
the deformation behavior, in order to validate the component behaviour 
under anormal conditions. 

The short-time experiments with test times up to 300 h discussed here 
generally lead to deformation fracture. This is initiated by an 
accelerated growth of the strain rate in the final stage of the 
experiment due to the reduction in cross section during creep. 
According to Hoff /6/ this results in a time to failure of 

t m ~ /t/C<5" ( 7 ) 

in the uniaxial case. The < sign indicates that fracture is actually 
even initiated at an earlier stage due to creep cracks. 
For pure internal pressure, Hoff's analysis leads to 

tm.p = - ^ 7 { (8) 

where the deviatoric stress of internal pressure then corresponds to 
the tensile stress in the uniaxial experiment. 
The combination of tensile stress and internal pressure leads to 
rupture time depending on the magnitude of the strain rate components. 
Those strain rates approaching more rapidly determine the process 
of fracture. 

Figure 4 shows the result of a more precise analysis of failure for 
1 0 this combination of loads. The bottom curve shows the time to failure 

o i , , J — 

Fic. 4; Creep damage in tubes under internal pressure and tensile load 

against the ratio of circumferential to tensile stress. The time to 
failure is plotted as a relation to the tine to rupture in the 
uniaxial experiment for the same deviatoric stress. The Individual 
points represent results measured on heat exchanger and reformer tubes 
made from ALLOY 800 H. 

The micrographs above illustrate further, the propagation of creep 
cracks near the fracture zona. The graphs on the left and right show 
that crack propagation always follows the largest stress In the tube. 
The micrograph in the middle shows crack propagation for the same 
circumferential and (total) axial stress. In this case, crack 
propagation is found to allow both stresses, which is also illustrated 



Ill by the diagrams above the micrographs. They show the statistic 
distributions of the direction of crack propagation relative to the 
tube axis. The diagrams were obtained using electronic processes for 
quantitative image analysis. 

It hence follows for experiments with long test times and little 
deformation that the deviatoric stresses according to Tresca or Lame 
are better suited to describe multiaxial creep failure, since creep 
crack growth follows the principal stresses. 

A second aspect in lifetime determination concerns failure for 
superimposed cyclic loads. According to Hoff's analysis, the following 
results for the uniaxial experiment 

tm, stat+cycl ~ T : 1 ( q) 

For multiaxial analysis the increase of the individual strain rate 
components must be included in the calculation. 

Figure 5 compares the times to failure on steam reformer and heat 
exchanger tubes (IHX) made from INCOLOY 800. V. Mises' deviatoric 
stresses were 30 and 25 MPa. It scattering between the individual 
specimens is disregarded, satifactory agreement with the theoretical 
approaches is obtained here. 

4. Comments on oeformation behavior 

The main emphasis of the work is to validate creep law for multiaxial 
loading concerning the deformation rate in the different directions, 

4.1 Oiscussion of typical tube loadings 

In power plants tubes are stressed by primary loads such as internal 
pressure, tension, bending and torsion. Except for the shear stresses 
caused by a torque all stresses are directed in the cylindrical main 
axis of the tube; therefore, an analytical description is possible and 

INCOLOY 800 H , 950^C ggg w i thH without cycl. tensile strew 

25 30 
deviatoric stress / MPa 

25 
Comparison of lifetimes of steam reformer and heat exchanger tubes 
under tensile load and internal pressure with and without cyclic 
tensile stress 

quite simple. Secondary stresses due to temperature transients are 
mostly in the axial direction. In helix tubes, e.g. in helix heat 
exchanger component, secondary stresses can be torsional shear 
stresses. 

The simplest case of loading is the unique tensile stress in axial 
direction. The result of the calculation is Identical with the normal 
creep curve. The stress tensor and stress deviator are 

P- 0 0 0 \ k /-
° 1 j • 0 0 0 1 and Cii •[ 

0 0(T J ^ 
l/3€ 0 0 
0 -1/3 <T 0 
0 0 -1/3* 

(10) 

and the deviatoric stress is given by 5 \ • 6" 

The strain rates are: 

li » k ni i'r - * u - - l/2k«5n (ID 



For tubes under internal pressure up the stress tensor and deviator Is 
aiven bv 

(V 0 0 \ * fa-m S O 0 \ 

0 « 0 | and <»i j »| 0 3,-1/3 S O } (12) 
o o <rz / J v o o <vi/3 s / 

with«"r » 0, ^ u « pr/d. C z » 1/2 pr/d. S -<v *% + ? and 
% - f?/2 A p r/d 
Under unique internal pressure tubes show no axial strain rate, this 
aeans the plane strain condition. This leads to the strain rates: 
i z = 0: and < u = -*r = ( f?/2) n + 1 k (A pr/d)" (13) 
The loading of a tube by a torque represents a plane stress condition. 
The stress tensor and the deviator are indentically is given by 

