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Abstract. The paper presents the results of microstructural and mechanical investigation of long-term aged TP347HFG austenitic stainless steel.
Ageing was performed at a time of up to 30000 hours and the temperature of 600 and 650°C. Ageing was proved to lead to the precipitation
of secondary phase particles not only inside grains but also on the boundaries of grains and twins. The MX precipitates were observed inside
the grains. However, M,3C¢ carbides and sigma phase precipitates were observed on grain boundaries. The changes in the microstructure of
the examined steel translated into the mechanical properties, i.e. initially observed growth and then the decrease of yield strength and a gradual
decrease in impact energy. The overageing process — a decrease in strength properties — was associated with the growth of the size of M»3Cq
carbides and the precipitation of the sigma phase. The reduction of impact energy in TP347HFG austenitic stainless steel was found to be
associated with the precipitation of M3Cg¢ carbides in the case of the 600°C temperature, and the M3Cg carbides and sigma phase in the

case of the 650°C temperature. The rate of changes in the microstructure and mechanical properties depended on the ageing temperature.
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1. INTRODUCTION

The efforts to reduce the harmful impact of industry on the en-
vironment resulted in implementing the process of decarbonis-
ing the economy, among others. In the case of thermal energy,
the emission of pollutants into the atmosphere is reduced by in-
creasing electricity production with the use of renewable energy
sources (RES). However, due to periodic efficiency (wind and
solar activity), RESs are very unstable in terms of production
and require stabilising protection in the form of conventional
coal power units [1,2]. On the other hand, reducing the negative
impact of burning fossil fuels in power units on the natural en-
vironment is associated with increasing their efficiency as a re-
sult of increasing steam parameters. The increase in efficiency
was possible as a result of applying modern heat-resistant alloys
with a ferritic and austenitic matrix to the key, critical compo-
nents of the power unit installation [3,4].

Austenitic alloys were introduced in the power industry as
construction materials because of the low microstructure stabil-
ity of martensitic steels of the 12%Cr type (HCM12A, VM12),
and in the case of the steel of the 9%Cr type, because of their
insufficient resistance to oxidation and high-temperature corro-
sion [5, 6]. One of the representatives of the group of creep-
resisting steels with an austenitic matrix that has found appli-
cation in the critical components of coal-fired units working at
supercritical parameters was TP347HFG steel [7]. TP347HFG
steel belongs to a group of heat-resistant austenitic steels used
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in the power industry for steam superheaters, among other
things. This type of steel was designed on the basis of TP347H
steel by obtaining a fine-grained structure through applying
properly selected parameters of thermoplastic treatment. Be-
cause of fine grain, TP347HFG steel shows better resistance to
corrosion and oxidation compared to the base steel with similar
creep resistance [7].

Previous studies on creep-resistant austenitic steels were
mostly concentrated on the HR3C and Super 304H steel grades
or focused on the investigation of material after use. These stud-
ies proved that the dominant mechanism of both the strengthen-
ing and degradation of the microstructure of austenitic steel in-
volves the processes connected with precipitation and the coag-
ulation of secondary phases [4, 8—10]. However, there is a lack
of comprehensive data concerning the influence of the effect of
temperature and time of ageing, simulating the actual use, on
the processes of degradation of microstructure and mechanical
properties of TP347HFG steel. The paper presents the influence
of temperature and time of ageing on the change of microstruc-
ture and mechanical properties of TP347HFG steel after long-
term ageing for up to 30 000 hours at 600 and 650°C.

2. SPECIMENS

The testing material consisted of samples from tube sections
made of TP347HFG steel with the following dimensions:
50.8 x 11.5 mm (outer diameter x wall thickness). The chemi-
cal composition of the tested steel is presented in Table 1. The
tested steels were subjected to ageing at 600 and 650°C and
ageing for up to 30 000 hours.

© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0002-2093-4674
mailto:grzegorz.golanski@pcz.pl

W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

G. Golaniski and H. Purzynska

Table 1
Chemical composition of steel, wt%

C Si | Mn P S Cr Ni Nb N

0.10 | 0.38 | 1.42 | 0.022 | 0.001 | 18.71 | 11.88 | 0.60 | 0.10

3. METHODOLOGY

The scope of the conducted studies included: chemical com-
position analysis, microstructure studies using scanning elec-
tron microscope (SEM) and transmission electron microscope
(TEM), analysis of precipitates using electron diffraction, com-
puter image analysis, testing of mechanical properties: static
tensile test and impact test. The chemical composition analy-
sis was performed using a SpectroLab spark spectrometer. The
microstructural investigation was carried out using Jeol JSM-
6610LV — SEM and TITAN 80-300 — TEM. The specimens for
SEM tests were prepared by grinding with papers of different
grits, polishing and subsequent etching in the Mil9Fe reagent.
The specimens for TEM tests, i.e. thin films, were prepared as
a disc of 3 mm in diameter and approx. 100 um in thickness
electrolytically thinned to perforation using a solution of 20%
perchloric acid in ethanol at a temperature of approx. —30°C
and voltage of approx. 20 V. The microsection surfaces were
oriented perpendicularly to the axis of the pipe section. The
identification of the precipitates on thin films was performed
using selective electron diffraction. The static tensile test was
carried out on round samples with an initial measuring diam-
eter of up to 5 mm using a Zwick/Roell Z100 testing machine
with a force range of up to 100 kN. The impact test was carried
out on standard Charpy V samples.

4. MICROSTRUCTURE IN THE DELIVERY CONDITION
An example of the microstructure of the tested steel in the
delivered condition is shown in Fig. la. As delivered, the in-
vestigated alloy was characterized by austenitic microstructure
with numerous twins and precipitates arranged both in a ran-
dom and banded manner. The tested material in the as-received
state was characterized by a grain size number equal to 9.
The TP347HFG steel belongs to the group of heat-resistant
austenitic steels stabilized with strongly carbide-forming alloy-
ing element-niobium (Table 1). This results in the presence of
large primary niobium-rich precipitates in the microstructure at
delivery (Fig. 1b). These particles are precipitated in the last
stage of solidification [4,9, 11], therefore some of them are ob-
served near or at grain boundaries (Fig. 1a, 1b). The content of
Nb in the chemical composition of austenitic steels is at such
a level as to allow only partial binding of carbon and nitrogen
atoms. This allows for the precipitation of Cr-rich precipitates
in the grain boundaries, reducing the creep rate due to slip-
page inhibition at the boundaries [4, 9]. In addition to the large
primary niobium-rich particles, the microstructure of this steel
also reveals numerous dispersed precipitates inside the grains
(Fig. 2).

Thermomechanical heat treatment of this type of steel, as
a result of modification of temperature-time parameters, facili-
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Fig. 1. The microstructure of TP347HFG steel in delivery condition
(a); niobium-rich primary precipitate at grain boundary (b); SEM

Fig. 2. Large and dispersed MX precipitates in the steel, TEM

tated the separation of dispersed particles, which resulted in ob-
taining a fine-grained structure with a grain size of at least 7 [7].
The performed identifications showed that both large, primary
and dispersed particles inside the grains are MX precipitates.
The presence of numerous, both coherent and non-coherent
with the matrix of twins, in the microstructure of the tested
steel, proves the low stacking fault energy of the steel [7, 10].

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 2, p. 144607, 2023
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The presence of numerous twins in the austenitic matrix not
only translates into the growth of plasticity and ductility, and the
limitation on susceptibility to brittle cracking, but it also raises
the resistance of austenitic steel to intercrystalline corrosion [8,
9]. Apart from MX precipitates in the as-received state inside
the grains, as well as on grain boundaries and twin boundaries,
no other types of precipitates were noticed.

