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ABSTRACT

To simulate the cyclical creep conditions, creep-rupture tests of up to 20 000 h
under rectangular cyclically changed stress or temperature were carried out for
six heat resistant steels with a low number of cycles to rupture. The resultant
life under cyclically changed stress or temperature was found to be markedly
shorter than that calculated according to the life fraction rule, and dependent on
the various parameters of the rectangular cycle. The life fraction rule modified
by constants can be used for design purposes.

To simulate the service conditions at the heated surfaces of heavy components
where creep-fatigue interaction occurs, a test programme comprising strain
controlled anisothermal service-type cycles, comparable isothermal cycles and
similar tests comprising packages of strain cycles alternating with packages of
creep steps was established. The results obtained to date indicate that package-
type testing produces good agreement with comparable continuous cycling. An
evaluation of the test results on the basis of the generalised damage accumulation
rule revealed a wide scatter of relative life values centered on a value below
unity.
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INTRODUCTION

High-temperature machines and plants are generally operated with cyclically
changing power. At the heated surfaces of heavy components, these cyclical
changes lead to temperature transients and thus strain cycles such as are sche-
matically shown in Fig. 1. A simplification thereof leads to schematic strain
cycles of the type illustrated in Fig. 2, thatis, to service-type strain controlled
tests. When the strain ranges become small, as is to be expected under long-
term loadings, alternating strain approximates variable creep conditions.
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€ Fig. 2. Example of an anisothermal strain controlled service-type test
1 1"‘—" cycle and course of resultant stress G for a 1 Cr-Mo-Ni-V tur-
the bine rotor steel.
Fig. 1. Course of temperature T and resultant total strain € versus time t rupture s symbol and range
during a service cycle of a heavy component. g‘ R o ke e definition 9
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- ied out as interrupted tests. Multi-specimen =
The c'reep rupture tests v'vere.carr a p p stress change q,:'—l———nﬂm 0 25,60,100 %/,
machines were used for time intervals of more than about 100 h. In such cases, 0,
the test machine was changed to vary the temperature, and the specimen string I temperators
i d t d tem- = al=1~ 1y 25,5075 or 100K
was changed to vary the stress. In all tests, only time under stress an em o change
perature contributed to the rupture time. The tests were carried out with the — limiting T (.00 ;
six typical heat resistant steels shown in Table 1, whereby the specimens were variable ruplure time o= 115.05) 10to10° h
in each case taken from one heat of the steel in question. The chemical compo- temperature Bl . . S s
sition, heat treatment and mechanical properties of the tested steels were within 1 ! ’ U T° H6 ruplure N, 3 to 30 cycles
the usual ranges. Details of the test method and test materials were published -t t, :
earlier (Wiegand, Granacher and Sander, 1975). rupture time measured: t., (100 to 20000 h
! under variable
3 e ¢ byt
stressO; temperature T, time t; conditions life froc-y . __ "rt" 72
index 1: basic condition tion rute: ™"t oxll,- 1]
index 2: peak condition relative life Ly=ft/t=t /7t
Fig. 3. Creep-rupture testing under rectangular cyclical stress or temperature.




2358

2359
TABLE 1 Steels tested under cyclical Creep Conditions o L L
and Material Factors L, L of a factoral Concept for dence limits of the mean and 95% limits of the distribution can be calculated
The mean relative Life SM ™ (Kloos, Granacher and Abelt, 1978). If one then summarises the test results
for all steels, one finds a mean relative life Ligm = 0.65 for variable stress
Type of 0. 3Mo 2.3Cr- | 1ICr-1Mo- | 1Cr-1Mo- [12Cr-1Mo-| 17Cr- and LiTm = 0.85 for variable temperature.
steel 1Mo 0.3V 0.3V, cast v 13Ni-1Mo
LSM 1.03 0.88 1.12 1.03 1.22 0.85 Parameters influencing the mean relative Life of the modified Life Fraction Rule
L 0.92 0.94 1.19 0.99 1,01 0.89 . . .
™™ Further parameters that influence the mean relative life were sought to reduce

the scatter shown in Fig. 4.

