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CREEP-DAMAGE IN PRESSURE COMPONENTS EXPERIENCING

'FOLLOW-UP

R. SESHADRI (REGINA)

A simple method for estimating creep-damage in pressure components experiencing elastic or
creep follow-up is presented. The theoretical formulation essentially relates the multiaxial
relaxation process that exhibits follow-up to the traditional uniaxial stress-relaxation model. The
resulting mixed-mode response is expressed in the generalized local stress-strain plot. The
follow-up parameters are then determined by utilizing the slope of the relaxation-response in the
generalized local stress-strain plot. Finally, a procedure for partitioning the accumulated follow-up
damage into Joad-controlled and deformation-controlled contributions is discussed. The method is
applied to a typical elevated-temperature piping system configuration that exhibits follow-up

potential.

B.n

NOMENCLATURES

creep-parameters for sccond-stage creep,

modulus of clasticity of the local systcm,

modulus of clasticity of the remaining systern,

secant modulus of the local system,

normalized modulus of the remaining system,

life-usage or damage fraction during creep-relaxation,

life-usage or damage fraction during relaxation accompanied by
follow-up,

life-usage or damage fraction under the action of primary stresses,
life-usage or damage fraction during deformation-controlied relaxa-
tion,

life-usage or damage fraction during a purely load-controlled situa-
tion, : :

time to rupture for a given magnitude of stress,

pseudo-clastic secondary stress allowable,

allowable stress for primary membrane loads,

rupture parameters,

elastic follow-up parameter,

creep follow-up parameter,

generalized-constraint parameter,

time-scale for relaxation with follow-up,

time-scale for deformation-controlled relaxation,

the angle included between downward vertical and the mixed-mode
response trajectory, measured anticlockwise, '
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é, total system deflection,

8° local system deflection, '

& remaining system deflection,

g, total system strain,

& local system strain,

& remaining system strain,

&2 elastic local system strain,

& elastic remaining system strain,

8 plastic local system strain,

& plastic remaining system strain,

£2 creep local system strain,

¢ creep remaining system strain,

g siress, ) -

o, initial stress before relaxation,

g, yield stress, :

¢y load-controlled fraction of the creep-damage incurred during mi-
xed-mode response,

Ers deformation-controlled fractlcm of the creep- damagc incurred durmg'
rmxed mode response :

1. INTRODUCTION:

The current “design by analysis” methods outlined in several pressure vessel
codes, reference [1] for instance, basically. ensure that suitable margins of safety
with respect to the potential failure modes are incorporated. A hierarchy of
failure risks inherent in pressure components is explicitly recognized and then
taken into consideration during the design process. These design methods,
which are predominantly based on “linear elastic analysis”, are attractive to
a designer since the methods are direct and noniterative. The elastic analysis
presumes that the constitutive relationship is linear and reversible. Most
pressure component materials are, however, quite ductile and can therefore
withstand considerable plastic deformation. Since linear elastic analysis cannot
by itself account for the inelastic and nonlinear effects due to plasticity and
creep, there is a need to categorize loads and stresses so that the inelastic effects
are recognized [17.

The basic approach is to decompose the stresses (calculated on an elastlc
basis) into several parts — primary, secondary and peak stresses, and
appropriate limits are then prescribed. The underlying rationale for the
classification of stresses in a component is based on well-established bounding
theorems of limit analysis and shakedown [2]. The rules governing the
decomposition of stresses, while certainly useful, are neither very rigorous nor
precise. Whereas the stress-decomposition procedure is reasonably well-docu-
mented for axisymmetric thinsheil structures, it is not routine or well
understood for general geometric configurations. The entire topic of -
stress-classification is an area of active research 3]
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The distinction between primary and secondary stresses are based on the
recognition of whether they are caused by load-controlled or deforma-
tion-controlled actions. However, when both actions are present, the clas-
sification process is not well-understood. This case of “mixed-mode response”
is commonly referred to as “follow-up”. In this paper, a theory is presented
that would enable both creep-damage assessment and stress-classification in -
elevated temperature pressure¢ components experiencing elastlc or creep
follow-up actions.

