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1. Introduction

n electric power generation and oil processing plants,
several structural steel components are subjected to
working conditions that undergo mechanical loads at
temperatures between 450 and 600 °C. This is the case of
the steam generators and the respective pipelines used for
steam conduction. Under these working conditions, these
components experience the phenomenon known as creep,
which can lead to failure due to plastic deformation over
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The objective of this work was to study the effect of the heat treatment and
further operation aging on the stereological parameters (size, quantity and
volume fraction) of precipitates within ferrite grains of a creep-resistant
1.25Cr0.5Mo steel after long-term operation. The heat treatment was sim-
ilar to the treatment that is carried out in industrial steam pipelines after
welding (post weld heat treatment - PWHT) during installation and/or
repairing. The operation aging corresponds to a subsequent long in-service
operation after repairing. To determine the stereological parameters, SEM
digital images were taken from samples of this material after conditions of
in-service-aged (after long-term operation), in-service-aged and heat-treat-
ed (simulating repairing) and in-service-aged, heat-treated and in-labo-
ratory aged (simulating subsequent long-term operation after repairing).
The results indicate that the changes in the stereological parameters of the
precipitates within ferrite grains after PWHT is associated with the coarsen-
ing process of the within-ferrite-grain precipitates as well as stabilizing the
microstructure, since the material aging after PWHT of an in-serviced aged
material would not change the stereological parameters.

time and even breakage . To ensure safe and long-term
use of these components, low-alloy Cr-Mo steels have
been developed, among other materials *'. In these steels,
the creep resistance is achieved by the action of two hard-
ening mechanisms: solid solution and precipitation .

To uncover the creep resistance of the component ma-
terial, accelerated tests are applied to determine the stress
level at which a certain temperature causes the rupture or
1% of plastic deformation after 10° hours (11.4 years) by
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means of the extrapolation. These accelerated tests use
the Larson-Miller parameter (LMP), which represents the
time and temperature equivalence for this type of steel un-
der the thermally activated creep process of stress rupture.
It permits the calculation of the equivalent times neces-
sary for stress rupture to occur at different temperatures.
M However, in practice, it has been established that the
useful life of the components manufactured with low alloy
CrMo steel can reach and exceed 20 and even 30 years ",
Nevertheless, premature failures frequently arise in the
components manufactured with these steels that are asso-
ciated with the weld region susceptible to the formation of
non-acceptable cracks .

When these failures occur, and when it is technical-
ly-economically justified, repair is performed by removing
the damaged section and welding an insert of a new mate-
rial. The standards that are applied for this type of welding
repair contemplate technological fabrication requirements
to guarantee the quality of the welded joint of the new
materials. However, the problem becomes complex in
relation to the material exposed to service and which is
thermally affected during the repair . The complexity of
the subject is increased when the application of post-weld
heat treatment (PWHT) after repairing is required. In this
regards, divergences in literature on whether PWHT after
repairing is favorable or not from the point of view of the
residual life, is noticed '

The PWHT is generally carried out in situ with lo-
calized heating, which imposes an additional thermal
cycle on different regions of the weld (fusion — FZ - and
heat-affected zones - HAZ) as well as the base metal that
originally had not been exposed to the welding thermal
cycle, as illustrated in Figure 1. Due to this localized heat
treatment characteristic, it is not the whole component that
undergoes the effect of the PWHT thermal cycle.

Figure 1. Schematization of the thermal affected zones
associated with the localized (in situ) PWHT

Note: 1 - base metal not affected by the PWHT thermal cycle; 2 - zone
of the base metal affected only by the PWHT thermal cycle; 3 - weld
zone (fusion and HAZ) affected by both the welding and the PWHT
thermal cycles.

The intrinsic complexity of the subject justifies the de-
mand for further investigations on the effect of PWHT on
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the performance of creep-resistant low alloy CrMo steels.
For example, knowledge about micro-structural stability,
aiming at establishing how the microstructure behaves
in steels subjected to creep, turns out to be of great im-
portance to have elements for decision-making during
maintenance of these industrial components. However,
concurrent metallurgical phenomena lead to the variation
of the microstructure under the effect of temperature and
time. Consequently, attention has been paid to the rela-
tionship between microstructure and the behavior of steel
under creep """, Among these phenomena, in the case of
low alloy CrMo steels, spheroidization of perlite, graphiti-
zation, as well as precipitation, dissolution and growth of
carbides stand out !'”. There has been a marked interest in
studying the phenomena specifically related to the evolu-
tion of precipitates "', For this reason, the purpose of the
present work is to study the influence of PWHT as part of
a repairing procedure, just after repairing and after sub-
sequent operation aging, on the stereological parameters
(size, quantity and volume fraction) of precipitates within
ferrite grains in 1.25Cr0.5Mo steel of a steam pipeline
service-aged for more than 20 years at 480 °C.