There are different rules, some of them complicated, for describing variable
creep rupture behaviour. The most of them were summarised by Manson and
Brown (1958) and van Leeuwen (1965]. Widely used because it is simple to apply
is the life fraction rule 2 t/ t. = 1. According to this rule, time intervals under
constant conditions leading to rupture times tp are to be accumulated. Rupture
occurs when the critical value 1 is reached. When one compares the actual rup-
ture times tpy found in the tests with those calculated according to the life frac-
tion rule tp,’ (Fig. 4), one finds the former to be notably shorter than the latter.
So one can define the relative life as L_ = trv/trv, . Variable stress reduces the
relative life of a steel more than variagle temperature, but the reduction does
not depend on the time to rupture. An obvious course is therefore to apply the
life fraction rule in the form proposed by Mordfin, Halsey and Green (1959),
Dt/ty = Liyy, with the mean relative life L, as a constant. This constant can

For all experiments, four ranges were defined and separately evaluated to ac-
cess the influence of the level and rupture time of the basic condition (G'1, Ty, ty1}
The distribution of the relative life values are shown as a bar graph in Fig. 5.
After making allowances for the confidence limits, both for variable stress and
variable temperature, one finds no great difference between the individual ranges
in respect of mean relative life. The difference between range 2, that which is
mainly important in practice, and the mean value for all four ranges is relative-
ly small. When one compares the distribution of the tests under variable condi-
tions and the distribution of the standard creep-rupture tests conducted on the
same heats, one notes the markedly shorter life and the greater scatter of the
results obtained under variable conditions.

be determined via the distribution of relative life L, from a series of tests. For relative s'g'r’g:;" C";"Pd'efruvv':rfi!n h'l.es's S— :ung'es'@lo@ul ::,s;c ctordition
: : : » or tests under variable stress
the range of parameters covered by the tests, the mean relative life can be esti- life 1, wolvrel  yress temperature with confi- (schematically )
mated as the geometrical mean of the distribution of relative life, and the confi- 201 dence limits 1, Oy
% 95 % B O 0g<01y<0yc
. z limits @ e
10° T z T T ’ *) standard creep gty
Experi- 0l var iable stress { b) variable $ = Lun0851 . rupture tests ranges (D to (Dof basic condition
rmf‘]v;g:le | temperature | 7 p-! Lt It :osrc mﬁmcnlly )m temperature
tme 1, l ] L P 1, measured  |gg,— T
| of tests| . rupture time T Ty TaSTigll,
‘ t,: evaluated o) 1,
rupture time i
0° 02 gt

Fig. 5. Influence of the basic condition on the mean relative life for all tests
on the six steels in Table 1 and according to the test programme in

Fig. 3.
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When one summarises the results of all tests for the different types of steel, one
finds that the individual steels have markedly differing mean relative lives for
variable stress and variable temperature, as shown in Fig. 6. One can there-
fore define the material factors Lgyy and Ly for the influence of the types of

Experimental rupture time over theoretical rupture time steel shown in Table 1.

according to the life fraction rule for all tests on the six
steels in Table 1 and according to the test programme in

The dependence of mean relative life on the so-called cycle parameters peak
Fig. 3.

time proportion x and stress change q; or temperature change AT as established
in all tests is shown in Fig. 7.




2360

relative
life L,

type of
steel

Intluence of type of steel: Lo, =L, /L i Lpg=lyp/ Lypg
47 mean value
number of tests g, N . 205 Ii"l corfic
3 AN “ dence limits
M
DN ] B st
Ls AN 4 N
g ZANC s AN
Z AN variable
? O astress
’ 4,25 10100%
# variable
_ temperature
03Mo | 23Cr-[1Cr-Mo1Cr-Mo- 12Cr- | 17Cr- | all § EAMSIDIM
| 1Mo | 03V |03cast 1Mo-V 13i-Mo| steels

Influence of the type of steel on mean relative life (all

tests according to test programme in Fig. 3).

a)variable stress

b) variable temperature

Fig. 6.
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Influence of the cycle parameters on mean relative life (all tests on

the six steels in Table 1 and according to the test programme in

Fig. 3).

The dependence which was found for the materials as a group was confirmed by

the tendencies in the behaviours of the individual steels.

and Lpc are therefore as shown in Table 2.

