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1. TiPRCOUCTIC:. i

1.1 Creevn Behavior

Creep is the name given to time 3lependent strain of
c0lid materials over long periodis under load. When a load
has been applied (Fig. 1-1) the strain increases with time
to. the voint where failure finally occurs.

‘After the initial instantaneous strain €. , materials
often undergo a vperiod of trancient response where the
strain rate € (de /dt) decreases with time to a minimum

steady-state value rrhich persistz for a substantizl nortion

h

of the material life. The final failure comes after the
creenr rate increases Juring the final stage of creep.

For analytical convenience, researchers have separated
the creep curve into three stages based upon the similar re
sponma of many materiale.

The creep strain occuring at a diminishing rate is 'zL
called primary creep; that occuring at a minimum and almost O
constant rate, secondary creep; that occuring at an accelep
ating rate, tertiary creep (Fig. 1-1){1) (2).

It is characteristic of creep that, if the swnecimen is
unloaded during the tesgt, some of the strain recovers, as
shown by the dashed line in Fig. 1-1. Thus, we find that

creen phenomsna include both permanent and recoverable

strain. The permanent effecits are analogous to the plastic



flow at high rtrain ratos which characterizes metal-working
Drocesses.

Another tect which is characteristic of creep studies
is the "relaxation" tect. A specimen is loaded ravidly to
a fied etrain, and the load reguired to manintain that
strain is recorded. The result is shown in rig. 1-2. 1%

4
ie natural that there snouiw be a close relation bétween
the earlier vortion of the creep (primary creep) and the
rela-ation curves.

iated with high temveratures,

(9]

eually, cree» 1g asso
hut whether the temnerature regquirel is high or not really

Aenendc uvnon the apnlication.

1.2 ZInmmortance

el

r ¢of enginscring an:licatlions »ecuire the

3

A large numn

¢
0]

oy

uce of materials and design which must be based, wholly or

martiallyry, on creen behavior.

it wae bellieved for a long time that there eiists a
limiting ctress below which creen and consequent dimensional
changes would not occur. 3ut, with the imvrovement of the

4

accuracy of meeacurecments, the undeniable fact has cemerged

that cuch a linmiting stregs doeg not erist. iHence, 1t has
nov becone common nractice to decign for limited service -

I

life at elevated temperaturecs. (//

The decignerz of vower-nlants are forced to consider



onerations at higher temperatures in the interest of great-
er efficiency. Thig ieg seen most directly, of courre, Ironm
the formula Tor the efficiency & of conversion of heat into
work in ar ideal engine, operating‘between two abesolute ten

meratures Ty> 7, (E=1—T?/Tl). It is poseible t

~

O
R

aise T4
to make appnreciable gaing in efficiency, but this also

entaile higher creep ratec for given cstressec.

ra

realize that

-
c—i.
O

=y

Annlying this argunent, it iz usefu

the onerdiion of cteam turbines has cteadily increaced in

~ . -

efficiency because it hac been possible to increacce the ten
neratures hrough niyt heat-resistant matérigls. It is true
alco of gagc turbines, Jjet aircraft, and niscilec that an

inportant 1linit on merfomance is set by the nernicsible
deformation of worlking parts unier high temperature and

<
cTred

7

Other bacic rearon why enginecring decign nmuct allow
for strecs analysic for creer at high temveratures is found

in the required rsirength of vesgsels in which the high tem-

nerature ic neceded Ffor chemical reactions. Quite often,

1.2 Avnlications

The fast growth of the automobile industry required

L
}4.

ctudies of mechanical behavior of cteel in thermal cracking

cquinnent which is ured for maling gasoline, rrd hence it
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the »roblewns of buckling in ©

~

criert has dbeen Jllirecied wvoward the develowaent of

Luecn e

nev ligth struciural ne

The Iregsure Vesaoel Tleseach Commi-
ezearcn Councill has conducad investigations on the creew

~

runture onardiac of areccure vessels for use in nuclear
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2.1 Renrerentation of Creen .a

A number of differ:=nt ervrecions have been nrorose” Tor
the renrecentation of creen tensile curvas.

The creen strain at conztant streses in metals, at tem-
neraturec far below the melting »oint, iz writften as:

€., = eong(af4ﬂ) (2a)

a conctant and €0 1s the initial cree» strain,

ome of which may be recoverable (/) (5). Creep curves at

» Semveratures, are written by e~

=

concetant stresz, at higher %o

.

Preccions of the Torm:

éc, = €o +ZaLfm‘. -f—Zb_/t-”J 2-'3)
J::/

¢ =)
oM L I n; >

vwhere m;,n; are constantc. The coifficients 4; ,

Qct

contain the effectz of temnerature and ctresce (8) (7) {4)

N



[ - 2 - : -
.one rorzarentro

a~:
[ ] . .
Gc::.ASIf);‘L é > (Ze,
o
where A and &, devnend umon tenverature (9}
o .

