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Abstract. S304H steel is used in the construction of pressure components of boilers with supercritical operating parameters. The paper presents
the results of research on the microstructure following ageing for 30 000 hours at 650 and 700°C. Microstructure examination was performed
using scanning and transmission electron microscopy. The precipitates were identified using transmission electron microscopy. The paper
analyses the precipitation process and its dynamics depending on the temperature and ageing time in detail. MX carbonitrides and the ¢ Cu
phase were proved to be the most stable phase, regardless of the test temperature. It was also showed that the M,;C, carbide precipitates in
the tested steel and the intermetallic sigma phase (o) may play a significant role in the loss of durability of the tested steel. This is related to
their significant increase due to the influence of elevated temperature, and their coagulation and coalescence dynamics strongly depend on the
ageing/operating temperature level. The qualitative and quantitative identification of the secondary phase precipitation processes described in

the study is important in the analysis of the loss of durability of the tested steel under creep conditions.
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1. INTRODUCTION

The continuous increase of energy demand in Poland requires
not only further development of conventional energy sources,
but also maintenance of the current state. Poland’s energy
policy assumes that by 2040 over 50% of electricity in the
country will come from fossil fuels (hard and brown coal)
[1, 2]. Therefore, it is important to know the effect of long-
term influence of elevated and high temperature on the sta-
bility of functional properties of pressure equipment of power
units [3—11]. Materials used for devices operating in the power,
chemical, petrochemical or aviation industries should be
characterized by increased properties under the conditions of
long-term exposure to high temperature, stress and aggressive
environment [12—14]. This applies particularly to components
operating under supercritical temperature and stress condi-
tions, i.e. creep and fatigue conditions. The knowledge of the
precipitation processes has a significant impact not only on
the modification of the chemical composition when design-
ing new steels and alloys for operation at elevated and high
temperatures. It also provides significant information on the
safe operation of multi-million investments in the conventional
power industry [15-18].
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2. MATERIAL AND METHODOLOGY
The fine-grained S304H steel, which is the subject of the
research, was developed as a result of modification of classic
austenitic 304 steel (X8CrNil8-8). This material is an austen-
itic chromium-nickel steel with the addition of copper, with an
average chromium content of approx. 18%, nickel at 9% and
copper at 2%, resistant to corrosion. The steel shows high creep
strength as compared to other high-alloy steels, which is 68 MPa
at 700°C for 100 000 h. High creep resistance results from the
strong solution and precipitation hardening. The creep strength
value is a good recommendation for the use of steel in boilers
with supercritical steam parameters. In the power industry, steel
is intended for seamless pipes for applications in the tempera-
ture range of up to 700°C. When used for pressure equipment,
pipes should meet the requirements of Directive 2014/68/EU,
Chapter 4, Annex I. The chemical composition of the tested
S304H steel (Table 1) as well as the melt and control analysis of
the product provided by the manufacturer in the tubes certificate
should be consistent with the requirements contained in Table 2.

In order to carry out qualitative and quantitative analysis of
secondary phase precipitates in S304H steel, metallographic
tests of such steel were performed after ageing at 650 and 700°C
for 1000, 10 000 and 30 000 h.

The microstructure studies were carried out using an Inspect
F scanning electron microscope (SEM) on electrolytically etched
microsection and transmission electron microscopy (S/TEM)
with the use of thin films. Changes in the microstruc ture

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Chemical composition of the material of the tested S304H steel tube

Chemical composition, [wt %]

C Si Mn P S Cu Cr Ni Nb B N Al
Follow-up 0.09 0.20 0.80 0.003 0.001 2.99 184 8.80 0.48 0.004 0.11 0.006
Table 2
Melt analysis of S304H steel as per PN-EN 10216-5 2013
Chemical composition, [wt %]
C Si Mn P Cr Ni Nb Cu N Al B
. min | 0.07 - - - 17.0 7.5 0.30 | 2.50 | 0.05 | 0.003 0.001
Melt analysis
max | 0.13 | 030 1.0 0.04 0.01 19.0 10.5 | 0.60 | 3.50 | 0.12 | 0.030 0.01
. min - - - - 16.80 7.4 025 | 245 04 0.003 | 0.0007
Product analysis
max | 0.14 | 035 1.04 | 0.045 | 0.018 19.20 | 106 | 0.65 | 3.55 | 0.13 | 0.030 | 0.0103

during long-term ageing, mainly related to the precipitation
processes of secondary phases, were analyzed. Qualitative
analysis and statistical quantitative evaluation of precipitates
of the main secondary ¢ Cu and M,;C¢ phases and the o phase
were performed.

The study of the substructure and identification of the pre-
cip-itates were carried out with the use of an FEI Titan 80-300
high-resolution transmission electron microscope using thin
films. This microscope is equipped with a STEM scanning
system and BF, DF and HAADF scanning-transmission detec-
tors, a Cs condenser spherical aberration corrector, and an EDS
energy dispersion spectrometer. Preparations for TEM tests
were pre-pared in a FIB tool.