The cycle factors Lgc

All remarks until now concerned tests conducted according to Fig. 3, with cycles
beginning with the basic condition.
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TABLE 2 Cycle Factors Lgc and Ly of a factoral Con-
cept for relative Life

Lso Lepge
X
% | ag (%)= 25 60  100| AT (K)= 25 50 100
3 0.69 0.58 0.45 0.88 0.82 0.76
10 0.72 0.64 0.53 0.89 0.84 0.79
30 0.75 0.70 0.62 0.90 0.86 0.82
80 0.84 0.80 0.74 0.93 0.90 0.88

Tests under the same conditions but with cycles that begin with the peak condi-
tion were also carried out. The ratio between rupture time with cycles begin-
ning with a peak condition try 2 1 @nd rupture time with cycles beginning with a
basic condition t,., led to a distribution whose geometrical mean defines a se-
quential factor Lgg or Lpg (Fig. 8).

According to the results obtained until now, the mean relative life with cycles be-
ginning with a peak condition is more likely to be shorter, especially when the
temperature is varied.

2
v | variable variable : mg:n Vﬂl'l_! a5 %
\ stress temperature # with confi- a 2
'; ) dence limits limits
Lgs = 0.94 Lig 081
Lss=094 sequence factors
05+— < Lyg=0.81 for beginning peak condition
number of pairs of .
comp«rublep tests Lss=1 sequencg .luclcrs. -
Lyg=1 for beginning basic condition
all six steels

Fig. 8. Influence of the sequence of basic and peak condition within the

cycle on mean relative life.

The modified Life Fraction Rule in Application

Various concepts for the derivation of the mean relative life to allow application
of the modified life fraction rule can be developed. The simplest but also least
accurate of these is the ''one-value-concept', for which one can derive a constant
Lm = 0.77 from all test results. When one allows for the influence of the se-
quence of loadings in the cycle and the nature of change, one arrives at a ''four-
value-concept'' for computing the mean relative life. Within a wide range of
cycle parameters and for steels of the types investigated, one can state a mean
value of Ligm = 0.65 (0.61) for changing stress and Ly = 0.85 (0. 69) for
changing temperature, whereby the values in parentheses are for cycles begin-
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nig with the peak condition. Finally, there is a "factoral-concept' which also
allows for differing material behaviour and the influence of the cycle parameters.
It can be expressed in the form of Ligy, = Lgy © Lsc © Lss or

LiTm = Ltm LTC - Lrg, with the material factors Lgp; and LTM from Table
1, the cycle factors Lgc and Lpc from Table 2 and the sequential factors Lgg
and Lg from Fig. 8. Fig. 9 shows the distribution of measured rupture time
over calculated rupture time for all tests, the calculations having been carried
out according to the modified life fraction rule with the three different concepts
for mean relative life mentioned above. One notes that use of the factoral-con-
cept leads to a distribution mean of almost unity, whereby the 95%-1limits of the
standard creep-rupture test are no longer greatly exceeded. One can therefore
say that more complicated rules do not appear to offer advantages over the modi-
fied life fraction rule with an experimentally determined mean relative life when
design data concerning creep-rupture are needed.

variable stress
number of tests
2 TW

Distribution of the rela-
tive life : Lat, /t,,

=

b A
0 b4 |
_T8018 NI
= Tl oL
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7N ;§ N “one - value - concept”
! 7 AW AN
N onlllany -
N NIl H/ b) f3 t,, according fo the
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a
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variable " factoral -concept ”
3_1 2 d) I]]] standard creep-rup-
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ﬁ Lt /t,
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05 gk
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type of | 03Mo | 23Cr- [ICr-Mo{1Cr-1Mo-fRC-1Me] 17Cr - | all § [ 95 % -limits
steel 1Mo | 03V -costf ¥ Wi-1Mo | steels
Fig. 9. Distribution of measured rupture time over expected rupture time

for creep rupture tests under rectangular cyclical stress or temper-
ature and for standard creep-rupture tests.