Other worlkers have been able 1o reoresent creen data of
alnost all »ure metalr and manv solid-solution allove by

nlotw

Lde

ng:

] AH/R T
€. versvs e .
5
. AH/RT ’
Z, versus e.e

T

where I nay be interpreted as an activation energy, 2 ic
the gac constant, and T the absolute tenmvnerature. The re»s-
recentation is used above C.6 the absolute melting tember-
ature (17).

Cther researchers have found the strese dendiilence to

be given by a rirese-dernend=nt activation energy:

. CAH+£CI1 /RT (22)
6(: = Ac /



inere A i~ a con-tant (11, (12..

i.anv worrerc have “ircurred the ~trere denendence of
creen, but the noct uceful emmirical generalization i that
minimum creen rate~ (~teady-ctate creer rates) arc reore-

~ented bv the exvrersion:

(déc) — (éc,Dm,',, = Bdﬂ (’:_/
dt “min

where & ic rtress and B and n are conctantcs. The two con-
~tant depend uvon temperature.

A ureful avnrovimation for fome engineering vurn»ores
is the revresentation of the entire creevn by steady-state

flow:

It ie very important to indicate that small changes in
ctrese, temberature, comvozition, heat treatment, or method
of manufacture may greatly influence creep behavior, and
hence a =imvnle empirical exvression for the creep data may
be adequate for rational design.

The treatment of creev based on data obtained from



conrtant-ctrecss creen test in uniaxial tencion can be ucsed

to nredict the creev straln in another tyne of loadineg.

2=1)

{m “he -5 or han?, relaxation test ldata (Fig. 2

(17) (14) and ruvnture stress data (Fig. 2-2) (15) (164) (17}
can correlate with constant-stress creep laws for the calcu
lation of creen =ztralns and stressces for the general case

0f steadv-ctate and noasteady =tate multiaxial creep (12)

(19) (27).

O
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2,1 Uniaxial Strecc an® Genoral Sontditionc

The treatment of creep, in general, hac been bacze? on

R

data obtained from conctant-atress test in unianial tencion.

(D

Thie is the moot common tvpe of creen tent and 2nables the
creen nNronerties of a naterial to be astudied in the cinnlaect
noceibhle manner.

Fractical design vproblems usually involve a more com-
nlax stress state than constant-stress uniaxial tension,
and thus it ic necessary to use the creen data in tencion
for the general case of steady-state and nonsteady-state
multiaxial creemn,

It is assumed that tension tests are available for the
temverature at which we wich to make the rtrecs analysice
and that the data have been extranpolated, if necescary, to
the time duration of interest. Unless otherwise =stated,
the temverature is taken as constant.

The »nrocedure to be followed is basically that of Jiti

ing an emvnirical emprezsion to revresent the exverimental
constant-astress tension~creen data and with certain as-

sumntions annlying it to vroblems of varying combined
stresses. Ac a Tirst steo we must decide upon the accuracy
with which the cxzw»oression will represent the data.

As we indicated in the Section 2.1,small changes in



he wvariablas may zreatl:r inlluence crenn» behavior, ant .
hance a ~imrla annirical oxoroecrion for the creen data nav

If the cree> curves chow a well-defined reglion of
~teadv-ntate cresen, az illustrated in iz, -1, decign nay

[y

often bhe baged on only cteady-state creen and a relation-
chin can he written for the strain rate in terms only of
atrers., In this caze the strain rate is azscuned to be a

function only of stress, and the creen curves are renresent

ed by the lines A and B shovm in Pig. 2-1. =s¥orescions for
the denendence of creen rate on ctrese have beernn indicated

in the Section 2.1 (Zgz: (2a), (2b), (2c), (2a), (2e),

(2-1) and (2-2) . Attemdts have been made to Jjustify all
these eauations on Dhyeical grow:ds, but 2g. (2-2) is usu-
ally the cariect to uese and normally gives a caticfactory

o
bs v D]

fit to the data eiiecnt nerhans at low atresce
“he Zg. (2-2) has formed the bacic for most creen cal-
culations in the literature. “Then creen data follow the
general chane of flg. 3-1, and when steady-state cree»
conatributes most of the strain, this typne of revnresentation
chould be cuite adequate. An additional simplification is
made 1n many caces Dby neglecting elastic strain, but this
cannot be done im »Hroblegns involving the relaxration of in-

itial strains by creen.
An unrer limit for the creen» rtrain at a ziven time

can be obtained by uring the liners C and D in Pig. 3-1 as



anrorimation~ to the creew curve. Thi~ an>roach ercen-
tiall:r treat tran-ient ctrain ac an inctantancour effect
an® combine~ it with anv initial nlartic rtrain (Fisg. °=-2).
The total initiai ~train can then be renrerented in the
~ame manner ar creen rater, for erramnle, ar a nower func-
tion of ritrers. ‘e can conclude thew this method will
imnrove the accuracy of vrediction at longer timer and
will wrovide an unoer Limit for the dicwlacement but will
not he catisfactory for accurate vredictions in the region
of primary creen (Fig. 3-2}.

