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METALLOGRAPHIC ASSESSMENT OF THE
TEMPERATURE HISTORY AND REMANENT LIFE
OF POWER PLANT COMPONENTS
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SCOPE

This NORDTEST method describes how oxide thickness
measurements and/or metallographic investigations (changes
in carbide distribution) can be used to assess the
temperature history of superheater and reheater tubes. The
method is actually composed of three mutually complementary and independent sub-methods. During service an oxide
layer will grow on the inner surface of the boiler tubes. This
growing oxide layer acts as a thermal insulation and
consequently the temperature of the tube material will rise
even if the surrounding gas temperature remains constant.
This oxide induced temperature rise will of course reduce
the lifetime of the tube. If the oxide thickness is known at the
beginning and at the end of a service time interval, it is
possible to estimate the rise in temperature and thus to take
into account the lifetime reduction due to this phenomenon.
The application of this method is described. Metallurgical
degradation due to carbide growth in the tube material is a
time and temperature dependent process. By metallographic
measurement of the size of the carbides at the beginning
and at the end of a service period the corresponding
effective temperature can be estimated. This sub-method is
also described below.
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FIELD OF APPLICATION

The objective is to present and demonstrate three postservice methods for estimating the effective thermal history
of high temperature power plant components. The main
applications are superheater and reheater tubes of boilers.
The methods are based on
•

measurement of thickness change of the inside oxide
layer in superheater/reheater tubes;

•

inside oxide thickness and the oxidation constant; and

•

changes in carbide distribution in the microstructure.

The computational methods are explained and the way the
methods are used to estimate how the lifetimes of the
components are influenced by the temperature history is
demonstrated. As the oxide methods and the carbide
method are based on two different phenomena they can be
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used to complement each other. The oxide methods can be
only applied non-destructively to the extent the oxide
thickness can be measured without destructive sampling.
The carbides can be examined non-destructively on the
outside of the tube using the replica method. These outside
carbides are representative for the tube if the radial
temperature gradient is small enough as it often is the case
beyond the fire side of the boiler.
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For this example the average metal temperature of a 10
CrMo 9 10 superheater tube will be estimated after a service
period of 75 000 hours. The initial oxide thickness is
assumed to be zero and the measured final oxide thickness
is 0.3 mm (detectable also non-destructively).
Using equation 17 the oxidation constant K is found to be
2.72×10–7 mm2h–1. From the values in Table 1 the average
metal temperature is found to have been ≈550°C. The
possible temperature increase due to the oxide layer is not
taken into account in this average calculation and the metal
temperature in future operation may therefore be somewhat
higher. This may be taken into the calculation of the
remanent lifetime as indicated in Section 6.5.

6.4

Temperature history assessment based
on microstructure

When typical power plant steels are exposed to long-term
service at high temperatures, their microstructure will
undergo structural changes. These changes are exhibited by
spheroidization of the (mostly) bainitic/pearlitic structures in
the steel.
Isothermal spheroidization is a time and temperature
dependent process, converting bainite and pearlite into
evenly distributed carbides. A description of the various
stages in the process is given in Table 2 for the steel 10
CrMo 9 10. The relationship between time, temperature and
degree of spheroidization is specific for the individual types
of steel.
When the degree of spheroidization is determined according
to the guidelines stated below in Table 2, the relationship
between time and temperature can be found, using sets of
curves like those shown in Fig 3.

Table 2. Indications of typical time/temperature sequences
for a steel of type 10 CrMo 9 10 (DIN 17175). The isothermal
spheroidization classes are as given by CEGB and Relander
& Geiger (1966) respectively for common low-alloy Cr-Mo
steels including 13 CrMo 4 4.
Typical
time-temp
sequences
0h – 600°C
10h – 600°C

CEGB

–
A

–
IL

100h – 600°C

B

IIL

1000h –
600°C

C

IIIL

10000h –
600°C

D–E

IVL

1.028 I
L
TEMPERATURE, 103 K

6.3.1 Example of temperature history assessment
based on the oxidation constants and the
thickness of the steam side oxide
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Figure 3.Time-temperature relationship for different degrees
of spheroidization for the steel 13 CrMo 4 4 (equivalent to
1Cr½Mo).

It should be noted that this method is also essentially
isothermal, i.e. possible systematic increase in the tube
metal temperatures is not taken into account. This is
naturally no limitation for components beyond the fire side
region. Elsewhere the approach can be applied with the
same caution as the isothermal method based on oxide
growth.
The advantage of the method based on microstructural
changes lies primarily in the fact that it is independent of the
oxide growth methods and yet the same samples can
usually be used for both types of measurements. If for
example the oxide has not been properly adherent and
therefore gives misleading indications of the actual temperature history, the microstructure can often complement
the results and improve the overall reliability. However, even
under ideal conditions the expected accuracy of the microstructural approach can be expected to be somewhat lower
than that of the oxide methods.
Using this method, the data needed for estimating the
temperature are:
•

length of the service period in hours

•

microstructure at beginning of operation if available

•

microstructure at the end of the service period

•

relevant spheroidization diagrams for the material similar
to those shown in Fig 3.