Quantitative analysis of the precipitates was carried out
with the use of a computer image analysis system, based on
the im-ages of microstructure captured using a scanning and
transmis-sion electron microscope. The image analysis system
was cal-ibrated using a scale marker placed on microstruc-
ture images. A fixed measuring frame with the dimensions of
1020x940 pixels was used.

3. TEST RESULTS AND ANALYSIS
As delivered, the tested steel is characterized by a fine-grained
austenitic structure with grain size of 7-9 according to ASTM
standards (Fig. 1) and visible annealing twins with coherent
and non-coherent boundaries and single primary NbCN (MX)
pre-cipitates of various sizes, distributed inside the grains.

The fine-grained structure provides the steel with good
duc-tility, expressed in impact strength, as well as strength and
plas-ticity. Moreover, it positively influences the resistance
to oxi-dation in comparison to coarse grain steels [19, 20].
Detailed studies of the microstructure of S304H steel after long-
term ageing were focused on the observation of precipitation
pro-cesses related to the initial stages of precipitation (M,;Cy,
o phase), precipitation along grain boundaries and changes in
the morphology of secondary phases.

Representative images of the microstructure after long-term
ageing, observed on a scanning microscope, are shown in Fig. 2.

Fig. 1. Microstructure of as-delivered S304H steel, SEM

In order to analyze the precipitation processes of the fine-
ly-dispersed & Cu phase, the substructure was observed at
high magnifications in a transmission electron microscope. An
ex-ample of the identified ¢ Cu phase and its morphology after
ageing, used for statistical analysis, is shown in Fig. 3.
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Fig. 2. Microstructure of S304H steel after ageing: at 650°C for a) 1 000 h, b) 10000 h, ¢) 30 000 h; at 700°C for d) 1000 h,

phase o

e) 10000 h, f) 30000 h, SEM
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Fig. 3. a) Dislocation structure with €_Cu phase precipitates after age-
ing at 650°C for 30 000 hours. Thin TEMBEF film; b) EDX chemical
composition of the precipitates from the area a) STEM

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e137520

Using the results of metallographic tests, examples of which
are shown in Figs 2 and 3, registering the precipitation pro-
cesses occurring in the microstructure of S304H steel, both in-
side and along grain boundaries, their statistical analysis was
carried out. Numerous publications indicate that the described
precipitates significantly affect the properties of the tested ma-
terial [9,10,21].

An example of the procedure for conducting image analysis
in order to extract the precipitates of the analyzed phase is pre-
sented in Fig. 4. The percentage content of the phase in the total
area of the analyzed image was calculated based on the surface
area measurement. The average diameter equivalent to a given
set was determined to unequivocally define the average particle
size. The calculated statistical measures describing the empir-
ical distributions of the equivalent diameter of the precipitates
are presented in Tables 3-5.

Sample histograms of the distribution of the average equiv-
alent diameter of the precipitate size and selected histograms
describing the distribution of the surface area of the analyzed
phases (M»3Cg, ¢ phase) for the most characteristic material
states are presented in Figs 5, 6.

Depending on the chemical composition of the steel, M23Cg
precipitates are generally characterized by low thermal stability
during prolonged exposure to elevated temperatures. This leads
to a relatively rapid increase in the average diameter of these
precipitates and a decrease in their content in the microstruc-
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Table 4
Statistical measures of the equivalent diameter of the ¢ phase precipi-
tates in S304H steel

. Min. Max. | Average Surface
Testing . . . Standard .
. diameter | diameter | diameter .. fraction
material deviation
um pm um %
Ageing
1000/650°C 0 0 0 0 0
Ageing
10000/650°C 0.76 2.47 1.39 0.44 0.39
Ageing
30000/650°C 0.56 4.04 1.58 0.81 2.24
Ageing
1 000/700°C 0 0 0 0 0
b) . 0 - 0 (ﬁ)go‘j%goo o 086 5.11 2.39 1.28 1.09
Ageing
’ - . 30000/700°C 0.65 8.40 2.12 1.53 4.44
’
' d e,
4 .
v - ’ Table 5
» # N Statistical measures of the equivalent diameter of £€_Cu precipitates in
! S304H steel
» - X
- . - Testing .Mm. .Max. A.verage Standard Surfgoe
. diameter | diameter | diameter .. fraction
N material deviation
wm wm wm %
- ' - Ageing
R /7 Looo/ssoee | 64 26.9 12.8 3.9 124
Ageing |y, 84.7 338 200 | 272
. . . 10000/650°C
Fig. 4. Image analysis of o phase precipitates of S304H steel after ool
10000 hours of ageing at 700°C; a) original image, b) binary image geimng
geing ) orig ge, b) y 1mmag 30000/650°C 16.0 81.3 422 15.1 40.4
Ageing
Table 3 1 000/700°C 9.0 65.7 22.7 12.6 19.7
Statistical measures of the equivalent diameter of M3 Cg precipitates Ageing
in S304H steel 10000/700°C 23.3 710 47 10 44.0
- Ageing
Testing .Mln. .Max. A.verage Standard Surfa}ce 30000/700°C 40.5 129.0 71.3 21.2 71.1
. diameter | diameter | diameter .. fraction
material deviation
pm pm pm %
Ageing 83
1000/650°C 0.08 0.97 0.30 0.2 2.01
Ageing
10000/650°C 0.06 1.03 0.28 0.13 1.62 >
Ageing g
30000/650°C 0.06 1.07 0.34 0.14 1.65 g 3
Ageing P
1 000/700°C 0.1 0.8 0.31 0.14 1.63 a0
Ageing 10 9
7
10000/700°C 0.06 1.0 0.33 0.14 1.65 I I 5 6 4 —1
Ageing I I | l I | -
30000/700°C 0.11 1.48 0.40 0.22 1.09 1lalslalslela2lalolwlulizlis
0 1 2 3 4 5 6 7 8 9 10 11 12