If the cteady--tate type of revrecentation ir ina-
deguate, we nmurt loolr for another relation (time hardening
=train har@ening, razcoverable =train incldﬁed)which will
predict the creen rate in terms of other vgriableg in ad-
dition to the ctress. This relation, which will be obtain-
ed from constant-=trecs ftenclon tests, should also predict
the creen rate afiter a neriod of varying streses (1%).

iven Ffor materials which do zhow a region of steady-
mtate creep, an accurate strain vprediction may require

congideration of initlal elastic and vlastic straine as

well as trans’ent creen (Fig. 3-2).

3.2 Lultiarigl Stress Analysis

In the stress analysis of elastic systems in equilib-

rium, the effects of separate stresses can be evaluated

12



~enaratelv and then ad’ed to find the effect combine?d

®

ctrece cvoten (method of cunecrvorition). Under creen con-

ditions, on the oiher hanid, the relationzhin between
S
ctrece and oitrain rate 1= generally nonlinear and the

me v nod of cumdernozition cannot be used. The stresses

it be congidered as a combined effect, rather ©

ratilsy, which greatly complicates the creen-ztrecs analy-

cir. In thic analyeic e conzider solutionz for the cacse
0f cieady-atate creen (strain ratez depending only on the

ctreacer) and assune an izotrovic material (the same mate-
rial »ronerties in all directlons). The

el

lation ir Tairly well conTirmed by exoeriment and 1s ale-

-

el

vate for a larze number of engineering adnlicationa.

In calculationr of elactic deformation the hictory
of leoading ir not imvmortant, and the strain at a given time
maxr be related to the sitrese at that time. lowever, in
nonelactic deformation the history of loading is important,
and it 1z vreferable to relate strecss to increments of
~train. It 1s convenient, therefore, in develovpment a ::
cree» analysis, to worl: with the strain increments in u-
nits time or, 1in other words, in units of strain rates.

During elastic deformation of most materials (the

outstanding evecption being rubbery materials), the volume



ic not maintained constant. The largely plactic cdeform-

4

ation chararteristic of rteady creer ig found in conrtract

(R}

not to involve anvreclable velune changes. 17 the »rinci-

*.

ctrain 7o not rotate during the creemn, it ic

noscible to erpress the volume conctancy by the relation:

[(l"'é’a)(f‘*‘é'z)(l-f—ég)J = | ("1
P/as-{_lc '

“hich can be written av, (€, + €2+ €5) = o , if

pla s'ﬁc
the strain are cmall commared with unizty, which ig ucuslly

he cace. Since we have acgumed that the »nrincinal ctrair

—

arzec do not rotate during deformation, the nreceding exnreg

csion nay be {ifferentiated directly with recnect to time to
ochtalin:

L ] Y o

€, + €2+ €4 = O (P-2;

[ 4 L
1 » €z and €5 are the creen cirain ratec. Although

m

where,
the equations in thir enalysic annly strictly only to.
cacers in which the vincivmal atrain directione do not ro-

7 that they will be good a»mroirmationz

even 1f this ig not the case, e,7., in torsion.
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~ AT P eI BRY -7 -
Tomirdine ae, (7=2) ant (7=

€, = 2/3c(d - //szz+¢3))
é"z = 2/3 c (42 - /2 (é3+¢€,)) (-

€s = 2/3 ¢ (da- V2 Cé1+42))

The mroblem ig now one of identifyving C, and thic requirern

come lnowledge of the creem behavior of the material.
Cne -rocedurs ic tc follow the methods deavelovwed for

the »nlactic deformation of ductile metals at temveraturer

belowr the creen ransge and define the cuvantity:

191
n2

/2
e¥= 1z E (-¢2)%+ Cdz—¢3D%+ u;-d,)?_] (m=2

= often assumed and fairly well confirmed by exveriment

,_h

It

* . . e ..
67 deternines the ability of a multiaxial stresc state

t

hat

ot

-t.
to rroduce rielding and czuboequent mnlastic flow (21).

