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Creep Damage Calculation for Thermo Mechanical Fatigue
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For the needs of the creep damage prediction of thermo mechanically loaded components, software
has been developed. It enables master curve determination using the time-temperature parameters and
creep damage calculation using Robinson's damage accumulation rule and simple time integration. The
developed software makes it possible to calculate fatigue and creep damage, respectively. In the article the
most used time-temperature parameters are introduced, a fast and user-friendly master curve determination
is presented and an example of creep damage on a real set of data with a simple temperature-stress history

is shown.
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0 INTRODUCTION

Automotive components, gas and steam
turbines, power plants and other products that
operate at high temperature are subjected to
creep. The lifetime of these components depends
on thermal and mechanical loading. Typical
examples are start-up, full load, partial load and
shut-down [1]. The creep damage can no longer be
neglected when the loading temperature exceeds
the creep temperature typically determined as
40% of the melting temperature of the material
[2] to [4]. Thus one of the critical factors in
determining the lifetime of components is also
their creep resistance. Due to the thermal loads
materials slowly but constantly creep even at
low mechanical loading, so rupture is possible.
Rupture can be defined by some limit value of
strain or by actual rupture depending on the type
of component. It can be shown that the creep
damage is determined by knowing the time to
rupture depending on stress level and temperature.

1 MASTER CURVES

The criterion for creep damage calculation
is given by master curves which represent time to
rupture depending on stress level and temperature
(Fig. 1). Each point on a master curve represents
a complete creep-rupture test at constant
temperature and stress level. As expected, higher
test temperatures shift master curves towards
lower stress levels and shorter times to rupture.
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Master curve determination at lower stress levels
and lower test temperatures usually means tests
of very long duration, thus as a rule master curves
in these areas are determined by using parametric
extrapolation methods.
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Fig. 1. Master curves
2 CREEP DAMAGE ACCUMULATION RULE

Although the creep damage at controlled
test conditions is relatively easy to obtain,
components rarely operate under constant
conditions. The most frequently used approach
to creep damage assessment under variable
thermo mechanical loading is to calculate the time
for which the component is subjected to some
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loading. Robinson proposed a linear creep damage
accumulation rule [5]:

i A (0,T)

p =3y ) g

i=0 j=0 trij (Gij > Ty)
where At; and ¢,;; are the actual times under some
loading and temperature and the corresponding
time to rupture at the same loading and
temperature, respectively. Index i represents the
number of the time step in load history and index
J represents additional subdivisions of time step i.
Loading temperature 7 has to be higher or equal to
creep temperature 7, and loading stress o has to be
higher than the temperature dependent elastic limit
of the material k&(7) otherwise, no creep occurs
[2] to [4], (Fig. 2). If the loading temperature is
beneath the limit temperature for which material
data is available, then the material data for the limit
temperatures is taken into account. The damage
accumulation in a single time step is independent
of the previously accumulated damage. When
the sum of individual creep damages reaches
the defined limit value (usually 1), creep rupture
occurs. Robinson’s damage accumulation rule is
the most widely accepted one [1], [3], [4], [6] to

[8].

Fig. 2. Creep damage calculation

Creep damage is calculated as a simple
integration over all the time increments according
to Eq. (1) (Fig. 2). However, there are three

different creep relations used to calculate creep
damage due to compressive stresses [4], [9] and
[10]. The creep relation can allow either tensile
creep only if:
0<t.<o if 6> KT) and T> T,
otherwise ¢.= o,
or tensile-compressive creep if:
0<t. <o if |o|>|k(T)| and T>T,
otherwise ¢, = ,
or compressive healing if:
—0<t.<0 if o<-k(T)and T> T, 0<t.<oo
if 0> k(T)and T> T,, otherwise ¢, = .

The creep healing is possible only if
D (t) > 0. Moreover, the tensile-compressive creep
is larger than or equal to the tensile creep that is
larger than or equal to the compressive healing.