This paper ecssentially relates the multiaxial relaxation process (that
includes follow-up) to the traditional uniaxial stress-relaxation model through
the introduction of follow-up parameters. Subsequently, a method of par-
titioning the accumulated follow-up damage into load-controlled and defor-
mation-controlled contributions is discussed. The method is applied to
a typical piping system configuration that exhibits follow-up potential

2. ELASTIC AND CREEP FOLLOW-UP

Deformation-controlled stresses are usually classified as secondary on the
“basis that they are “self-limiting”, and that they would eventually shakedown
to elastic action. after a few cycles of load-application. At temperatures below
the creep-range, secondary stresses are limited to twice the yield stress. In the
creep range, however, deformation-controlied stresses relax with time. During
the traditional relaxation process, the total strain’is held constant, and the
creep-strain essentially replaces the elastic strains. During relaxation accom-
panied by follow-up, an increase in creep strain does not result in an equal
reduction in elastic strain. Therefore, the stresses would relax at a rate slower
than the traditional relaxation, and induce larger creep strains. In the extreme
case, the stresses might not relax at all. In any event, follow-up action induces
more creep-damage during a specified period of relaxation.

RoBINSON [4] introduced the concept of follow-up to emphasize the
importance of ‘inelastic strain-concentration in piping systems operating at
elevated temperatures. Several other authors [5, 6] have provided useful
techniques to estimate follow-up in pressure vessels and piping systems.

Two types of follow-up action can occur in elevated-temperature com-
ponents: '

1) Elastic follow-up: This type of action occurs when the less stressed parts
of the component act as a “spring” on the highly stressed parts, resulting in the
accumulation of excessive creep deformations. In other words, the elastic
strain-energy of the bulk of the structure maintains the high magnitude of
stress in “localized” areas that are prone to strain-concentration.

2) Creep follow-up: For this type of action, the deformation-controlled
stresses do not decrease to the same extent as in traditional relaxation.
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Continued creep deformation of the bulk of the structure maintains a high
siress in localized areas that are prone to strain-concentration.

Some typical examples where follow-up action might occur are: (a} local
reduction in the size of a cross-secton, or the use of a relatively weaker
material; and (b) piping system of a uniform size that has a configuration for
which most of the piping lies near the imaginary line joining the two anchors,
with a small portion (loops) departing from this line. The small portion of the
pipe then absorbs most of the expansion stress.

Various codes stipulate that elevated-temperature components that exhibit
significant follow-up action be evaluated as load-controlled. However, it is not
specified how follow-up should be estimated. Consequently, in the absence of
appropriate follow-up damage estimation methods, stresses are classified as
primary, and this can result in an unduly conservative design relatively
expensive component construction. In this subsequent sections of this paper,
a theory is developed for the purpose of creep-damage assessment in the
presence of follow-up, and a technique for classifying stresses is discussed.

3. THEORETICAL CONSIDERATIONS
3.1. A simple method for stress-relaxation with follow-up

A one-dimensional model depicting the follow-up behaviour in pressure
components is described here. Superscript O refers to the local part of the
system where the. inelastic strain-concentration occurs, and the superscript
r refers to the remainder of the systemn. When dealing with three-dimensional
systems, equivalent stresses and strains are used in conjunction with the
one-dimensional model. - .

If end 4 (Fig. 1) is dlsp}aced by an amount §,(t), then .

3.1)° 5,(1) = 60+,
In terms of total s_trains,'
(3.2) _ glt) =& +el.

The strains dre “average” quantities which depend on the size of the local
system, The strains in the remainder system are defined in terms of the local
system (see Eq. (3.6)).