Corresnonding quantities in terms of strain rates amd

I_J
i



~trainc can he ‘a2fine? acs:

" T e
e’ = 1/5/3 [(6,—62) ‘f‘CEz—EB)-O-CGs—é/) ] (_

3 T 2 2 2 '/Z S _m S
€ = l/-2/3 L(&-,—éz) +<€z—€3) +CE3-€1)J (7-ra.

and it has been shown by exveriment (22) that in steady-

etate multiaxial creen:

the firet nlace at which the analyveis has been re-
cstricted to steadv-state creevn (strain rate denending only

on ctrecs)

?.2.2 Soderbergs Anproach

Thie avnproach is baged on lLilses invariant 2qs. (3-
5) and (3-6) according to the following considerations (23)
The numerical factors in #Zges. (3-5) and (3-8) are cho-

cen ~o that in a tenrcion test with strecs &, and strain rate

€, > é; = & * an®t €&, = € ¥, and thus the relation

v

e



* ¥ . . 2 . . 2 . - 2 //Z
e¥ = Vz2/3 [Cél-éz) +(€2-€x3)+(€3-€,D 1 (-

* T 2 2 2 '/2 oA
€ =vz/3 L&-Ez} +(€2-€3) +Ce3_e,)J (T-ra,

and it has been chown by exveriment (22) that in steady-

estate multiaxlal creew:

e® o £ Ce®

Thi

6]

is the firet nlace at which the analyesis has been re-
tricted 1o

]

steady-state creev (strain rate denending only
on =tress)

2,2.2 Soderberg Apnroach

Thie avnproach is based on lilses invariant

Zqa. (3-
5) and (3=6)

according to the following considerations (23)

The numerical factors in Zqe. (3-5) and (3-6) are cho-

csen o that in a tension test with strecs &, and strain rate

€, é; = € * an?® €&, = € ¥, and thus the relation



07 0. (?=7) can be obtaineil Jirectly “rom a ten~ion tert.

I

Then, combining la-~. (3=t} and (°-7), C

an® hence

él=£._.< —//ZCJz"JSD)

2—//2(434-4,)) (7=

éz:

M.
W
I

<3 (¢

PES
= €% (¢s—1/2(di+d2)
P

Before Zar. (2=8; can be ured to calculate creen
to be inserted in-

~trains, a definite relationshi» has

stead of To. (2=7). As a multiaxial comtervart of Zg. (2-
2) we take:
e n
6 — Bé* (_O\
- P
(2¢) or

although an exvression corresponding to either Ho.

(2e) could be taken if it gave a better fit to the data.



Jombining La-. (©=- an? (°=2) lea?s to
. n-
é,:Bé* d1—1/2 (2+ €3)

. n-i
€2 = BS™ 2 - /2 (43—;—4,)) ("ot

€s = BZ* 43—//2<41+dz)

where é’*is defined by Z (?-5), and we are finally in a

te)

nosition +to calculate nultia-ial cree» sirains. The colu-
tione are limited in the came way as the constant-strain
rate uniaxial analycis indicated in Section 3.1. They are
accurate only when steadv-state cfeep predoﬁinates. in
ctatically indeterminate wroblemg they will not give infor-
mation about the relaxation of initial elastic strésses
with time but will enable to carry out the calculation of
the rteady~-state etreses distribution after relaxation has

occured.

7.2.72 Bailev Avnvnroach

This avproach vresents another method of obtaining

creen rates under multiaxial stress. Bailey's equation



(22) corre~zonding to the it o7 oo, (2-17) ir:

€ =& 4*”((4—423"'2 (et (11
2

where n i determined from a crecp test in torsion.

The methods of Soderberg ang Bailay differ very little
and afe in rearonable agreement with experiment. A compar-
iron of the nredictions of Zge. (3-10) and (3-11) has been
made by come authors (24) who chowed that the difference
between them ir s1all and hence the simdnler set of Zge. (3-

n

10) ir to bhe wreferred.

2.2 Laxinun Shear Stress Avnnroach

Thir anproacnh relater ~tressec and strain rates in
~ome other manner than by Iq. (3-5) and (3-6). It follows
the theory which =svtates that only the marzimun shear stress
determines the ability of a nultiaxial gtress system to

cauce vielding and nlastic deformation.

o
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ere €, 242 D3 , we have, inctead Zg (3-7), (17):

él = 26*' (4,— 1/2 (&2 +43))
3 &*/

boze* <42—Vz(43+a)) (=17
3 g*!

In »robleme where the other €, > &2 > és does not

change during the tact, Zgs. (2-13) may bhe eacier +to handle

1.

than So0. (3=2).

The evidence indicates that the st'ain rasves in steady-~
ctate nultliaiial streac test correlate better on the basis
of the invariant (Soderberg Annroach) than by using the
marzinun shear strecs condition.

A comnarision of exverimental strain rates and vnredicti
ed sitrain rates by »receding avproaches for biarial stress

cstate can be seen in the Wable 3-1 (25).