5. MICROSTRUCTURE AFTER AGEING
Austenitic steels in a solution heat-treated state are charac-
terized by a metastable structure, which in the case of in-
creased/high temperature will result in gradual changes in the
microstructure of these materials. In austenitic steels, the basic
process of degradation of their microstructure is precipitation
processes occurring both at grain boundaries, twin boundaries,
as well as inside the grains [4, 10, 12]. The dynamics of changes
in the microstructure of austenitic steels depend on temperature
as a factor that has a decisive influence on diffusion processes.
In the initial period of ageing, both at 600°C and 650°C, pre-
cipitation processes occurring mainly at grain boundaries were
observed (Fig. 3). Boundaries, as surface defects, are places of
privileged precipitation of secondary phase particles and segre-
gation of impurities thereto. This is due to the fact that these
areas are characterized by higher interfacial energy and faster
diffusion rate compared to the grain interior. In austenitic steels,
M;,3C¢ carbides precipitate on grain boundaries (Fig. 4). The
precipitation of M»3Cq carbides along grain boundaries is re-
lated to the limited solubility of carbon in austenite [9]. The
Mj3Cq carbides precipitate successively on grain boundaries,
incoherent and coherent twin grain boundaries, and finally in-
tragranular boundaries. Longer ageing times contributed to an
increase in the number and local formation of a continuous net-
work of precipitates and then the coagulation of these parti-
cles (Figs. 3, 5a, 5¢). The changes in the morphology of M»3Cg
carbides resulted mainly from the low stability of these par-
ticles. In the tested steel, after longer ageing times at 650°C,
mainly at the contact of the three-grain boundaries, a mor-
phologically different precipitate was revealed — intermetallic
sigma phase (Figs. 5b, 5d, 6). The precipitation of the sigma
phase, the growth of its size and volume fraction is a very
sluggish process, which is connected, among other things, with
the very slow diffusion of a substitutional element in austen-
ite. The sigma phase is incoherent with austenite and its nu-
cleation is difficult [9, 12—14]. The sigma phase in austenitic
steel can precipitate in three ways, including the transformation
from austenite — to — sigma phase, the transformation from &
ferrite — to — sigma phase and in situ transformation of M»3C¢
carbides [12, 13]. Since the sigma phase is a precipitate rich in
iron and chromium, according to [14], the preferential place of
its precipitation and further growth is the inter-phase boundary
M;3C¢ carbide/matrix. The metastable chromium-rich M»3Cg
carbide can easily provide the required chromium atoms for the
nucleation of sigma phases during its dissolution.
Additionally, as shown in [15], the sigma phase may precipi-
tate due to the in-situ transformation of M»3Cq carbides at grain
boundaries, which is accompanied by the dissolution of these
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Fig. 3. Microstructure of TP347HFG steel after and 1000 hours of
ageing at a) 600°C; b) 650°C, SEM

Fig. 4. The precipitates on the grain/twin boundaries and inside grains,
TEM

carbides. The microanalysis of the chemical composition of the
sigma phase also proved the presence of silicon in this phase
(Fig. 6b). Silicon has a significant effect not only on the rate of
precipitation of this phase but also on its volume fraction [16].
In steel aged at a temperature of 650°C, a relative increase in
the size and surface proportion of the sigma phase precipitates
with ageing time (Figs. 5b, 5d) was visible, which results from
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Fig. 5. Microstructure of TP347HFG steel after 20 000 (a, c) and 30 000 (b, d) hours of ageing at a, b) 600°C; c, d) 650°C,
where: MX! — primary particles; MX'! — fine particles, SEM
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Fig. 6. Sigma phase precipitate in TP347HFG steel aged for 30 000 hours at 650°C; a) dark field; b) X-ray spectrum, TEM

the high tendency of the sigma phase to coagulate. The growth
of the sigma phase probably took place at the expense of the
atrophy of some of the metastable M3Cg¢ carbides separated
at boundaries, which are the reservoir of Cr atoms. The lack
of solubility in the sigma phase of carbon atoms, perhaps, ac-
cording to [14], as a result of their diffusion at grain boundaries,
contributes to the increase in the size of M,3Cq carbides precip-
itated at the boundaries. On the other hand, according to [9, 12],
C atoms enrich border regions, which translates into the poten-
tial possibility of the precipitation of M»3Cg carbides inside the
grains and at the ends of twin boundaries.

At a lower ageing temperature of 600°C, no sigma phase pre-
cipitates were observed in the microstructure of the tested steel,
even after the time of 30 000 hours of holding. This indicates
that the process of nucleation and growth of sigma precipitates
depends not only on the chromium content but also on the age-
ing temperature.