For design purposes, the factoral-concept can be recommended, when the design
data agree with the investigated cycles and materials. This concept is relative
to mean values. When it is used for minimum values, these are to be reduced
by about 15% regarding the larger scatter band under variable conditions. If a
material is only roughly comparable with those investigated until now, the four-
value-concept is more recommendable, whereby the minimum values must be re-
duced by about 20%. When the number of cycles exceeds greatly the range ob-
served (3 to 30) with both these concepts, one should use the smaller Ltm value
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which was calculated for the reverse sequence. In both concepts a value )
tpy’ = trg can be assumed when x is close to 100% and the modified life fraction
rule produces a value of t. < tr2.

Other problems that have yet to be investigated concern the influence of higher
number of cycles and more complicated loading cycles, particularly those with
simultaneous changes in strain and temperature, creep behaviour under variable
conditions and the question of whether the behaviour found for individual heats is
typical of the types of steel in question.

SIMULATION OF SERVICE-TYPE STRAIN CYCLING

Service-Type Strain controlled Fatigue Tests

In the case of creep and high strain fatigue interaction, strain controlled tests
are necessary to gain design data (Timo, 1967, 1971; Schinn and Schieferstein,
1970). Of special interest is the simulation of the loading cycle at the heated sur-
face of heavy components, as shown in Fig. 2. Usually, this cycle is tested by
isothermal high strain fatigue with compressive and tensile hold times only. A
number of problems arise in applying the results of such conventional fatigue
tests: extrapolation to considerable longer hold times is normally necessary,

and assumptions must be made concerning the effects of the full-load phase with
a total strain of zero. Ignoring this phase can lead to an over-estimation of the
component’ s design life, whilst taking this phase into account in the sum of com-
pressive and tensile hold times can produce too conservative results. Another
problem results from the anisothermal nature of the service-type cycle. Some
investigators (Udoguchi, 1971; Lindholm and Davidson, 1973) found that simula-
tion by isothermal testing does not necessarily lead to conservative results, even
if the tests are carried out at the highest cycle temperature.

It is therefore a need to verify the effects of service-type strain cycling by spe-
cial tests. Table 3 shows standardised loading cycles of the type described in
Fig. 2. To abbreviate the tests, the cycle periods were shortened and the strain
ranges were increased. Anisothermal cycles and comparable isothermal cycles
are planned for longest test times of about 3 000 to 10 000 h. The isothermal
cycles are tested at the highest temperature (T = 525 °C) of the anisothermal cy-
cles. In the anisothermal tests, the thermal strain due to the course of test tem-
perature is fully compensated. Test temperature and total axial strain are there-
fore independent test parameters in the servohydraulic test machine used.

Test times of about 30 000 h are provided for by the so-called package-type tests.
These tests are carried out isothermally at 525 °C, in about 10 "test packages'',
following the pattern shown in Fig. 10. Each test package comprises a strain
cycling package and a creep testing package. In the strain cycling package the
cycle period is 0.1 h. This allows for the first part of relaxation in the service-
type cycles. At the end of each strain cycling package, at least one complete cy-
cle giving the "equivalent creep stresses'' Oy 5 and O3 according to the life frac-
tion rule is carried out. The rests of the hold times (th2, th3) neglected in the
strain cycling package are tested in the subsequent creep package, carried out

in a creep testing machine with the stresses G and G'h3. In this manner, the
relaxation strain not covered by the strain cycling package is approximated by
creep strain. A plastic strain reverse closes the hysteresis loop at the beginning
of the following strain cycling package.
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TABLE 3 Test Programme developed for Service-Type
Strain Cycles

Cycl
n::ioed Planned number of cycles ;'
ty () 100 0 1000 3200 | 10000 I 32000
weekly" daily”) 3« daily”
I
0.32 test finished started. planned . in" " §
; -
’j_g__j_—alj'! ’_-_._-:E-a.ﬂ;
‘ an 50 "an150,50 ’ !
|
32 an 150
R
10
I« daily |Q0300 | on 300,150
AT =50k *4 isg )M
32 1000h”
daily planned test
AT500 time ¥ () )
100 32000” | i
Avukly,' ! | Type of cycle
T-300K /l 1 o[ Gn: anisothermal ot Tpee=525°C
10 000 h 320000 7 100 000h temperature range AT:300,150,50 K

s : — iso: isothermal at T=525°C
typical values for service cycles of power stations pa : pockage-type at T 525° C