The effTects of combinel ~trecss can be ceen nore clear-
v b conridaring biasial creen with é3 =0 and-/<Lé3y,<|

eneral cace of triazial sitreco €3<Ld2 <4,

el o
Actnall:y 1ittle loss of generalit:y ic involved, since a
hvdrostatic commonent, which does not influence nlastic

Tlovw, can be csubtracted from a otress gtatz 1o
(&1—¢3) , (d2-d3 ), and 2, as the »rincinal ctresses used for

calenlation of wnl-stic sotrains (12)

~ )

bl
R

Tor da3 = o in Zgs. (3-17; we obtain

n-J
€ =BC4,2—-(/(2+42_2) 2 C(/—ﬁ)
_ 2
M 2 2 ’2._—_-!- - N
éZ. = B ((I —d:dz. -+ 42 ) 2 42 —_ﬁf__) (j-l"-",f
' 2

-1
€3 = BC(:Z—(/dzﬁ-az_z)nz (‘. 4/—42)
2

writing the stresc ratio 2 /d) = o< (where —/=< < [)

Y

uced by the stress €, acting in

8
=3
o,
ct
5
{D
1
cl
d
3
1Y)
N
3
-
)
cl
()
[$]
L}
O
[

8]
™
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& E
: p=1
€2 _ (1—=<+=<2)2 (ot —_t (moiz

.

L ]
(nume?icallv)fs €, for —/ L= £ I/2 while €Es i
the largest Tor l/z=e< = [ . “hic latter strain rate ico
negative 17 &, ie a tencile stress. These resulto follow

directly From the ascsumntion of conctant volunae that 1s

made in obtaining g. (3=2).

AN

"he lawrge changes in otrain rate which may be vroduced

r g

e immortance of sotimating corvectly
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-n stea~ turbines, ~all clearances muct be main-
3 ~ REEEN ~ T N 3 —~ -
talina’ throuvgrout a2 lonT onera

~
d

nhe baric of verw ~mall crec™ rater.

men~ional tolerances ic relatively uninmror
dition to be avoided 1o runture within the decign 1ile.
~The efficient choice of high-temmerature bolting

~teels requirers relaration test data or thelr »redictlon

from conctant-ctrccoce creexn data.

0]

-The derign stress for slender memhers carrying a
commrecrive load may have to be baced on buckling concid-
eracione.

In all cares, excent »nerhavs those in which ruptureaif

KN
v

e basic of design, the alloawable stresses will have to

has
)

be barced on creecn data combined to come ertent with strecs
analvraie,

Jhen rurture, rather than excessive strain, ic the con
dition to be avoided, the design ig faced with the »redict-
ion of runture 1life under multiaxial ctreas.

The derign stresse chosen for a vnart may denend greatly
on the onportunity for insvection and the convenience of
reﬂlécement or renair 1f reguired. The hazards and inconven
lencar ascociated with failure nmust also be evaluated. Tor
eramnle, we nay comware the operation of Dower/station with

that of an 01l refinery or a chemical nlant. Feriodic

o

'..

:hutiownP in refineries and chemical nlants usually —ermit

245
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iremaction, arn’ tarts ohowing orcorclve croo s can be roroved

or romairsed. covear-~tation chutiome-, on tnia other han i,
arns urually at less freguent intervalec, ur-thoarooras, an

rvice by failures woulld Dbe more critical

(D

interr mtion of
in a mublic rower rtiation ther in a »rivate ~lant. As a
rerult of there considerations, *the o0il industry ucec ler-
concervative stresces than nower nlants. rfotential
ir alco of immortance in this connection.
failure in an 0il crac%ing furnace or csunerhecated steam tube
would be a'great deal lersc dangerous than one in an ex
0%1 transfer line or main stean nine, and hence the al
ahle ctrecces chould be nodified accordinzly
The lifetime for which a vnit in designed 1= of obvi-
ou- importance in chooring allowable ~tresces apd materialr.
For units with a chort derdsn life, a conciderable increace
in derign ctresz can often be obtained by adequate heat
treatment. A cimilar increace Ffor units with an exoected
life of, ray, 170,200 Hre., is limited by the uncertainty
in predicting material behavior over an extended vneriod.

The decign 1life will alco influence the aitent to

S

which chort-time vronerties, such as vield ctrerngth or ten-

<

le strength, are ilmnortant commared with long-tine pron-

fre
®

D

rties, such agc creen or runture life.
Fluctuating strees and temmerature conditions are en-
countered in many awnnlications (18) (26) (27). Tor examnle,

/

the "rescsure and ltemnerature in a nower nlant may Tluctuate

27



A
<

to ~uit loal roaulrencnts or “he cirecs in g Turnacce tubs
vntar conttant Yreccure hut will increase if the wall
thiclnecs is reduce” by corrocion.