Inside the grains, similarly as in the as-received state, apart
from large precipitates, the presence of dispersed NbX precipi-
tates was observed (Figs. 2, 7). The dispersed nanometric NbX
particles, relatively evenly distributed in the matrix, constitute
an effective obstacle for the movement of dislocations (Fig. 7).

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 2, p. 144607, 2023
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They anchor and inhibit the possibility of dislocation move-
ment, and thus contribute to a considerable strengthening of the
examined steel with the precipitation mechanism [3,12,17]. The
high susceptibility of C and N atoms to segregate to the dislo-
cation line [12, 17] is why a part of those precipitates was seen
on the dislocations, which caused their accumulation. These
precipitates are also characterized by a significant property in
terms of long-term use of steel, i.e. the low susceptibility to co-
agulation [11, 18].

Fig. 7. Effect of dislocation with dispersed MX precipitates inside the
grains, TEM

6. EFFECT OF AGEING ON THE MECHANICAL

PROPERTIES OF TP347HFG STEEL
The degradation of the microstructure of the examined steel
translates into changes in its original mechanical properties. In
the as-received state, due to the dominant solution-based mech-
anism of strengthening and a large number of slip bands, the
analyzed alloy, similar to other austenitic steels, is character-
ized by high ductility and plasticity, with relatively low strength
properties (Figs. 8, 9). As a result of the occurring precipitation
processes, the ageing of the tested steel contributed to an in-
crease in strength properties — yield strength (YS) and tensile
strength (TS) — Fig. 8. The initial increase of the value of YS
was observed regardless of the ageing temperature until the an-
nealing time of 5000 hours. Longer ageing times contributed to
the decrease in the value of this parameter (Fig. 8a). In the case
of TS (Fig. 8b), a continuous increase of this parameter was ob-
served until the ageing time of 30 000 hours. Higher increases
in both YS and TS were observed for the alloy aged at a lower
temperature. The increase in strength properties is related to the
limitation of the free movement of dislocations.

In austenitic steels, the precipitation of secondary dispersed
particles is the dominant strengthening mechanism contribut-
ing to the increase in these properties. The influence of this
strengthening is mainly related to the type and morphology of
the precipitates. Dispersive, nanometric particles and precipi-
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Fig. 8. Change in the value of yield strength (a) and tensile strength
(b) of TP 347HFG steel depending on ageing parameters
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tates with a plate shape, in comparison with a round shape, at
equal volume fractions ensure a higher strengthening gain [19].
According to calculations [20], the stress needed to bypass
a particle — secondary NbC precipitate — with the Orowan mech-
anism amounts to 27 MPa, whereas according to [16], this value
amounts to 58 MPa. However, the stress for M3Cg carbide in
austenitic steel was estimated to be 10 MPa [20]. Moreover,
in [21], the authors point to a negligibly small role of M»3Cg
carbides in the strengthening of austenitic steel. The calcula-
tions made for Super 304H steel showed that the pinning force
of M»3Cg¢ carbides, compared to dispersed precipitates of the
Z phase and €_Cu particles, is respectively 10 and 27 times
smaller [22]. In turn, according to [9], M3Cg carbides play an
important role in shaping high-temperature strength. This in-
dicates a significant role of MX dispersed precipitates as the
phase that dominates the precipitation hardening of the tested
steel.
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The visible effect of overageing (Fig. 8a), in general, is re-
lated to the process of precipitate coagulation and the disappear-
ance of the coherence of strengthening particles of secondary
phase particles. The overageing effect in the tested steel should
be associated mainly with the coagulation of M»3C¢ carbides
and the precipitation and increase in the size of the sigma phase
particles at the expense of dissolving M»3Cgq carbides. The
higher thermal stability of MX precipitates (=70 kJ/mol [23])
compared to M»3Cg carbides (=20 kJ/mol [23]), or the sigma
phases and the coherent or semi-coherent boundary of MX par-
ticles translates into their very slow coagulation rate. The above
results in a more effective interaction of MX precipitates acting
as barriers to dislocation traffic compared to other precipitates.
Nevertheless, as demonstrated in [20-22], even a slight increase
in the size of the dispersed particles causes quite a significant
reduction in the pinning force. Moreover, the precipitation and
coagulation of the secondary phase particles lead to the deple-
tion of the matrix in the alloying elements diffusing into these
precipitates. This results in a reduction of the strengthening by
the solution mechanism, which translates into a decrease in YS.