Relander Comments
& Geiger
Original structure
Very little tendency of
bainite/pearlite breaking up
Bainite/pearlite starting to
break up. Single carbides
in grain boundaries
Bainite/pearlite clearly
breaking up. Ferrite is
darkening due to carbides
Bainite/pearlite only faintly
visible. Clear carbides in
grain boundaries,
precipitations in ferrite

6.4.1 Example of temperature history assessment
based on microstructure
To explain the microstructure based method the following
example is given. It is assumed that the examined tube has
been in service for 10.000 hours. The steel used is 13 CrMo
4 4 according to DIN 17175 (1 Cr ½ Mo).
By light optical microscopy of a microsection the degree of
spheroidization is classified to IIIL according to the above
given guidelines. By using the curves in Fig. 3, the average
metal temperature is now found to have been about 550°C.
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6.5

Remanent life calculation
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•

creep rupture data are normally based on 10,000 hours
to 200,000 hours rupture time; the precision may be
reduced if lifetimes outside that interval are calculated.

6.5.1 Scope
A procedure is suggested below for calculating the
remaining life of superheater tubes and other power plant
components in the form of cylindrical shells exposed to
creep and wall thinning due to corrosion/erosion. For other
components, typically outside the boiler, wall thinning is
normally not considered, but inside the boiler the wall
thickness is gradually reduced both from the outside and the
inside of the tube. This results in an increase in the
mechanical stress through the entire lifetime. As stress
increases, consumption of creep life accelerates. The
procedure only considers stresses due to internal pressure.
Additional stresses due to external forces and moments of a
significant magnitude should be considered separately.
The procedure complies with the common technical rules for
designing high temperature components with the addition of
corrosion/erosion as a life consuming process. The
procedure does not include recommendations on safety
factors. If safety factors are desired, these can be
incorporated in the procedure and should comply with
appropriate rules and standards.

6.5.2 Required information
In general, when calculating the lifetime or the remanent
lifetime, both corrosion and creep should be taken into
consideration although corrosion in some cases may be
neglected. The following basic information on the superheater is needed:
•

metal temperature, Tmetal

•

internal pressure, P

•

tube diameter, D (initial and present)

•

wall thickness, w (initial and present)

•

current operating time, L0

•

wall thinning (corrosion/erosion) rate, CR

•

creep data for the steel.

If metallographic examinations are carried out, the
determined metal temperatures should be used in the
calculations. Otherwise estimates based on the steam
temperature can be used.

6.5.3 Limitations
The calculation procedure is subject to the following
limitations:
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6.5.4 Definition of terms
Table 3. Definition of terms.
Symbol

Explanation

Unit

P

Internal pressure

Bar

Tmetal

Metal temperature

°C

TE

Equivalent metal temperature

°C

D0

Outer diameter

mm

Di

Inner diameter

mm

Dm

Mean diameter

mm

w

Wall thickness

mm

CR

Wall thinning (corrosion/erosion)
rate

mm/10,000 hours

E

Degree of exhaustion

–

E0

Degree of exhaustion from past
operation

–

PLM

Larson-Miller parameter

C

Constant (of PLM)

Ld

Original design life

hours

Le

Expected lifetime in new
calculation

hours

L0

Operating time at present

hours

Lr

Remanent life

hours

σstart

Stress at beginning of operating
period

N/mm

2

σend

Stress at end of operating period

N/mm

2

σavg

Average stress

N/mm

2

6.5.5 Calculation procedure
The essence of this calculation procedure can be outlined as
follows:
The mechanical stress in a thinning tube varies continuously
in time and the temperature also changes with oxide growth,
both evidently leading to complicated calculations of the
remanent lifetime. For simplicity the operating history is
divided into periods of time during which the pressure, metal
temperature, and wall thinning rate are assumed constant.
The hoop stress in the tube or cylindrical shell is calculated
at the start and end of each operating period based on the
following equation:
σ=

PDi
× 0.1 [MPa] .
2w

(18)

•

only thin walled components (D0/Di ≤ 1.7) are covered

•

only seamless cylindrical components without longitudinal welds are covered

•

stresses considered are only those due to the internal
pressure

•

possible influence due to thermal stresses is not included

With the use of Larson-Miller diagrams (an example is
shown in Fig. 4) the Larson-Miller parameter PLM is found.
Other similar parameters could be used in the calculation if
the relevant changes are made. The Larson-Miller parameter expresses an empirical relation between temperature, T, and lifetime, L, as given below:

•

system vibrations are not included; and

PLM = (T + 273)(C + log L) .