There are many other FTactors to be considered in ma-

cc for ele-~

n

terial rcelection and choice of degign stres
vated temvnerature annlications, which may have wonsibl-
interrelation with creomn.

aratures introduce the re-

A
ot
6]

cm

'3
D

n many cases elavate:

lated wroblem of thermal strecces. In this case, thermal

l)

—

conductivity, chort-tims te: 2 rmtrength, termal-cupansion

1 oo

coefficieont, ~urfacz heat-trancfer coefficisnva, and c2lac-

tic conrtante may govern the cholce of materials (12) (23)

o

resictance of a noterial to mechanical chock, or
imvnact, must be adequate at the onerating temneraltue and on

subseguent cooling (13) (31). This ic Imvortant for metale
which may chow embritlement after extended perizde at high
temmerature.

Three other factors, corrosion and oxidation (1&8) (32)

@D

-
(5]
S
L
W)
A
S
Py
N

N
~
N
D
~J
N

(22) (2 Tatvigus and Jlanping canacity (

bl

(22) an? irradation (1Z) (29) (o) (41), while iavortant in

o 1

themrelves, may also influence o =ome extent the creen

hahavior o a maserial.

Y

The avallabhllity of materialc and thetr cort are imbvor

tant, and there may be caces where ccononic consliderations

) fa) w

and avalilability of creen-recictant materials nay ctate

£
[

2



. e e . SN
the (wvrica 20 o tatorial ant decisn ctrec-es (02, (B0 (L),
5 P IR B S PO - e 308 . L A~ 3

Th oatdition to neeting coct regulirenentsc and having
L LI 1 JK O, . e - N 1\ - L 2
~vitabhle hish=temerature wroderties, the chocen nacerial

muet be mosrible to fabricate by the adironiate Tforiing
onerations, including welding, if nececscary. Generally,
the »roblems of Tabrication increase as the material be-

comes nore creen-resistant.

b.2.1.2 Tenneratures and Docign Stresces
In moeot annlications of ateel, creen ie not imnortant
in Az2cign at ambient temmeraturer, while at cufficiently
niogh tereratures the decizn may have to h2 baced wholly on

creem conclceretions. Mor the lntermedlate range of tem-

o,

neratures the declisner nust decide on the relavive imvor-

Ll
“’
(e}
=
o
o
<,
ot
:,_
=
&

!
[

tance of short-time nrovnerties (vield »noint, v
th) and creen »rownerties ( rupture life, creen rate).
An snalysic of the tempneratures and design ctresser

can thur he baced, rather arbitrarily, on thres

-Short-time »ronertiecs are imnortant.

=Joth chort-time and creen »ronerties are important

-Creen Drozerties are im»ortant.

N
o}
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ctreacos for welded carbon-steel bhoileore and —reccure ver-

~ole a1l has ~iven 875°7 as the uner temverature limit for
whiech short-tine "roerivies are immortant. e 1linit o

thic range ie often talen 28 A50 T rather than the value
0 #7E®T yroviourly indicated, but Clariz (446) han stated

that for lovr-=allow ciesls 1his is very conservativae and

X N r - Vst N
a0 A German Cofe for Creen Testing of Itecl (7))
~tates that the vield »oint dzsternined in a chort-tine test

sive~ denendable information on the hehavior under ctatic
] . ) o - - - 5
tencile loads only um to about 6627 P For nlain carbon steels

LT ) 3 . oy ‘:— - I
nd mossibly un to about 42T Tor allov steels.

o

-
\.J

I

Phe ASLE "Unfired rrecsure Vegcsel Code" (470) and the
ASITD "3oiler Code™ both ewecify that below the creen range
the allowrable strecrers are the lowecst obtained from:

-25 mer cent of the gnecified minimum tencile
strenstn at room ten ature
~2% mer cont of the nininum exnected tenszile
\

62 1/2 wer cent of the minimun exnecLOG.gl 1ad

~trength for .2 per cent offset, at temneraturs



T 2hova vealuos avntlr to the vanca I ocohich onlts ot
STNCITT=GANs TroTtarTier nest Do concllored. 10 UosT reculto
for ch oneclilTic naterial el to 2otablich hotior tho un-
cer Xindit of the tommerature range in which only chort-time

nronertisr arc immortant. For ertannle, in the test realiz

(
[

(46 on a carbon ~teel (2.15° C), on an 1i=-" ctainlecs steel

-Carbon Stoel at O°00 and 77,000 mel
3 I 9 - R k]
=12=-" Stainlesc cteel at L00 P etreceed to the yield
1
oint
et .’\1 - o 1 A ! 1 O -~ ~ AN
-0 cteel at fand at 1,0 T and 52,000 »ei,
the folloving rarulics were obtained:
The carbon cteel elonzated to .39 nar cent but showed

"The 10-9 stainless steel gave a strain of ©.224 ner

cent after 5 Hrc and no anpreciable elongation thereafter.