Changes in the microstructure of the tested steel during age-
ing also reduce its impact energy (KV) — Fig. 9. The change in
the KV value, regardless of the ageing temperature, was com-
parable to the holding time of 5000 hours (Fig. 9). Longer age-
ing times at 650°C result in an accelerated reduction of this
parameter as compared to the change in KV after ageing at
600°C (Fig. 9). The toughness of the steel depends mainly on
the grain size, the distribution of the precipitates in the matrix
and their volume fraction precipitated at grain boundaries. The
fine-grained structure of the tested steel (grain size of at least
7 according to the standard scale) and the presence of numer-
ous twins in the microstructure (Fig. 1) significantly reduce the
tendency of the analyzed alloy to brittle fracture. The bound-
aries of grains and twins constitute an energy barrier for low-
energy propagation of cracking. Additionally, [24] showed that
the positive effect of fine grain is connected with the discontin-
uous distribution of carbides at grain boundaries. The beneficial
effect of the fragmentation of the heat-resistant steel structure
on toughness and the brittle state transition temperature was
also demonstrated in [8, 15].

In turn, the coarse-grained structure of HR3C steel (grain size
at most 3—4 according to the standard scale) was indicated as
a significant cause of the brittleness of this steel during use [9].
The decrease in KV of the tested steel was related to the precip-
itation processes taking place both at grain boundaries and at
the boundaries of twins (Figs. 3—6). In steel aged at 600°C and
in the initial stage of ageing at 650°C (up to 5000 hours), the
reduction of KV resulted from the precipitation of M»3Cq car-
bides at grain boundaries. The appearance of sigma phase parti-
cles in the microstructure of steel aged at 650°C (Figs. 5b, 5d, 6)
translated into an accelerated reduction of KV.

The decisive influence of the sigma phase precipitation on
the brittleness of the welded joint of Super 304H steel was also
demonstrated in [25]. The M3Cq carbides precipitated along
grain boundaries and twin boundaries as well as hard and brit-
tle sigma phase particles precipitated along grain boundaries in
steel aged at a higher temperature contributed to the reduction
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Fig. 9. Influence of ageing parameters on the change of impact energy
of TP347HFG steel

of the strong cohesion of grain boundaries, which in turn con-
tributed to the low-energy, brittle fracture propagation.

Moreover, the presence of sigma phase precipitates on the
boundaries of grains facilitates and favours faster nucleation of
microcracks and cavities [9]. According to [13], the crack re-
sistance of austenitic steels is also strongly affected by the mor-
phology of the precipitates of M»3Cg carbides and sigma phase,
precipitated on the boundaries. The reduction of toughness and
YS is also influenced by the decrease in the density of twins in
the microstructure that occurs during ageing [9, 15,22].

7. CONCLUSIONS

The conducted tests of long-term aged TP347HFG steel at 600
and 650°C facilitated the formulation of the following conclu-
sions:

1. Ageing of TP347HFG steel leads to changes in its mi-
crostructure, mostly appearing through the precipitation
processes. M23Cg carbides are precipitated on the bound-
aries of grains, whereas after longer times of ageing at
650°C also the sigma phase precipitates are observed. In-
side the grains, the presence of primary and dispersive MX
particles was observed.

2. Changes in precipitate morphology initially contributed to
an increase in the strength properties — yield strength (YS),
from the value of 306 MPa in the as-received condition to
the level of 331 and 320 MPa for the temperature of 600 and
650°C, respectively. The longer aging times resulted in an
aging effect, which resulted in a gradual reduction of YS,
to a value of 274 MPa for a temperature of 650°C, that is,
a value lower than in the as-received condition.

3. The nucleation and growth of My3Cgq carbides at the
grain/twin boundaries contribute to the gradual reduction of
the impact energy from the level of 144 J in the as-received
state to the value of 98 J after 30 000 hours of aging at
600°C. The precipitation of the sigma phase in steel aged
at 650°C accelerates the embrittlement of the tested steel,
the impact energy after 30 000 hours of aging in this case
was 56 J.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 2, p. 144607, 2023
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