ture with the extension of the time of exposure to the ageing Limits of distribution classes (um)

temperature. Under the adopted ageing conditions, the tested
steel showed relative stability of the geometrical features of the

Fig. 5. Results of quantitative analysis of the surface area of ¢ phase
after 30 000 hours of ageing at the temperature of 700°C
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Fig. 6. Results of quantitative analysis of the surface area of M;3Cg
precipitates after 30 000 hours of ageing at the temperature of 700°C

particles, and a clear effect of changing the morphology of these
precipitates was observed only after ageing for 30000 hours
at 700°C.

On the other hand, their quantitative share, measured by the
surface area of a cross-section, decreases with increasing ageing
time and temperature, which is the result of their disappearance
due to the development of changes related to ¢ phase precipi-
tation.

The results of the measurement of statistical average equiva-
lent diameter of the ¢ phase precipitates show that the identifi-
able occurrence of the o phase particles takes place after ageing
for 10000 hours with an average diameter of 1.39 um. As the
ageing time is extended up to 30000 hours, the average parti-
cle size increases to 1.58 pm, i.e. by about 14%. On the other
hand, the share of the ¢ phase, measured by the surface area
of the planar particle cross-section, increases significantly with
ageing time and temperature from the value of 0.39 after ageing
at 650°C/10 000 hours to 4.44 after ageing 700°C/30 000 hours.
The results of analogous measurement for the ageing tempera-
ture of 700°C indicate advancement of the precipitation process
and increase in the average diameter of the ¢ phase particles to
2.39 um with the ageing time of 10000 hours as compared to
the temperature of 650°C, i.e. by about 70%. Extension of the
ageing time up to 30 000 hours causes a slight reduction of the
particles’ average diameter, to 2.12 wm, which probably results
from the ¢ phase precipitation mechanism and the participation
of chromium carbides in this process.

Finely-dispersed €_Cu precipitates inside the grains of
the tested steel are characterized by quite high stability. The
observation of the precipitates using TEM techniques (Fig. 7)
indicates a continuous but slow increase in the particle size of
the copper-rich phase along with the ageing time. This increase
will ensure that the steel maintains high strength properties
over a long period of operation (Table 5). These particles are

Fig. 7. €_Cu precipitates in S304H steel after ageing at 700°C, a) 1 000 h, b) 10000 h, ¢) 30000 h

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e137520
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precipitated already in the first hour of ageing in the temper-
ature range of 650-700°C. In [22], these types of precipitates
with a size of approx. 2 nm were revealed after one hour of
ageing at 650°C. According to the literature, in copper-rich
precipitates in the initial period of ageing, the copper content
is about 17%, with an additional content of elements such as:
iron (approx. 55%), chromium (approx. 20%) and nickel (ap-
prox. 10%). Longer ageing time, i.e. about 500 hours at the
temperature of 650°C, increased the copper content in the pre-
cipitate to approx. 90% [15]. The obtained results of the €_Cu
phase measurements indicate that with the increase of the age-
ing time and the temperature increase to 700°C, there is a con-
tinuous increase in the particle’s average diameter, respectively
for the temperature of 650°C from 12.8 nm to 42.2 nm and
from 22.7 nm to 71.3 nm for a temperature of 700°C.

4. SUMMARY

As delivered, S304H steel is characterized by an austenitic
microstructure with twins and numerous MX particles, locally
arranged in bands, of various sizes inside and along grain
boundary. When subjecting the tested material to long-term
heat treatment, it was found that over time it was character-
ized by a very diverse microstructure. In the initial period of
ageing, an intensive precipitation process takes place, during
which numerous, very fine copper particles coherent with the
matrix are released inside the grains. The second identified
precipitate appearing in the structure of the tested steel are
carbides, which are mainly released at grain boundaries. They
were also observed inside the grains at longer ageing times.
Long-term ageing also contributed to the precipitation of an
unfavorable o phase initially at boundaries, and after longer
ageing also inside austenite grains. Its location and the ten-
dency to significantly grow with ageing result in a significant
reduction of functional properties. Its size and surface frac-
tion can be used to assess the degree of degradation/loss of
durability of components operating under creep conditions for
a long time.
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