^ • c « " l 5 J j ) ( 1 4 ) 

The shear stresses are eigenvalues of the tersor and provide after 
principle axis transformation the tensor 

J /0 0 0 \ 
^ i i - ( 0 - 1 0 ] (15) 

The deviatoric stress is then give by x>v - 13?, and the calculated 
strain rates are: 

/ ? 0=1 
I uz - fczu " - L T - 2 K n (16) 

Combinations of these types of loading are of special interest for the 
evaluation of these constitutive equations. In all cases in which the 
stress components are parts of the trace of the stress tensor, e. g. 
under tension load and internal pressure, a combination of these louds 
lead to a redistribution and to an alteration of tie stresses and 
strain rates. 
Superpositions with shear stress components, caused by an additional 
torque, show no redistribution but only a simultaneous increase of all 
strain rate components caused by the increase of the deviatoric stress. 

As an example, the circumferential strainrate of a tube under constant 
W internal pressure is given by 

{W (AplV 
d 

(17) 
Under an additional tensile load the three main strain rates show a 
behaviour as shown In F1g. 6. While the radial and axial strain rates 
t r and * z increase, the circumferential strain rate <S'U Increases in 
first stage and decreases at higher axial stresses (Fig. 6a). 
A tube specimen under internal pressure and a superimposed torque show 
another behaviour of the strain rates. The axial strain rate remains 
zero and the circumferential strain rate increases directly dependent 
on the Increase of the deviatoric stress. Additionally the shear 
strain rate fuz occurs (Fig. 6b). 
Furthermore such loading conditions are of interest, in which one 
portion Is a primary loading and another portion is caused by 
secondary stresses. A combination of constant tensile stress In axial 
direction and a constant shear strain cause a relaxation of the 
torsional shear stress, where 

the axial strain rate decreases In the same way as the deviatoric 
stress decreases 
the relaxation rate of the shear stress increases with *n Increase 
of the axial tensile stress. 

li* 

•hear ttr«M 

_6: Redistribution of (train rates undar diffarant loading conditional 
a) Internal prasaurt and additional axial tension 
b) Internal praasurt and additional torqua 
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Interaction between the constant tensile stress and a relaxing 
torsional shear stress: 
a) influence of the relaxing shear stress on the axial strain rate 
b) acceleration of the relaxation rate of the shear stress under 

constant tensile stress 

In Fig. 7a the behaviour of the axial strain rate dependent on time 
under constant tensile stress and relaxing shear stress £. is shown. 
With the time dependent decrease of the shear stress the axial strain 
rate decreases to the strain rate under unique constant tensile 
stress. Fig. 7b shows the relaxation behaviour of the shear stress 
superimposed with different constant tensile stresses. 

4 2 Constant tensile and torsion loading 

At loading the shear strain rate is described by equation 11. The 
results *n Fig. 8 represent the shear creep strain for the shear 
stresses of 20 MPa and 13.3 MPa at a test temperature of 950 °C The 
analysis of this curves provide a value of the Norton's exponent n of 
5.7; typical values for Alloy 617 obtained in uniaxial creep tests are 
between 4,5 to 6.5. 
Under combined tension and torsion the axial strain rate and the shear 
strain rate increases in direct proportion to the increase of the 
v. Mises deviatoric stress 

i V • 3?2 (18) 

and the relation ship between tensile and shear stress 

|i - % I [Tz (19) 

*-* results in an increase of shear strain rate proportional to (1 * £ z ) * 
and an increase of axial strain rate proportional to (1 + |i"2) T~ 

Fig. 8 illustrates the increase of the axial strain rate dependent on 
p>. The measured points (dots) fit well in the range of «. values, 
compared with the calculated curves. 

4.3 Relaxing of torsion under constant tension 

A constant twist angle on the tube results in the temperature range of 
creep to a relaxation of the shear stress combined with the constant 
tensile stress with application of equation the relaxation of the 
shear stress behaves according to 

% - -{3/2)2 ( 1 +j,2) «. k E T n (20) 

This means with continuing constant tensile stress the relaxation 
accelerate. 
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Fig. 9: Relaxing torsional shear stress under superimposed constant tensile 
stress (left) and the changing of the axial strain rate (right) due to the 
relaxation of the shear stress of an INCONEL 617 IHX-tJbe at 950°C 
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fi g.10: Relaxing torsional shear stress under superimposed constant tensile 
stress and tensile pulsating stress (left) and the axial strain (right) of 
an INCONEL 617 IHX-tube at 950°C 

The experimental obtain shear stress relaxation (Fig. 9a) corresponds 
with an decrease in the axial strain rate (Fig. 9b). 