The appropriate creep relation depends on
the material. Some materials tend to heal under
compressive loading while for other materials
creep damage continues to grow regardless of
the direction of the loading. The influence of the
creep relation on the creep damage accumulation
is shown in Fig. 3. The temperature is supposed
to be constant, while stress changes from tension
to compression at #;. Before #; the creep relation
does not affect D.. However, after #, the tensile-
compressive creep results in the highest D,, while
compressive healing in the lowest.
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Fig. 3. Influence of the creep relation upon the
creep damage accumulation

3 SPECIMENS, MATERIAL AND TESTING

Master curves and creep damage
calculation are performed on a real set of creep —
rupture data. They were gained from an available
existing database [11].
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3.1 Material

The material under investigation is
5Cr0.5Mo steel. It is suitable for components
operating at high temperatures. Specimens with
geometry of 6 mm in diameter and 30 mm in
gauge length were taken longitudinally from the
boiler tubes at the middle of the wall thickness.

3.2 Testing

Material is tested at temperatures of 500,
550, 600 and 650 °C and at various stress levels
with standard creep-rupture testing [ASTM E
139 — 00]. Every test is performed at a single
temperature and a single load up to rupture. The
specimen is loaded with a constant load. Time to
rupture, area reduction at rupture and elongation
at rupture are recorded.

3.3 Test Results

Test results are shown in Fig. 4. For
extrapolation purposes one set of data is chosen.
Since the main goal is to determine master curves
from the shortest creep-rupture tests, results at
the highest stresses and the highest temperatures

are selected. Results gained by extrapolation are
compared with 4 comparison sets of experimental
data. Each comparison set represents the results of
creep-rupture testing at a distinct test temperature.

4 TIME-TEMPERATURE PARAMETERS

Time-temperature parameters represent
a parametric method for determining time to
rupture. The basic idea of every parametric
method is to predict long-term creep behaviour
by compensating time with temperature, i.e. to
obtain long-term creep estimates from short-term
tests at higher temperature at the same stress [12].
Time-temperature compensation parameters are
introduced to establish a model for the estimation
of long-term creep properties. Mostly used
compensation parameters are introduced below.
The assumption made at every extrapolation is
that no change of metallurgical microstructure
in the extrapolation space occurs. By applying
proposed constitutive equations at every described
parameter, a master curve is obtained (Fig. 1).
Usually, a second degree polynomial sufficiently
describes the master curve [13]. Coefficients used
for every parameter are obtained by the least-
squares method and are presented in the tables for
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0 Data 600 °C o Data 650 °C

Fig. 4. Creep-rupture test results [11]; one set of data is used for extrapolation purposes, four sets of
experimental data are used for comparison purposes
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the data used. Master curves for the Larson-Miller
parameter for four test temperatures are shown
in Fig. 5. They are obtained exclusively from the
data used for extrapolation (Fig. 4). However, it is
possible to predict time to rupture for every stress
and temperature.

4.1 Larson-Miller Parameter

The LM parameter [14] assumes that
the logarithm of the time to rupture is inversely
proportional to temperature.

LM = T(logt, + O), 2)

logt, = —C+%(a0 +a,logo +a, log’ 0'). (3)

Table 3. MH coefficients for used test results

1Ogta Ta ag a dy
-29.9 2242 -0.023 | -0.006 | 0.003

4.4 Orr-Sherby-Dorn Parameter

The OSD parameter [17] assumes that the
logarithm of the time to rupture is equal to the
reciprocal value of temperature and risen for a
constant.