2. Materials and Methods

For this study, a 150-mm-long segment of the base mate-
rial (with no weld) was taken from a pipe section that was
removed (during repair operation) from a 300-mm-diam-
eter and 12-mm-thick wall steam pipeline. This material
had been in operation for approximately 20 years at 480
°C. The determined chemical composition of the pipeline
material (table 1) corresponds to that of an 1.25Cr0.5Mo
steel, classified as A335 Grade P11, according to the
ASTM A335 standard "*. Using the material of this pipe
segment, this work was carried out with samples under
three experimental conditions (figure 2). The first one,
referred hereafter as ISA (in-service-aged material, as
removed from the pipeline, to be used as reference). A
second condition (dedicated to evaluate the effect of a
PWHT) referred to the same material of the ISA condi-
tion, but after undergoing a heat treatment to simulate the
PWHT that is carried out after repair operations (hereafter
referred as ISA+PWHT). Therefore, the ISA+PWHT con-
dition is a simulation of the in-service-aged material (ISA
condition) that would be affected only by the PWHT, i.e.,
a material corresponding to the region located between the
weld affected zone and the base metal (section 2 of Figure
1). The heat treatment to simulate the PWHT was per-
formed in a furnace, at a heating speed of 200 °C h™' and
keeping a soaking time of 1.5 h at 700 °C, in accordance
with the recommendations of section VIII - division 1 of
the ASME standard "',
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Table 1. Determined chemical composition of the pipeline
material

C Si Mn P S Cr Mo W Ti v
0.12 | 0.18 | 0.41

<0.03<0.03| 1.24 <0.01|<0.01|<0.01

Figure 2. Sampling schematization of the pipe segment

Note: Corresponding to the studied experimental conditions, where ISA
means the original material after in-service-aging, ISA+PWHT the orig-
inal aged material to undergo heat treatment to simulate the PWHT and
ISA+PWHT+AA the original aged and heat treated material to undergo
accelerated thermal aging treatments.

Finally, a third condition (planned to evaluate the
in-service thermal stability of the microstructure after the
repair and PWHT) referred to the same material of the
ISA+PWHT condition, but after undergoing accelerated
thermal aging treatments (hereafter referred to as ISA+P-
WHT+AA). Four slices were removed for representing
this latter condition (hereafter referred to as [ISA+P-
WHT+AA-1, ISA+PWHT+AA-2, ISA+PWHT+AA-3
and ISA+PWHT+AA-4), aiming at different equivalent
times during aging treatments. The aging parameters were
selected so that they encompass ranges of temperature
and time that would allow values of the Larson-Miller
parameter (LMP) equivalent to times between 20000 and
100000 h at the service temperature (table 2). Therefore,
the accelerated thermal aging treatments in this work was
carried out using the same thermal cycle of a creep test,
however without load application on the material.

Table 2. Time (t) and temperature (T) values for accelerat-
ed aging, Larson-Miller parameter (LMP) and equivalent
time at the service temperature (teq).

Samples (olé) (}tl) LMP=T(18 + log t) (tfl“)
ISA+PWHT+AA -1 | 550 | 1120 17325 101616
ISA+PWHT+AA -2 575 95 16830 22776
ISA+PWHT+AA-3 | 550 | 510 17042 42924
ISA+PWHT+AA -4 | 600 18 16810 21024

Specimens (10 mm x 10 mm x 10 mm) for Scanning

Distributed under creative commons license 4.0

Electron Microscopy (SEM) were taken from the steam
pipeline material representing each experimental condi-
tion. They were prepared by grinding and polishing to a
1um finish, according to ASTM E3-11 "%, and etching
with 1 % NITAL, in accordance with ASTM E407-11 """\
SEM digital images of 3072 x 2304 pixels and resolution
of 10 nm/pixel were obtained. Using 10 images from each
condition and a digital image processing software, micro-
graph processing was performed and the amount of pre-
cipitates per unit area (N,) was counted. In addition, the
equivalent 2D diameter (D;), which depends on the area
occupied by each section of precipitate in the image and
on the volume fraction (Vy), according with the fraction
of the area (A,), were assessed.