The entire system is' divided into the “local” system and the “remaining”
system. The local system essentially experiences large inelastic strain-concent-
ration, If the total strain for the local system is considered to be made up of the
elastic and inelastic components; then

(33 _ e = el +ed+al.
The total strain for the entire system can be written as

(3.4 g, =4 el el
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{ TYPICAL COMPONENT CONFIGURATION )

LOCAL SYSTEM {0)

MOMENT (M) £-ﬁ:~___ _______

REMAINDER OF
THE SYSTEM (r) wmtom

e
MOMENT (M)

{ ONE - DIMENSIONAL MODEL )

81 {7l
7,
{e) { {r)
A LOCAL REMAINDER /B
SYSTEM OF THE
SYSTEM

FrG. 1. One-dimensional follow-up model for pressure components.

Making the assumption that the plastic strains do not :change with time
during relaxation follow-up process, _
(3.5) =80+ e e

. d
In Eq. (3.5), & refers to the strain-rate (;)
T/

" The following ratios can now be defined:

3.6) B = i =

ﬁolln-:

f and "¢ arc parameters that account for elastic and creep follow- up,
respectively. Theorem, Eq. (3.5) becomes

(3.7) & = (1+ /)80 +(1 4 ¢) &2

Now if it is further assumed that the steady-state creep equation is given by
¢ = Bo", where B and n are constants that depend on the material and
temperature, then the decay of the initial stresses with reference to the overall
system is obtained by setting ¢, =0 in Eg. (3.7).

Therefore,

(3.8) @Jr( +¢)BE 0" = 0.

dt
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1 : e .
By defining 7* = (%)r, and substitufing into Eq. (3.8), the traditional
uniaxial stress-relaxation model would result, ie.,
do "
(39) Er';‘:-l'BEOO' = 0.

In other words, the time taken for a given inttial stress to decay to

a prescribed value would be : ii times traditional uniaxial relaxation time,
ie., ‘ ,

_1+B t 1 1
(3.10) T = 1+¢|:BEO(n—1)(G"1 O.iii—l .

Once f§ and ¢ are determined for an elevated temperature component, then Eq.
~ (3.10) can be used directly to evaluate the relaxation of stresses in a component
or a system that exhibits follow-up. This result has been reported by RoBinNsON
[4] in connecton with the analysis of bolted flanges without gaskets.

4, MIXED-MODE RESPONSE IN THE LOCAL SYSTEM

" Relaxation of stress with time in a component that is subjected to follow-up
action is useful information for the assessment of creep damage and
stress-classification. More specifically, the determination of f and ¢ would
enable quantification of relaxation rates and damage fractions. Several authors
{5, 6] have studied the mixed-mode response {corresponding to both
load-controlled and deformation-controlled contributions) in the so-called
“generalized structural stress-strain plots” which are essentially the normalized
stress versus normalized strain plots in the local system. The mixed-mode
response pertaining to follow-up action is obtained by determining the
relaxation trajectory in the local stress-strain plot (Fig. 2). The mixed-mode
“relaxation-modulus™, E_, can be defined as, E,,

_da
TdeY
Setting & = 0 in Eq. (3.7), the relaxation of stress (that includes follow-up)
can be obtained. Therefore, :

4.2) 80 = — el — Pel.

Py

4.1)
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o
Since &) = I and €2 = Bo", Eq. (4.2) can be written as

0
o B do
. = ——-———¢Bas".
(4.3) | & By de ¢Bo
Equation (4.3) can be expressed as
(44 o =/ ),
where f( ) is a general function.
Therefore,
do do
4.5 — =85t
(45) . dr {ds?}
Using Eqgs. (4.1), (4.3) and (4.5), and simplifying,
do . B . de
. — = —E.s——+¢Bg"}.
(4.6) dt r{EO d1:+¢ G}
A i = f: APPROXIMATE SLOPE
i— f: TRUE TRAJECTORY USING SMALL
STRESS , O STRESS INCREMENTS (AT )
!I Eg
/ //E|
i ,’ I B~ & {LoAD coNTROL.)
git————t— ———— e ——
—_—— é;‘Z_
f \5‘/ MATERIAL STRESS -STRAIN CURVE
o — I T\ f ~a f'
¥ SN
[ 7]
| / | E,= 39 = RELAXATION ~ MODULUS
,I( : dey (-1<B < w
/|
/0
// |<#~/3=0 { DEFORMATION - CONTROL)
I
I
of L _ .
€t Ctf ' STRAIN, €/

FiG. 2. Relaxation-modulus for elastic follow-up.
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Substituting Eq. (3.8) and further simplifying, the following expression can
be obtained:

A A
@7 (I+ﬁ){1+ﬁ (f)}_ﬂ (Eo) 0

Three cases of follow-up will be considered here.