K -

~9 . 4 . ~ . .
zel (at 520 P ad 30,200 nsi) gave a strain of

b

The .0 o

.25 mer cent, nont of which had ocurred in the first few
hours and the crean rate was not nmeasurable

In the o cteel (at 1,222 amd 52,000 »si), Tailure

occured in 117 hre

As the etrecres Tor all three materials are well above

miven by the"ASIID Unfired lressure Vecsel Code",

o

ve would conclude that design could be baced only on chort-

7
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cLTe TTToTteriios U o at lozon N Y Tor the Cardhon sitoel

AT A ] e A I Y e aea o matanials
an av Jdear COXY Cllg OWsner UUVO nowerla .

o —— o - -, —~ - .. - L
necn chort-tine wrovertier, ac feor onantle Tthe nlti-

. KN R S S N - b ! RN - -~ oy -
nate tensile oironstn, wact bHe Jeterninad at the deslnn Gon

Sorature.  The forezoing anal:cin annlics to holilers ant

Droaccure veocelo.,  In oantlications involving nigner sirenc-
~ o N ehoarter liver than treocur raceaaln 3 rmsr Aot PA
Z QN7 SN0 TNT LAVET v.ran Teooure VC Ty 20 ay niot Do

ERS WP 9 L. N - oo - - -y ORI A4 . e
woooible 1o neglact creen nronertian at

! . - . . . . ) -
o200 Uamnsraturss at which Both Short-2ine and
Crasn Froderties Svre Tmoortant ans ‘their

] ]

Terithol (M2) har discussed the allowable nembransz
ctrecces for welded carbon-cteel boilers and »recsure ves-—
cels and nar found that beyond 575 °T to 750°F, the stregs-
strain curve for carbon steel shows no real vield point,
and hence, both short-time and creen properties are impor-
tant.

The internediate range in wvhich both elastic and »nlacs-
tic proverties are impvortant ic more difficult to define.
The "ASIZ Unfired Precsure Vezsel Code", cspecifies that:

-In the trancition range of temveratures, the stress

[N

allowances were linited to values obtained fron

a cmooth curve, Jjoining the valucs for the low and

g

i

high temmerature ranges, the curve lying on or

~2



“ - P By - ! Kl T <0 S
below Tra ocurve of D2 1/2 ox o cent of tie liylivon
- - . ~r Pl B e B N - .t N !

aizmecteT ricld olronsin ot tenrorature.

ene L S [ T A RN 3 gy Ol .
Are ‘nhortant and Yhelir Jeoimm Streccaorc,
bt ~ N s A i 1.7 - . - .
Tercliel (MhF) hae dircucra2d tha allowabls menbrarc
chrarrer Tor wallied corhon oteel holllre and wranture vos-
P S A RGN EIE SR R Rt h vamT At~ mm T et A
ol enT. o nas oV, TNt anovs /L 0 COomMTALSNCS molalliattllorn Ol

can bo harv

Voorel Codo®™ Tor the uviser

only crosm ".‘”O'T‘O]""‘Jiﬁ.’ nne’
N -Z-n ,\“'\fjﬂhﬁ'v’ 1) o -t"w rtram e ra i o ‘\ﬁ Nacad
—iils ll-'-;_—_‘;ll L SO AR A PR VAR ) ne JUreos values arc panca
. IR FERN e - . -
on nar cent of the strecs to ~roduce a crecen
- - Ba T - - R, "y e -1 - 1 ~
rate of 1/107 ~oxr 1,070 hourn; Tthe valuer o choszh

-

being based on a concervative average of many re-

worted terte acs evaluated by the cubcormitee; great-
ter weight being given to longer tince tests in eval
vating data.  In addition to the abhove~ciated crees

ctrength requirenents, stress valuess were alco lim-

ited to 170 of the ctress to nroduce runture at the

hours; the values =0 chosen being
baced on a concervative average as evaluated by the

subceocnnitiee.

L

-~



Co"a2"™ gllowe the ranze ctrooo ba- 2
on cre~n cirain but ornly 60 wer cent of the averase, or 7C
ner cent of the minimum ~tre~~ to cau-e runtue in 177,707
roures. As the creen-ctrecc linit is urually consiterably
lower than Tor ruwture, the two coder often leadl to the
~ame decign valuer.

The choice of thz above valucs doese not necee zraily
mesn 4+ the vessel will chow 1 mer cent of strain or riin-
ture in 1N7,000 hours. Service temmeraturers and oreccurecs
are uvsusgll>- 12~ thar “ecign values; wall thicknesces are
often increarszsd by corrosion allowance, and material »ron-

2

ertire are ucually above those =z ecified, all of which re-

csulte in an increacsed Tactor of steady,

N

To illuctrate come of the vreceding analysis, the

change in tenrile strength, viel strength, rupture strength

an’ creen ~trength with the Samperature and the ASi.Z code

Y

allowable ctrere for a 5 Cr-0.57 L0 steel are drawn in Fig.

lia1 (18) from the data given by Clark (46). It in interes

7
lct

ing to note the dacreare in the allowable strecs given by
the code which talte »lace above the temverature at which
long~-time an? rhort-time wronerties coincide.