(19)
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information is rendered a metallographic assessment of the
temperature history will consider the past operating time as
a single period. If this is not the case, the past operating
period has to be divided into shorter periods, during which
the service condition can be assumed to be constant.
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Figure 4. Diagram giving the relation between Larson-Miller
parameter PLM and stress.
As the governing hoop stress and the temperature are
known, the expected lifetime can be resolved from the
Larson-Miller parameter. It is now possible to find the used
fraction, E0, from the current operating time L0 and the total
expected lifetime, Le, by the following:

E0 =

7

L0
.
Le

(20)

The remaining life fraction, Er, is then calculated by
subtracting E0 from unity.
The remaining lifetime is calculated by iteration until E0 + Er
= 1 after dividing the future operation in subperiods where
pressure, temperature and wall thinning rate can be
assumed near constant. For each of these periods, the life
fraction Ei used is then calculated. The sum of these life
fractions ΣEi = Er is the total remanent life due to
accumulated tube damage. This remaining life fraction Er is
then transformed into an estimate of the expected remanent
life Lr at expected future operating conditions.

6.5.6 Calculation example
The calculation procedure is best explained by an example.
A useful sheet for the calculation is shown in Annex 1. For
this example, the following conditions will be assumed:
Material

10 CrMo 9 10 (2 l/4 Cr l Mo)

Past operation
Metal temperature
Internal pressure
Tube diameter (initial)
Tube diameter (now)
Wall thickness (initial)
Wall thickness (now)
Operating period

560°C
110 bar
50.0 mm
50.0 mm
5.0 mm
4.5 mm
90,000 hours

Future operation
Metal temperature
550°C
Internal pressure
110 bar
Corrosion rate (future) 0.1 mm per 10,000 hours
It is also assumed that constant service conditions have
been applied during the first 90,000 hours. Unless other

Note that the operating periods need not be of uniform
length. In an actual boiler, neither the operating pressure nor
the metal temperature is uniform. Even so, for this
calculation, they will be assumed uniform during each
period. The values chosen for each period should represent
effective values. The length of the operating period chosen
will depend on how the pressure and temperature vary.
As mentioned above, sufficient accuracy is usually achieved
using the average hoop stress for each period, this being the
average of the stress at the beginning and at the end of the
operating period.
For the past operation period the average hoop stress is
calculated to be 55 N/mm2 and the corresponding PLM =
21,050. Knowing the operating temperature of the tube
metal to be 560°C the used life fraction E0 is calculated to
be 0.48. The remaining life fraction, Er, is then 1 – E0 = 0.52,
which is converted below into a number of future service
hours with the conditions stated above. The average LarsonMiller value in Table 4 is determined from the stress using
average rupture strength versus Larson-Miller parameter
curves. With these Larson-Miller values and the metal
temperatures for each period, the expression for the LarsonMiller parameter is solved for the rupture life.

Table 4. Stepwise calculation of remanent lifetime. Present
day is defined as 0 hours.
Time in
service
h
0
25,000
50,000
60,000
70,000
80,000
90.000

Wall
σ-avg
thickness (C = 20)
mm
4.50
4.36
59.3
4.22
61.3
4.17
62.8
4.11
63.7
4.06
64.6
4.00
65.5

PLM
used

Life
fraction
Ei

20900
20800
20700
20700
20650
20650

0.101
0.133
0.070
0.070
0.081
0.081

Accumulated
life fraction
0.48
0.58
0.72
0.79
0.86
0.94
≈1

The life fraction is simply the length of the operating period
divided by the rupture life corresponding to that period. The
accumulated damage is the sum of the fractions. In most
cases using sub-periods of 100–10,000 hours is adequate.
With the given service conditions in the future the remanent
lifetime is calculated to be 90,000 hours based on average
creep rupture data.
It should be noted that no safety factors are included in the
calculation and this calculation will therefore usually turn out
results different from those originally made in design. In
order to evaluate the risk of premature creep failures a
similar calculation may be made based on minimum creep
rupture data. In the above example a calculation based on
minimum creep rupture data predicts the remaining lifetime
to be zero.
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ANNEX 1

ANNEX 1

REMANENT LIFETIME OF
SUPERHEATER AND REHEATER TUBES
influenced by creep and corrosion.
Customer :
Reference No. :
Boiler No. :
Sample No. :
Material :
Outer dia. :
Wall thickness :

mm (design or initial value)
mm (design or initial value)

Information on previous operation
assuming constant service conditions.
Pressure :
Metal temp. :

bar
°C

Service hours :

Hours

Outer dia. :
Wall thickness :

mm (measured now)
mm (measured now)

Corrosion rate :

mm pr. 10.000 hours

σ - start :
σ - end :

N/mm²
N/mm²

σ - average :

N/mm²

P-LM :
Lifetime :

hours (calculated)

Used part :

Assumptions on future operation.
Pressure :

bar

Metal temp. :

°C

Outer dia. :
Wall thickness :

mm (measured now)
mm (measured now)

Corrosion rate :

mm pr. 10.000 hours

σ - now :

N/mm²

Calculated remanent lifetime (without safety factors)
Average
Remanent lifetime :

Nordic
COUNCIL OF MINISTERS

Hours
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