Case. 1. Elastic follow-up (Fig. 2)
For this case, ¢ =0 in Eq. (4.7). If is non-zero, then

_ 1
(E./Eq)

(4.7a) B =

Case 2. Creep follow-up (Fig. 3)
By setting =0 in Eq. (47), and assuming a nonzero, the following
relationship can be obtained:

1

Case 3. Elastic as well as creep follow-up:
The entire equation (4.7) should be satisfied for this case.

A . .
3 .
STRESS ,O° [0
P!
/
¢y |
b
N / ¢ =—! { LOAD CONTROL )
L e
1/
I/ '
i s MATERIAL STRESS-STRAIN CURVE
o # d
fF N NANN ANNNNARW
/11
/11
!yl
! (e,- ggo ) = RELAXATION MODULUS
/ o (~l<p<o)
/o
| &= b =0 { DEFORMATION - CONTROL)
o »

STRAIN €

FiG. 3. Relaxation-modulus for creep follow-up.
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5. CREEP-DAMAGE DURING MIXED-MODE RESPONSE

1+ qb .
If then Eq. (3.8) can be written as
ain 48 q. (3.8)
do .

The variation of the ielaxed stress with time can be written as

1
oty = 1 THa— 1)
S { 1+yBE0(n—l)r}
n_

o, is the initial stress: B, E, and n are material constants. Xf y = 1, the variation
of o(7) versus t would correspond to the traditional relaxation.

The damage-fraction or life-usage fraction during the creep-relaxation can
be written as

(5.2)

. . t2 d
53 DO - {5

where i is a dummy variable for 7, and L) is the “time to rupture” at a given
level of stress. It is assumed that the temperature remains constant.

The time to rupture at a given stress-level, o, can be expressed, for certain
range of stresses, as

(5.4) L{g) = pe™ ",

where p and ¢ are rupture parameters. Significant data on rupture parameters
for pressure component materials is available in the literature.

Substituting Eq. (5.2) into Eq. (5.3), making use of the above relationship
and carrying out the necessary integration, the following expression can be
obtained:

1
(g+1-n)pyBE,

(55) D)= [of 17" {o} " +9BEm— 1)} 15",

If y =0, D{z) is indeterminate, using (5.3). However, if the integration is
carried out using Eq. (5.3), then at ¢ = ¢,

(5.6) Dit; y=0=1
y = 0 corresponds to maximum follow-up which occurs when the load is

purely load-controlled. If y = 1 in Eq. (5.5), then the damage-fraction, D ,(7), for
traditional relaxation is obtained..
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5.1. Partitioning of creep damage into load-controlled and deformaton-cont-
rolled contributions

The rate of decay of stresses in a mixed-mode response would depend on
the type and extent of follow-up, and is charactcrized by the value y. The
relaxation curve would lie between two extremes — one corresponding to the
traditional relaxation (y = 1 in Eq. 5.2), and the other corresponding to the
completely load-controlled response (y = 0). All other mixed-mode responses
would correspond to values of y between O and L
The following damage-fractions can now be defined: D,, — life-usage fraction
corresponding to y = 0, i.e., load-controlled response; D, — life-usage fraction
during traditional relaxation (y = 1); D, — life-usage fraction during mixed-
-mode response, ie., relaxation with follow-up (0 <y < 1).