Tha code reauircments anoly to vessels and boilers with

g o

an evnected life of at leact 107,000 hours. The general

[l

nethod migrt aleo be andlied to the desisgn of a wnit in-
tended for a chorter life of, s=ay, 1,700 hours.

n the low-temnerature range the elastic stresses are

r\."
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In the Intermaiiate-temneratur2 range the ctrecnos arc

chtaine bv Aravinsg a ~mooth curve hetween the hish and low

Terwergture value

Tho torme of avnlication wwill, of course, infl o znce thae
cholece of a cafaty factor in the lov-tennoratirs ranse and
Tt
the ervent to wihich cresn oftrain or runturs is imsortant.
S e d - 3 o
ho2.2 Depizn Conditions
bh,2.2.1 Decign Criterion

1‘»
)
.l

4
-t
D
]
(D]
&
3
o
)
O
=

e

Jecign must he bacesd on the marinun nermicreible cre

6]

en

rat

®
T]

=, an’ thue the strescer are ba~2d on the nermirsible
~train or runture 1lifs in 177,777 houre.
it i# considered that constant-strcsr tenrion-cresn

data arc available for the temperature at which we wich to

nalze the =trers analvyeic and that the data have been evtra-
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~olate?, iF necarcarst, to the tine Turation of ‘ntera~t.,

talilen ar con-

N
&)
D
o
]
)
D
N
O]
c
jt
D]
b
},_J
3

mla~r otharvico ~tated,

~“tant.

h,2.2.2 Crecen Tvne

It ir assumed that the creen curves from test data

!

chow: <211 1efined region of rcteady~-ctate creen, and that
thi- latter contributes mort of the strain; hence, derign
mav he hased on only atecadv-cotate creen.

Ar we hava scen, ~mall changer 1n such variables as
atrec~, temmerature, comporition, heat treatment, or method
of manufacture may greatly influence cree» behavior, and
hence a ~ianle emnirical exrvreszion for creen data may be

=

adzaovate for rational design.
ho2.2.7 Acoroach

e uze the Soderberg Anoroach baced on hilses invariant
(ﬂqs. (3-5) and (3~6)) , which iz accurate only when
cteadv-ctate creep oredoninate. The mothods of Soderberg
and Baillar ¢iffer very 1little and are in reasonabls agrse-
ment with exwveriment. However the Soderberg aniroach isg to
be mreferred because 1t has gim»ler equations.

The evidencé alco indicatee that the strain rates in

cteadv-ctate multiaxial stress ~t2 correlate better on the

(DR
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Conditions of Steady-State Creep.
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STRAIN (€ )

Primary

/// Secondary

x.,»‘Fracture

Elastic recovery

Initial Plastic Strain
Initial Elastic Strain

T—--Wr----;—

Permanent Plastic Strain

TIME (t)

Figure 1-1. Schematic creep curve. Dashed line shows

behavior on unloading.
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FPigure 1-2. Schematic relaxation curve.
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1 1 L 1 1
0.001 0.01 J.1 1.0 10 100 Rubber
0.1 1.0 10.0 100 1000 10,000 Steel
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igure 2-1. Relaxation curves: (=a) gar?o Steel
at 850 F, initial stress 10,000 psi); b? Tread

rubber (at 130 C, initial elongation 50 per cent)
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Stress, (1,000 psi) Steel & Reinforced Plast.

Stress, KG,/CM2
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(v’
|
1 10 100 1,000 10,000 Steel & Plastic
10 100 1,000 10,000 100,000  Asphalt

TIME, HOURS

Figure 2-2. Tyopical tensile stress—rupture data:
(a) Asphalt (pitch—type bitumen); (b) killed carbon
steel (Timken Roller 3earing Co); (c) Reinforced
plastic (polyester fiberglass laminate)

50



CREEP STRAII!

TIME

Figure 3~1. Schematic creev curves for two

stresses: (A) and (B), method of idealizin as

steady-state. : .
(€) and (D), as steadv state plus lumved
Tpansient creep.
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Figure 3-2. Creep curve showing initial elastic and
plastic strains as well as transient creep.
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Figure 4-1. Change of the different stress values
with temperature and the ASME code allowable
stresses for 5 Cr-0.5 M steel
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Figure 12-2. Cylindrical Surface (Part No 1)
Toroidal Surface (Part No 2), and Spherical
Surface (Part No 3)

-

73 )



Figure 12-3. Creen curve from test data of 4-Cr M
Steel (Testing conditions: 1,100 F, 8,000 psi)
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