From the particle sizes (D)), the relative frequency his-
tograms were made (using in all cases 15 classes of size
equal to 0.04 um and more than 2500 measured particles)
and the probability density was determined in each class
interval, which is calculated by dividing the number of
counts for each size class of the observed distribution by
the total number (N) of analyzed particles and the class
width (AD) """, The experimental values of the probability
density were adjusted to a lognormal probability density
function with two parameters (equation 1) and the param-
eters of the distribution function were obtained according
to . So as to establish the quality of the adjustment, the
coefficient of determination (c.0.d) and "test F" were used
in the analysis of variance "',

, 1 _1(m®yny)\*
fLN(Di'Dg'ag) - DyV2mina, exp[ 2( Ina, (M

where:

Di — equivalent 2D diameter, (um)

D, — geometric mean diameter, (ptm)

6, — geometric standard deviation

From the 2D stereological parameters, the 3D parame-
ters were determined: average diameter (D) and number
of particles per unit volume (Ny), these two parameters

are determined by the expressions (2) and (3) respectively
s,

— N N 1 -1

Dy = [2is; @)
=N

Ny =2 3)

3. Results and Discussion

In the in-service aged material condition (ISA), the mi-
crostructure (figure 3(a)) is composed of ferrite-pearlite, in
which the lamellar nature of the pearlite and the precipita-
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tion inside the ferrite and in the grain boundaries are dis-
tinguished. This type of microstructure is common in low
alloy Cr-Mo steels, yet Yang et al. ** has observed this mi-
crostructure in 2.25Cr1Mo steel of steam pipelines exposed
to long-term service. However, Afrouz et al. ™' reported the
same microstructure in specimens from new steam pipe-
lines subjected to creep test. In the in-service-aged material
condition affected only by a simulated PWHT (condition
ISA+PWHT), a microstructure (Figure 3(b)) qualitatively
similar to the one from the ISA condition is observed, al-
though some precipitates inside the ferrite are larger com-
pared to those observed in the ISA condition.

Hagranl & = 581
Prata b = 3733

(b)

Figure 3. Representative SEM images of the material in
the conditions
Note: (a) ISA; (b) ISA+PWHT, where: 1- lamellar pearlite; 2- with-
in-ferrite-grain precipitates; and 3- grain boundary precipitates.

Taking now the samples from the third condition, i.e.,
in-service-aged material subjected to a heat treatment
simulating a PWHT and also exposed to artificial aging
conditions (ISA+PWHT-+AA - n), a microstructure (Figure
4) qualitatively similar to those of the ISA and ISA+P-

4 Distributed under creative commons license 4.0

WHT conditions is also observed, regardless the under-
gone aging treatment (table 2). According to these results,
it can be inferred that neither the PWHT nor the thermal
aging qualitatively modifies the type of microstructure
of the material previously in-service (aged material): fer-
rite-pearlite with precipitation within ferrite grains and in
the grain boundary, accompanied by lamellar pearlite

EMT = 20094V
Wh=2dmn

EHT = 2000 bV
WD = 200 mmen

Date -3 Dot 2
Tumnas 114727

Gagral A = GE1
Pk b = 3781

EMT = 2000 bV
WD s 100 mn

Gagral A = GE1
Fraia Mo, = 3766

©

Dats -3 Dot 20048
Time 113427
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EHT = 30 05 kY
Wh= 1Edmn

Figure 4. Representative SEM images of the material in
the conditions (according to table 2)
Note: (a) ISA+PWHT+AA -1; (b) ISA+PWHT+AA -2; (c) ISA+P-

WHT+AA -3; and (d) ISA+PWHT+AA -4, where 1- lamellar pearlite, 2
— within-ferrite-grain precipitates and 3 — grain boundary precipitates.

The fact that the microstructures have not been
modified qualitatively due to the effect of thermal ag-
ing does not mean that quantitative changes have not
occurred, which are sometimes difficult to appreciate
in SEM images. Among these changes, the variation
of the type, size, quantity and volume fraction of pre-
cipitates within ferrite grains stands out. Regardless
of whether there has been any change in the type of
precipitates within ferrite grains or not, it is essential to
know the other potential changes associated with them,
since they intervene in the behavior of the mechanical
resistance of the ferritic matrix (due to its precipitation
hardening effect **), and because ferrite is the majority
constituent of the alloy.

Figure 5 presents the relative frequency histograms
and the particle probability density curves of the in-ser-
vice-aged material condition (ISA) and the in-service-
aged material after PWHT (ISA+PWHT). The particle
probability density curves were raised by fitting curves
to the experimental data, in which an adequate fitting
to a lognormal probability density function is observed
in both cases (c.0.d = 0.998 and p <0.001 for the ISA
condition and c.o.d = 0.999 and p <0.001 for the ISA+P-
WHT condition).