The maximum possible “load-controlled” life-usage is given

(5.7 AD oy = D,,—D.
The load-controlled portion of life-usage during mixed-mode response is.

given by Eq. (5.8). Therefore the load-controlled fraction of the total damage
during mixed-mode response is given by :

(59) £ _ADf D,—D,
' M AD,, D,—D,
A
STRESS, O
Loas coNTROL { 8 — @, b= 1)
¥ .
4] T o
MIXED — MODE RESPONSE i
¥y B
I
oy - A . . f
DEFORMATION CONTROL |
(B =0, q5 =0)
Gp—— e e — e _——
PRIMARY STRESS I
f
f
[
t
i P~
TIME Ty T

FiG. 4. Decay of initial stress for various degrees of follow-up.
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From Eq. (5.9), the two limiting cases are evident:
1) when D,-D, ¢&,-0
2) when D,—D,, &,;-10.

The limit ¢, — 0 corresponds to the purely deformation-controlled respon-
se, whereas the limit {; ;— 1.0. corresponds to purely load-controlled response
for which all of the creep-damage is of a primary nature. Of course, for the
intermediate cases of mixed-mode response, 0 < &,, < 1.0.

The deformation-controlled fraction of the total damage during mixed-
-mode response is given by

(5.10) ==Ly =0t

90—

ag—

TOp—

50—

(05,0 X 1072
(ff |1 x 1078

30

20—

~ .
R l—=" I ] 1
T 10 102 w03 ’ 0?
TIME { HOURS )

Fic. 5. Dy, D, and &, versus time.
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5.2. Design considerations
The total life-usage mixed-mode response is given by the expression (Fig. 4)
{5.11) D(7) = D,(1)+D,(7),

D (7) is the damage incurred due to the presence of the “primary stresses” in
the component, and can be calculated by the expression

T
L(e,)

(5.12) D)=

The pressure-component should be designed so that
(5.13) D(j:) =D (t)+D,(r) < 1.0.

In terms of assigning a suitable stress-limit for components subjected to
follow-up action, it appears reasonable to keep stress below $* (the pseudo-
-elastic secondary stress allowable):

(5.14) §* =8, +&,(25,).
Equation (5.14) can also be expressed as
(5.15) S§* =38, —&¢r(28,).

The term £;,(28,) is the reduction in the secondary stress limit (35,) and
reflects the damage caused by follow-up action {Appendix 1).

6. THE GENERALIZED STRUCTURAL STRESS-STRAIN PLOT

As has been mentioned earlier, a convenient representation that has
emerged in the literature, which allows evaluation of follow-up damage, is the
generalized local stress-strain plot [7]. The plot is essentially a representation
of the relaxation of stresses at the location of the inelastic strain-concentration,
ie., local system.

Introducing the nondimensional quantities

o &
and & =-"1 -

Orer Erer

(6.1) G =

where o, and & are refercnce quantities. It is convenient to set o, = o, and
(¢

. i
E'ref == Se =

Eo _
The mixed-mode relaxation modulus E, was defined in Eq. (4.1) as
E, =do/de}. In order to express the response in terms of the peneralized
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stress-strain plot, da/d&?, the followmg transformation can be mtroduced ie.,

: X R T dO’ o ’ ref dU .
(6.2) : . de, - Ore (daf) -
Therefore substltutmg appropnate reference quanntles in Eq. (6 2)
o o o da‘ l da

The “relaxation-modulus” for mixed-mode’ respdns’e with reference to the
generalized stress-strain’ plot can be'ex'preSSed as (see Eq. (4.1)) -~

6.4 do =,

(64) de, . E0 |
Equation (4.7} can now be written 'as-

©3) R LIRS AR
- : (1+ ﬁ) l+¢

Equation (4. 7) is su1table for use in con_]untlon w1th the generahzed plot
" When only elastic follow-up occurs,

©6) b f= T
When only creep follow-up occurs,
)

(6.7) =77

6.1. Determination of E, usmg lmear elasnc finite eIemem analyszs — an
'approxlmate method

~With reference. 1o F:g 2 an elastlc flmte element analy31s of the press-
ure-component configuration is carried out with the entire material specified
with- a-modulus of elasticity of E,. The pseudo-clastic stresses () — the
equivalent stresses at. deformation-controlled locations, are determined. The
corresponding point in the plot isi: A secant-modulus (E, < E,}is chosen in an
attempt to approximately simulate the lowering of psetdo-elastic stresses due
to inelastic effects for all the elements that exceed the yle]d stress, a,. The secant
modaulus: (EI) can the determmed as a first approx1mat10n usmg the expression

© N (*")E " ("_f%m

' Finite-element analysis using the ahdve-.Changes will locate point fin Fig. 2.