OSD =logt, — %, (®)

4 2
log?, =?+a0 +a/logo +a,log”c. (9)

Table 4. OSD coefficients for used test results

Table 1. LM coefficients for used test results A a4 a, a,
C a, a, a 19535 224 9.4 42
19 18123 6715 -3264
e 500 °C
4.2 Manson-Brown Parameter - 550 °C
- === 600"°C
The MB parameter [15] assumes that & — 650 °C
. . . S
the logarithm of the time to rupture is a power <
function of temperature. g
MB - log?, —logt, ’ @) «
q \ %
(T T; ) 1 2 3 4 S 6 7 8 9 10
log t[h
logt, =logt?, + o tihl
+(T T )q ( +al + 4 log? ) ®) Fig. 5. Master curve determination with the LM
a) \% T4 1080 T 108 G . parameter; coefficients are gained exclusively
from the data used for extrapolation
Table 2. MB coefficients for used test results 4.5 Comparison of Time-Temperature
logt, | T, q a9 a; a Parameters

-36.4 | 666.5 |-0.143 | 799 | 182 | -84

4.3 Manson-Haferd Parameter

The MH parameter [16] assumes that the
logarithm of the time to rupture is proportional to
temperature.

log?. —logt?
MH = 28 108k (6)
T-T,
logt, =logt, +

+(T—Ta)(a0 +alogo +a, logza). 7

Time-temperature parameters are
compared with the goodness of master curves’
fit for four comparison sets. Each comparison
set has actual time to rupture values x,; (Fig. 4).
Predicted time to rupture values x,, are calculated
from the data used for extrapolation (Fig. 4). E[x,]
is the mean of actual time to rupture data for each
comparison set. The residual sum of squares:

RSS:Zi(xai —xpl.)2, (10)

is compared to the total sum of squares:
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TSSzzi(xai—E[xa])z, (1D

for each comparison set. By comparing the values
RSS and 7SS, a value for goodness of fit M can be
introduced, denoted by:

RSS Zi('xﬁi ~ Xpi )2 (12)

M=1-2"221-

S (x,—E[x])

If the predicted results are compared to
the data used for extrapolation the M value will
coincide with the R2 value [18]. However, the
obtained R2 value could be negative for two
different sets of data and its validity is therefore
questionable (i.e. comparison set 1 and data used
for extrapolation Fig. 4). The M value cannot be
used to predict whether a model is good or not.
But since it is the same measure for all compared
parameters it gives an insight into which
parameters are better than others. If the M value
is near 1, the model seems to be acceptable for
that comparison set. If it is 0 or even negative the
model appears to be useless in that particular area.
Goodness of fit calculated by the M value is given
numerically in Table 5 and graphically in Fig. 6.

Table 5. Calculated M values for comparison sets
with different time-temperature parameters

T [°C] 650 600 550 500
Par. Comp. Comp. Comp. Comp.
set 1 set 2 set 3 set 4
LM 0.936 0.922 0.718 0.810
MB 0.929 0.873 -1.871 | -109.2
MH 0.931 0.887 0.951 0.201
OSD 0.918 0.796 0.872 0.847

Master curves gained by different time-
temperature parameters look very similar at first
sight but a detailed analysis (in this case with
the M value) reveals a significant difference in
assessment of the time to rupture. Assessment of
the coefficients represents a significant challenge
regardless of which time-temperature parameter is
used.

The M value is comparable for LM-, MH-
and OSD parameters (comparison sets 1 to 4). It
can be noticed that the master curves are the most
conservative when using the MH parameter, the
least conservative when using the LM parameter;

the OSD parameter lies somewhere in between.
The M value shows that the MB parameter is
good only if the stress area is being extrapolated
(comparison sets 1 and 2). If the MB parameter
is used also for extrapolating results in the
temperature area, the actual and predicted results
deviate significantly (comparison sets 3 and 4).
For extrapolation purposes a set of data at two
highest temperatures and three highest stress levels
were chosen. By this choice the creep-rupture
testing would be the shortest. It can be proven
that two stress levels or one test temperature alone
are not sufficient for a reliable prediction of the
time to rupture at unknown temperatures and
unknown stress levels. If more test temperatures
and more stress levels were taken into account for
assessment of the time-temperature parameters the
matching between actual and predicted times to
rupture would improve. Despite less conservative
predictions with the LM parameter its usage is
more satisfactory as it is still one of the most used
time-temperature parameters for determining the
master curves [19] and [20].