J:ghc:cles 10 packages tomprising
29 + 3 4 -
penfod = shortened complete “ hgo:szg '
\ Sluh strain . strain creep
‘ b cycles cycles testing
(:/-,) r-—tpﬂﬂh%- E-O‘Ih lp-th 7 (
ac=117% : | U | I's: “t Fen
» L: 3
A}
€ €n® E;. 'E?ﬂ !
400
o
(N 20 9
mm J stress course for steel 1 S
28 CiHoNiV 4 9 L V A—— : —
ol T=525°C k e ta—]
3200h service - type testing =328h strain controlled fatigue testing 4 2451h tension creep testing?

1) plastic strain reverse Ep|, not within the first package
2) within the first package first three cycles being complete cycles
3)420h compression creep testing being omitted and partly replaced by plastic strain reverse !)

Fig. 10. Package-type tests for the simulation of isothermal long-term service-
type loading.
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Fatigue Life in the Strain controlled Tests

The service-type tests were carried out on a 1 Cr-Mo-Ni-V turbine rotor steel.
The specimens (10 mm diameter, about 35 mm gauge length) were taken longi-
tudinally from the peripheral zone of a 400 mm-diameter forged shaft with upper
bainite structure. In the tests, the number of cycles to crack initiation Nj was
defined by a 2% drop of the tensile stress amplitude below the rectilinear relation
between this amplitude and the number of cycles. This corresponds with a crack
depth of about 0.5 mm.

The results of the tests according to Table 3 that have been carried out until
now are listed in Table 4.

TABLE 4 Results of Service-Type Tests on 1Cr-Mo-Ni-V

Steel
Cycle period tp,
planned number of Temperature range AT, total strain range A¢ and
cycles Nj’ and measured number of cycles to crack initiation Nj
planned test time t’ Anisothermal tests| Isothermal Package-type
(Tynax=525 OC) |tests at 525 OC| tests at 525 ©°C
tp Ny’ t’ AT  Ac Ni A€ Nj Acg Ni
h h oc % T T
0.32 10 000 3 200 0.43 2625 0.43 2850
0.32 32001 000 0.52 1305 0.53 1280
1.00 1 000 1 000 50 0.74 606 0.73 450 0.74 475
1.00 10001 000 0.74 400
1.00 3 200 0.53 1103 0.53 1040
3.20 320 1 000 150 1.16 328 1.20 260
3.20 1000 3 200 0.74 363
10. 00 100 1 000 300 2.43 57 2.45 83

The results of comparable tests of a different type are plotted in Fig. 11. If

one proceeds from the anisothermal tests to the comparable isothermal tests
(Fig. 1la), one notes a reduction in the number of cycles to crack initiation when
the smaller strain ranges are observed. Estimates of the anisothermal fatigue
behaviour based on isothermal tests therefore lead to a conservative number of
cycles to crack initiation in the observed range of parameters. Conventional
hold time tests had already proven this for comparable steels (Ewald and others,
1977; Bhongbhibhat, 1979). Conventional hold time tests with the same sum of
tensile and compression hold times as isothermal service-type tests

(the ¥ tht = t1 + tg) produce higher numbers of cycles to crack initiation (Fig. 11b)
and therefore lead to unconservative results. There is a relatively good agree-
ment (Fig. 11lc) between the results of the isothermal service-type tests and the
comparable package-type tests. This confirms the possibility of carrying out
long-term service-type tests utilising servohydraulic machines for only short
times. All statements made up to this point are based on relatively few short-
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total @) anisothermal cycles compared to isothermal cycles Tests according to
strain ol table 3 and ¢
range tp |het3|on. AT= | iso | pa
AE(') 0© 150 50
h K
0 032|007 olod
03 1.0 10,23 O o é
b) isothermal cycles compared fo conventional cycles | 3.2 |072| @ ole
\\g§| | 10 |225 e |6
1
N
@
0.5 T Conventional hold fime tests KN —oo
- the=th ; 'hc,' 'M,’ tp= 225 072 023 OT.Wh
. + t >
c) package- type - cycles compared to isothermal cycles
‘ i
s 0
<) without plastic strain reverse O o
03 b — .
s 0l 1050 3 st E I S
number of cycles to crack initiation N;
Fig. 11. Comparable results of service-type tests and conventional hold-

time tests on the same heat of the 1Cr-Mo-Ni-V steel, conducted
partly by Bhongbhibhat (1979).

term tests extending to about 2 000 h. The long-term tests as shown in Table 3

have been started, to confirm the statements for the lower strain ranges that are
relevant in practice.