8 — Rozprawy Iniynierskic 3/89
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When only elastic follow-up occurs, Eq. (6.6) is used; however if only creep
follow-up is dominant, Eq. (6.7) is used.

With reference to Fig. 2, an approximate estimate of E, can be obtained
using linear elastic finite-element analysis as follows:

1} For a given pressure component configuration, a finite-element analysis
is carried out by assuming a linear elastic material with a modulus of elasticity
of Eg;

2) For ali elements in deformatlon controlled locations in which the
stresses exceed the yield stress, o,, point 7 is determined; -

3) For all elements for whieh o; > o,, the modulus of elasticity (F,) is
replaced by the secant-modufus (E;) such that }, < E,. The approximate value
of E, can be estimated using the expression

- f=()r

The finite-element analysis is now carried out and points such as f are located;

4) For a given element the slope (E,) of the line i-f can be determined. Using
Egs. {6.6) and (6.7), the values of B and ¢ can be obtained;

5) Approximate damage estimates can be obtamed usmg Eqs (5 5) and
(5.13).

Although the method is approximate, it offers the advantage that only
linear elastic analysis methods are required to predict damage in an inelastic
system. The method, of course, could be 1mpr0ved or mod1ﬁed since f and
¢ are, in reality, a function of stress, o.

7. NUMERICAL EXAMPLE

Consider the example of a piping system with four large bending loops in
series with four smaller loops of half-size in parallel, Fig. 8, as described in the
paper by RoeinsoN [4]. For a 2 1/4 chrome-1 Molybdenum steel, pertment
data is presented in Table 1.

The steady-state creep relationship can be expressed asé = so (a/a‘o) Where
for the 2.25 Cr-1 Mo steel at 537.8°C (1000°F), &, = 0,65 x 10~ % and »n = 4:15.

If it is assumed .that for a given range of stress L= LO(G‘/O‘O) 4 then
Ly =357116 x 10* and g =7.037. - '

For ¢ = 2.67 and: § = 220, y = 0.16. Therefore T = 6 271:* In 3000 hours,
traditional relaxation {y = 1) would. give a stress of 29.57 MPa (4288.6 psi).
With follow-up present (y = 0.16), the relaxed stress after 3000 hours is
51.61 MPa (7484.6 psi). It can be seen that the rate of decay of stresses during
mixed-mode response is smaller than that for traditional relaxation.

Using Eq. (5.5),.the damage-fraction during mixed-mode response at the
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Table 1. Material and follow-up data

SI (Metric) Units U.S. Couvstomary units
Material : 225 percent Chrome — 1 percent Molybdenum
Temperature . _ ; .. 53718°C . 1000°F
Modulus of elasticity _ 1586x10* MPa. 23 x 10° psi
Creep parameters: o ' i
o éy R 0.65%107° 0.65x 106
n 4.15 4.15
Stress to rupture in
{000,000 hours 102.07 MPa 14800 psi
Elastic follow-up
parametezs:
B 220 220
@ ' . 2.67 2.67
Rupture parameters: :
p 571163104 : 57116 % 10*
q 7.037 ' 7.037
Initial stress 10483 MPa 152 psi

Note: 1. The data pertains to the piping loop présented in Fig. 8.

end of 3000 hours is given by D, = 00152 and D, =0.0901. The load-
-controlled portlon of 'the damage during mixed-mode response can be
calculated using Eq. (5.9) as ¢, , = 0.076 or 7.6 percent. In other words, 92.4
percent of the creep damage during mixed-mode response can be considered
secondary in nature.