650 °C

Fig. 6. Calculated M values for comparison
sets with different time-temperature parameters
(negative values are plotted as 0)

5 DETERMINATION OF COEFFICIENTS

Since the values of unknown coefficients
for the time-temperature parameters are so
different (Tables 1 to 4) and their calculation can
be time consuming it is reasonable to introduce
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a general form of the master curve equation.
A second order polynomial is sufficient for the
description of the master curve, thus the time to
rupture using the LM parameter (Eq. (3)) can be
written in the general form:

logt, =b, + b logo +b,log’ o, (13)

where b, =_C+a?°, ) 4

and b, = %
Coefficients b,, b, and b, can be obtained easily
by drawing a trend line through the test data in
any commercial software. The presented software
calculates C, ay, a; and a, with the least-squares

method; )

a
logz. +C——>—
g T,

rij

., (14)

where n and m are the number of stress levels
and the number of test temperatures, respectively.
If Eq. (13) is taken into account Eq. (14) can be
rewritten in the form:

by, +b,logo, +b,, log’ o, +C - ’
S*=
,Z::‘Z::‘ DL og + 2 0g’ e,
J i T i
i j

(15)

Equalling partial derivatives of Eq. (15)
with zero:
2 2 2 2
B o B B B g 6
oC Oa, Oa, Oa,

the LM coefficients C, a,, a; and a, are obtained.
The same procedure may be used for every
presented time-temperature parameter. Master
curves with a temperature step A7 = 10 °C over
the whole test area (500 to 650 °C) are depicted
in Fig. 7.

6 EXAMPLE OF CREEP DAMAGE
CALCULATION

Creep damage calculation with Robinson’s
damage accumulation rule and master curves
determined by the LM parameter (Fig. 7) is
performed on a simple temperature-stress history

(Fig. 8).
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Fig. 7. Master curves with a temperature step AT
= 10 °C over the whole test area (500 to 650 °C)
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Fig. 8. A simple temperature-stress history

The loading temperature is kept at 650
°C at the beginning, decreases to 550 °C after
150 h and increases back to 650 °C after 200
h. Tensile loading stress rises to 10 MPa and
remains constant for 150 h, then it turns into
compressive direction with the same value. Creep
damage calculation is performed online between
successive time steps. Every time step is divided
into smaller time sub steps. Their sizes depend on
the stress or temperature jump in the actual time
step. Creep damage is calculated as integration
over all time steps and is depicted in Fig. 9. The
thick line shows creep damage changing and the
thin line shows the fatigue damage growing. The
creep contribution to the damage of the thermo
mechanically loaded component can be seen easily
from the 20t to the 100t hour where the fatigue
damage remains constant due to constant loading
conditions whereas creep damage -constantly
grows. From the 150t hour on, the influence of
the creep relation rule for the compressive stresses
can be noticed. Here, the creep damage can
increase, decrease or remain constant.
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Fig. 9. Damage calculation for the simple
temperature-stress history

7 SUMMARY AND CONCLUSIONS

The developed software makes separate
and quick calculations of the creep damage
possible if temperature dependent material
parameters and  temperature-stress  history
are known. For determination of the material
parameters only a few standard creep-rupture tests
at different test temperatures and different stress
levels are required. Extrapolation of the material
parameters is possible using any of the introduced
time-temperature parameters. The input material
data are always coefficients for every known
master curve and in the software they are
appropriately transformed regarding the selected
time-temperature parameter. The next step in the
development of the creep damage calculation will
be a search for a generalized time-temperature
parameter which would embrace the introduced
time-temperature parameters into a single form.
Once achieved, the creep damage calculation will
be compared to the actual creep damage of the
specimens at controlled loading conditions. The
introduced programme code is also integrated into
the commercial software LMS Virtual.Lab.
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