Distributed under creative commons license 4.0
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Figure 5. ISA and ISA+PWHT conditions: (a) - Relative
frequency histograms of 2D size of within-ferrite-grain
precipitates; (b) - particle probability density curves of the
conditions

Based on the comparison of the histogram trends (figure
5 a), a quantitative effect of in-service PWHT on the 2D
size distribution of within-ferrite-grain precipitates was
evidenced. As seen, the relative frequency of the smaller
class (0.04—-0.08 pum) decreases considerably, while it
increases at the remaining classes. In relation to the prob-
ability density function (figure 5 b), it is evident that the
PWHT modifies the fitted curve, resulting in an increase
of the mode (from 0.088 um for the ISA condition to 0.105
um for the ISA+PWHT condition), as well as the geomet-
ric mean diameter (from 0.101 pm for the ISA condition
t0 0.117 pm for the ISA+PWHT condition).

Figures 6 and 7, in turn, present similar charts of Fig-
ure 5 to compare the effect of ISA+PWHT and ISA+P-
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WHT+AA conditions, the latter with different aging
treatments, on the precipitate stereology. There were also
adequate fittings to the lognormal type model for the
different aging treatments (c.o.d equal to 0.994, 0.999,
0.992 and 0.998, respectively for the conditions ISA+P-
WHTH+AA -1, ISA+PWHT+AA -2, ISA+PWHT+AA -3
and ISA+PWHT+AA -4, with p <0.001 for all the cases).
These results indicate that the thermal aging does not
change the behavior observed in the ISA+PWHT condi-
tion, showing no significant variation of the relative fre-
quency histogram of 2D size and the same particle prob-
ability density curves, keeping the value of the mode and
the geometric mean diameter approximately equal under
all conditions (0.1049 and 0.1170 pm, respectively).

0.5

[ ISA+PWHT+AA-1
[T ISA+PWHT+AA-4
B ISA+PWHT+AA-2
[ JISA+PWHT+AA-3
B [SA+PWHT

0.4 -

relative frequency

0.0 0.1 0.2 0.3 0.4
diameter (um)

Figure 6. Relative frequency histograms of 2D size of
within-ferrite-grain precipitates for the ISA+PWHT and
ISA+PWHT+AA conditions, the latter as different aging

treatments (according to table 2)
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Figure 7. Particle probability density curves of the
ISA+PWHT and ISA+PWHT+AA conditions, the latter at
different aging treatments (according to table 2)
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According to current literature '**”, variations on the

size distribution of precipitates can be associated with:

(1) precipitation of more stable particles: metastable
precipitates that dissolve while nucleation and growth of
more stable precipitates occurs (the amount of precipitates
per unit volume is conserved and the average size and
volume fraction are increased) or,

(2) coarsening processes: the growth of large precipi-
tates at the expense of smaller ones which disappear (the
volume fraction is conserved, the quantity of particles per
unit volume decreases and the average size increases).

Therefore, and based on the stereological evaluation
presented in Table 2, it can be stated that the coarsening
process has been revealed in the present analysis, since
there was an increase in the average size of the precipi-
tates and decrease in their quantities per unit volume when
the heat treatment to simulate the PWHT was applied on
the long-term operation sample, yet keeping the values
of the volume fraction similar. According to the results of
Table 2, it can also be inferred that the PWHT stabilizes
the precipitates within the ferrite grains, since the subse-
quent thermal aging treatments do not impose significative
changes in the precipitates average sizes, in the quantities
per unit of volume and the volume fractions.

Table 2. Within-ferrite-grain precipitate stereological
parameters for the different material conditions

Stereological parameters
Condition M Size 3D Quantity per unit of | Volume frac-
e:: ( IKZ:) volume tion
i Ny (um) Vi (%)
ISA 0.147 £0.015 7048 3.1+0.5
ISA+PWHT 0.185+0.022 30+5 2.840.4
ISA+PWHT+AA -1 | 0.182+0.0183 3343 2.6+0.4
ISA+PWHT+AA -2 | 0.186+0.022 31+4 2.340.5
ISA+PWHT+AA -3 | 0.183+0.020 28+4 3.04£0.5
ISA+PWHT+AA -4 | 0.188+0.023 3143 2.240.4

5. Conclusions

The results of this work showed that the simulated PWHT
applied over a sample of a 1.25Cr0.5Mo steel steam
pipeline after service-aged for more than 20 years at 480
°C led to a coarsening process. Consequently, the precip-
itates within ferrite grains increased in size, from 0.147
+ 0.015 to 0.185 + 0.022, counterbalanced by a decrease
in the number of precipitates per volume unit (from 70 +
8 to 30 + 5), keeping the volumetric fraction. In addition,
simulated post aging heat treatments of the samples which
underwent a simulated PWHT showed to stabilize the
within-ferrite-grain precipitates, with no further changes

Distributed under creative commons license 4.0

of their stereological parameters.
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