The mixed-mode response modulus {E,) in the generalized local stress-strain
plot, Eq. (6.5) is used. For ¢ = 2.67, § = 22.0, E, can be calculated to be —0.19,
what corresponds to an angle ¢ = 79.25 degrees. If the partitioning of primary
and secondary contributions is based on a method proposed by DraLLA [7],
then

79.95
It can be seen that the above “lmear part:t:oning method is extremely
conservative. and would overpredict damage considerably.

Figure 7 is a plot of ;. versus 0 for ¢ = 2.67 and # = 22.0. The damage is
not significant until & approaches 85 degrees. In other words, a high degree of
follow-up (characterized by higher § and lower ¢) is required for causing
substantial damage, especially during one-time relaxation.

The allowable stress-limit for pressure components that experience foi-
low-up can be obtained from Eq. (6.2).as S, = 2.855,,. Due to follow-up action,
the “deformation-controlled limit” of 3S,, is essentially reduced. - i
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;. 8 DiIscussioN

8.1. Mixed-mode response in the generalized local stress-strain plot

The generalized local stress-strain plot is being increasingly used to either
-quantify follow-up or partition the “clastically calculated stress” as primary or
sccondary. DHALLA [7], for instance, calculates the “Primary Stress Fractlon
using the expressmn 0/90 (Fig. 6). A linear relationship between the pnmary

A

LOAD ~ CONTROL

Q.
Qi

MIXED - MODE RESPONSE =~

9 SO-TAN ( E, )

0 .

= DEFORMATION <:CONTROL

|

I

|

| .ot o, PRIMARY- STRESS FRACTION =
I . .

I

i

I

& T STRAIN, e,

FIG 6. Prsmary stress fraction for mlxed mode responsc

stress fraction and the slope of the mixed-mode response (i) is implied. BoYLE
[8] points out that it is debatable whether 30-percent follows-up for instance
should imply 30 percent primary stress fraction. The entire process of
creep-damage: is- clearly non-linear with - regard to the follow-up parameters
B and ¢. This can be -easily seen:from" Fig. 7 where damage. increases
dramatlcally as: 0 approaches %0 degrees correspondmg to a. load~controlled
situation. : :
Ina dlSCUSSlon followmg ROBINSON S paper {4] Marki pomts out” that cven
though creep can be localized in a component, it is difficult to visualize failure
under conditions of relaxation in:a piping:system designed:to:conform to
suitable stress-limits. To eclaborate further;;a10. percent drop in the stress
during relaxation in a 225 Cr. — I Mo component at:537.6°C would reduce
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creep-damage in a given tiroe by more than 50 percent. This is so because the
rupture life L = pe™% In typical pressure components, even in the presence of
follow-up, relaxation would proceed rather quickly at initial times. Unless
follow-up is quite dramatic in that relaxation of stress takes place extremely
slowly, the damage would not be significant especially for one-time relaxation.
It can be therefore concluded that the dependence of damage or primary stress
fraction on angle 6 (Fig. 7), is clearly nonlinear, and that the linear dependence
of damage 0 is quite conservative.

8.2. Allowable stress-limit for mixed-mode response — ,,pseudo—secbndary_
limit”

Some: useful design perspectives have emerged from the present study.
Based on rational considerations, it can be determined what proportion of the
damage during mixed-mode response would be load-controlled or defor-

mation-controlled. Pressure components-that experience follow-up can be
designed by specifing an allowable stress-limit of -

Sa =38, =2&rSu),

where £, is defined in Eq. (5 10)

The term 2¢&,,(S,,) is the reduction in the traditional shakedown limit of
35, due to follow-up effects.

It should also be ensured that in the presence of other primary stresses,

D,@M+D,;(<10.