4.4 Superimposed cyclic load 

The superimposition of a cyclic stress in axial direction of the form 

C^ = T + § si not (21) 

results in a increase of axial strain rate represented by the factor: 

f = "*« I (1 +o<sinu?t)n dt (22) 

whereby O is defined as ** = ̂  /^ . 
Fig. 10 summarizes the results of a test under tensile pulsation 
stress combined with relaxing shear stress. On the left hand the 
relaxation curve of the shear stress once combined with cyclic tensile 
stress and once combined with constant tensile stress are given. The 
right hand graph shows the related axial strain behaviour. The 
postulation of volume constancy requires that under accelerated strain 
rate, caused by the superimposed cyclic tensile stress, the shear 
strain rate and the relaxation rate of shear stress decreases. 

4.5 Test with load reversals 

The calculations of the test were made by application of the v. Mises 
theory and by Norton's creep law and can describe only multiaxial 
stationary creep. In order to calculate loading conditions containing 
changes in load level and inversions of load a consideration of 
hardening rules is necessary. For the verification of well known rules 
or to create new rules which fit the component behaviour better, some 
tests with stepwise chances and inversions of stresses strain rates 
under different combinations of loadings were carried out. 

As an example Fig. 11 shows the torsional shear strain in dependence 
time for a test with periodical inversions of torque. The calculation 
based on Norton's creep law without hardening terms results in creep 
strain after the 2nd. cycle of zero. As a matter of fact the material 
shows a softening of the torque. After further inve ->ions the amount 
of softening becomes less and comes to a steady value. 

Fig. 12 shows the results of a test with periodical inversion of 
torque combined with a constant tensile load. As expected the shear 
strain is higher than in the test before. Meantime the softening 
increases with each load inversion. The diagram below shows the axial 
strain of the tube, which is influenced marginally by the behaviour of 
the shear strain. 
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Fig.11: Torsional shear strain in dependence on time as a result of a test wi 
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Fig.12: Torsional shear strain and axial strain in dependence on time as a 
result of a test with periodically inversed torque combined with a 
constant tensile load 

5. Final remarks 

The creep deformation of a multiaxial loaded component of Alloy 800 
and Alloy 617 can be described mathematically by the v. Mises theory 
using the Norton's creep law as the constitutive equation in all cases 
in which the deformation rate tends to become steady. 

For the mathematical description of spontaneous change or reversals of 
loading, this creep law however need the implementation of a kind of 
hardening or softening term. In the case of loading conditions which 
leads to a steady state deformation the derived formulas for the 
stress-strain-time behaviour give an acceptable appoximation to the 
observed deformation behaviour. Combination of tension and torsion 
results depending on the kind of combination in an acceleration either 
of the shear stress relaxation or the axial creep strain rate. 
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FATIGUE PROPERTIES OF NICKEL-BASE 
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Abstract 

A series of strain controlled low-cycle fatigue tests wer conducted 
at temperatures ranging from room temperature (RT) to 900*C or nickel-base 
high-temperature alloys, namely Hastelloy X and its modified versions 
Hastelloy XR and Hastelloy XR-11. which are candidate alloys for HTGR 
applications. The tests were conducted in the simulated HTGR helium en
vironment with the exception of those conducted in air at RT. In those 
tests the examination was made on the effects of strain rate, hold time, 
aging and test temperature on fatigue properties. 

Decreasing the strain rate led to notable decreases in the fatigue 
life. Based on the stress-strain curves and the crack morphology, it was 
suggested that a considerable contribution of creep damage was included at 
lower strain rates. In the experiments with the trapezoidal strain waveform 
with different holding types, the fatigue life was found to be reduced most 
effectively in tensile hold-time experiments. From the observations of the 
crack morphology the strain holding in the compressive side was suggested 
to play the role of suppressing the initiation and the growth of internal 
cracks and/or cavities, and to cause crack branching. The fatigue lives of 
the aged(900*C, lOOCh) specimens were shorter than those of the solution 
annealed ones at test temperatures ranging from RT to 700 "C. The tendency 
became more pronounced under higher strain range conditions. The reduction 
in the fatigue life due to the aging treatment, observed through the tests 
conducted at and below 700 *C, was closely related with the loss of tensile 
ductility, which was attributed to the precipitation of MgC carbide along 
the grain boundaries occurred during the aging. Fractoqraphic features and 
crack morphology of the aged specimens fatigued at and below 700 "C were of 
brittle nature relative to those of the solution annealed ones fatigued in 