Damage Accumulation in Creep-Fatigue Interaction

A life analysis is needed if the test results are to be applied to other load cycles.
In view of the long-term behaviour, the main interest is in the generalised dam-

age accumulation rule Ly + L; = L with the relative fatigue life Ly = 2 N/Nj and

the relative creep-rupture life Lt according to the modified life fraction rule

(Taira, 1962; Sunamoto, Endo and Fujihara, 1973; Sidey, 1977; Batte, Murphy
and Stringer, 1978).

A problem in the use of this rule consists of the partition of damage into a fatigue
portion and a creep portion. The plastic relaxation strain during the hold times

shows strain rates that decrease rapidly with time. One can therefore regard an
initial part of this strain as cyclical plastic strain. A reference fatigue curve for
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a period of 0.1 h was used in the determination olf the relative fatlgue; 1:':.Stx1“‘eosrs
the determination of the relative creep-rupture }1fe th‘e (?ependa_nc;: oh P
amplitudes on the number of cycles and on the time wn':hln- the holdp asirlst as
considered. As a result, the relative creep- ruzture. life is pl'otte agais > et
corresponding relative fatigue life in Fig. 12. The life analysis reve

relative creep 1Cr-Mo-Ni-V steel
raptire ik 1 =525°C | & <6%/min
Ly=Ct/t, | max
tp type of cycle
, an \ iso ’ po
(h) |300K]150K| 50K
Ly+ Ly =1 032 o |0
1 olo|bd
—Lis 3.2 PN [~ 2
for creep-rup-
ture tests under L A ©
variable stress Q without plastic strain reverse
0.5 { onatCr-1Mo-03V f test to be continued
' steel
A
AE:2.03%
| VR
016 1"5°)< 120
©on 0,53 116
\\,n ¢)O°Sw‘b Al
0 } (DS

0 05 1 043 043
relative fatigue lite Ly = L N/ Nj(tg=01h)

Fig. 12. Evaluation of the test results of Table 4 on the basis of the
generalised damage accumulation rule.

tively broad scatter of the test results about a line corresponding t.o a total llfletsL
that is a little smaller than unity. This distribution also agrees with the rzsu e
of the creep-rupture tests under rectangular cyclically-changed stress con uc
with a 1Cr-Mo-V steel (Fig. 6).

This life analysis verifies the generalised damage accu_mulatlo.n rule relatllveéz_
well. Use of this rule in the way shown above however necessitates a cyc ;31- -
pendent construction of the hysteresis loop. The object of further researc n(;Nthe
is therefore to determine how and to what extent the accumulallted damage ation oe.
position of a hold phase within a cycle will influence the plastic and relaxa
haviour and the reference fatigue curves and creep-rupture curves.

Additional information concerning the failure mec}'.nanism.can be obta%ned ?gcir;g;al—
lographical examination. The study of failed spec'lmens in the scannmgSieon e
microscope revealed that crack initiation was mainly effected by cor;‘owed ,Creep-
a transgranular mode of crack propagation. Some spemmer}S also sho

induced micreracks indicating a creep-induced damage portion.
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CONCLUSIONS

The modified life fraction rule with experimentally determined constants is use-
ful in designing against creep-rupture under cyclically varied stress or temper-
ature. This statement is the result of extended tests on six typical heat resistant
steels.

The long-term service-type strain cycling of a 1 Cr-Mo-Ni-V steel can be simu-
lated by package-type tests with shortened strain cycles and extended creep test-
ing. The creep-fatigue interaction can be analysed with the generalised damage
accumulation rule.
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