9. CONCLUSIONS

A simple method for estimating creep-damage in pressure components
experiencing elastic or creep follow-up is presented. The follow-up parameters
can be determined by utilizing linear elastic analysis when the slope of the
mixed-mode response is obtained in the generalized stress-strain plot. A met-
hod for partitioning the accumulated follow-up damage into load-controiled
and deformation-controlled contributions is discussed. The dependence of
primary stress fraction on the angle is nonlinear, and the linear correlation
often used in the literature [7] significantly overestimates creep-damage. An
expression for determining the pseudo secondary-stress limit in components
exhibiting follow-up is derived. The method would be useful in conjunction
with linear finite element evaluations of pressure vessels and piping that
operate in the creep range.: -
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The allowable stress limit for deformation-controlled cyclic stresses is based
upon the concept of shakedown. A lower bound method for predicting
shakedown is based on an adaption of Melan's theorem which states “if any
distribution of seif-equilibrating residual stresses can be found in a structure {(or
a- component), which when taken together with the pscudo-clastic stresses
constitute. a system of stresses within the yleld limit, then the structure will
shakedown Therefore if the initial loading cycle induces plasticity due to
some: deformatlon-controlled action and is the shakedown limits are satisfied,
then only elastic action will:result durlng subsequent cycles. The shakedown
limit for deformation-controlled “stress is 38, (or 2q,), where S, is the
load-controlled membrane stress {no greater than 2/30) :
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STRESZCZENIE

ZNISZCZENIE SPOWODOWANE PELZANIEM W ELEMENTACH
: CISNIENIOWYCH PODDANYCH PROCESOWI ,,SLEDZENIA”

Przedstawmno pmsta metodg oceny uszkodzen spowodowanych pe}zamem w elementach
cisnieniowych poddanych zjawisku, sprezystego lub: pelzajacego. ,$ledzenia”. Wieloosiowy proces
rclaksaql odnicsiony zostal do Jednowyrmarowego modelu relaksacp naprgzen a przebleg procesu
przedstaw:ony zostat na wykres;e lokalnych, uogolmonych napiezein 1 odksztalcen. Wiznaczono
nastepnie parametry Sledzenia™ wykorzystujac Katy ‘nachylenia: Kizywej na tym wykresic.
" Przedstawiono na koniec sposdb podziatu zakumiulowanego uszkodzenia spowodowanego pel-
zaniem na skladniki odpowiadajace kontrolowanym obgcigzeniom oraz -odksztalceniom.. Metode
zastosowano do typowych ukiaddéw rurowych poddanych: dziataniu podwyzszonych ;efnpertur.

PE3}0ME

PA3PYHIEHHUE BBIZBAHHOE HOJI3Y‘-IECTI)IO B SJIEMEHTAX ,.[[AB.}IEHI/ISI
: HO,[[BEPTHYTBIX HPO]_I,ECCY_ ,,CJTE}I{EHI/UE” -

Hpe:(cq'anneﬁ npocmu METON oucmm nonpe}me}mn 'BRI3BAHHBIX nonzyqecno B SJIeMEHTax
JABNENHs, TOABEPTHYTHIX ARJICHHIO YHPYTOTO MM TOJ3YHEFO ,.Cuexenns”. MHOTOOCEROIR
IPOLECE PEIAKCAIEH OJHECEH K OJIHOMEPHOH Moaenmy penakcalliy Hanpaxenuil, X0 xe npougecca
TPCOCTABACH HA [JHATDAMME beaﬁhHHX o6obleHHLIX HanpaxeHwi H mehopmarmit. 3arem
OTpeNeNeHEl NapaMeTpPsl , CeKeHHs”, HMCTIONIB3YS YIJIBI HAKIOHA KPHBOH Ha STOH JIMArPAMME.
Hakxomen TpeiacTasien cmocol pasicieHWs  HAKOINIEHHRTX TOBPEXMIEHHA, BHI3BAHHBIX
HONIYYeCTHI0, HA  KOMIOHCHTEL,  OTBEUAIOLIME  KOHTPOJMMPOBAHHEIM  HAIPYKEHUAM
H gehopmanpam. Meron NpHMEHEH. A THIMYHBIX  TPYGUaTHIX. cucrem, nonBeeryTbe
ACHCTBIIO TOBRIICHAOH TeMICpATYpbL. ‘
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