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Effect of aging up to 3000 h at 923 K on the microstructure, the secondary phases, the mechanical properties, and
s the intergranular corrosion was examined in an S304H-type austenitic stainless steel. The Cu-rich and NbC-type
Aging particles with sizes of 1.5 nm and 50 nm, respectively, were uniformly distributed throughout whileM23Cs-type
ﬁzs}l‘z‘;?ctﬁlroperﬁes carbides with a size of 40 nm precipitated mainly on the grain boundaries after aging for 100 h. Upon further
Corrosion resistance aging a relatively fast coarsening of the boundary M3Ce carbides in accordance to a power law relationship with

a particle growth exponent of 4 led to the formation of semi-continuous chains of these carbides along the grain
boundaries. These chains diminished the fracture toughness; moreover, the steel became susceptible to inter-
granular corrosion. On the other hand, the uniform dispersions of NbC carbides and Cu-rich particles were less
susceptible to coarsening under aging. The growth behavior of these particles could be expressed with a particle
growth exponent of 3. A depletion of solid solution due to precipitate coarsening led to the ferrite appearance
primarily along the austenite grain boundaries. The dispersion strengthening by carbide/nitride particles
gradually decreased while that from Cu particles increased during annealing, resulting in the tension strength

slightly increased with aging duration.

1. Introduction

Chromium-nickel austenitic stainless steels are widely used for crit-
ical components of modern fossil power plants, nuclear reactors, and
petrochemical and chemical process plants owing to attractive combi-
nation of the yield strength and creep resistance at elevated tempera-
tures along with reasonable corrosion and oxidation resistance [1-6].
Austenitic steels are able to withstand service temperatures ranging
from 893 to 953 K and pressure loads ranging from 24 to 35 MPa [2-4].
Increasing temperature and allowable stress were attained by additional
alloying [3,4]. Creep-resistant S304H steel was developed on the base of
AISI304 steel for superheater and reheater tubes for ultra-supercritical
pressure boilers [3,4]. The outstanding creep strength of S304H steels
at high temperatures resulted from alloying by copper (3 wt%), niobium
(0.4 wt%), boron (0.005 wt%), and increased to 0.08 wt% of nitrogen [3,
4,7-9]. The strong carbide-forming elements such as Cr and Nb form
Cry3Ce carbides and Nb(C, N) carbonitrides [7-9], whereas Cu-rich
particles precipitate homogeneously [7-9].

The superior creep strength of S304H-type steels is attributed to high
efficiency of the dispersion strengthening associated with coherent Cu
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particles and incoherent Nb(C,N) dispersoids. Stability of these particles
against coarsening at elevated temperatures is a critical issue for long-
term creep resistance of S304H-type steels [9-13]. Nb(C,N) carboni-
trides exhibit superior dimensional stability despite large misfit
implying incoherent interfaces of the dispersoids [8,13]. The primary
Nb(C,N) particles with their dimensions ranging from 0.1 pm to 4 pm
locate on the grain boundaries, whereas the secondary particles with a
size of approx. 10 nm precipitate on dislocations during long-term aging
or creep [8,13-18]. The fine Nb(C,N) and Cu particles give a significant
contribution to the creep strength [17,19,20]. The Nb(C,N) carboni-
trides may reportedly transform to Z-phase (CrNbN) particles under
long-term aging [11,17,18], although the mechanical properties of the
steel remained unaffected. The coarsening behavior of Cu particles is
characterized by a grow exponent of 3 in accordance with the
Lifshitz-Slyozov-Wagner theory [21,22]. After long-term aging for 50,
000 h, the size of Cu particles may reach 40-80 nm depending on aging
temperature of 650 °C-750 °C [23,24]. However, recent studies showed
that the nano-sized Cu-rich precipitations can withstand against coars-
ening providing superior long-term creep strength [25-27]. The low
interfacial energy of coherent Cu precipitates promotes their stability
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[22]. Evolution of the uniformly dispersed Cu and Nb(C,N) particles
during long-term aging affects tensile behavior of S304H-type steels
insignificantly [11-15], although the dispersion strengthening deserves
more accurate quantitative analysis. In contrast, the long-term aging
diminished the impact toughness of S304H-type steels due to precipi-
tation of M23Cg carbides and other phases on the grain boundaries [11,
14,15], although this detrimental effect is not dramatic in S304H-type
steels as compared to other alloys with higher Cr and Ni content
[28-30].

The boundary particles play a role of nucleation sites for crack
nucleation, and continuous chains of secondary phases on boundaries
provide easy crack propagation path along the grain boundaries [28].
Transition from ductile transgranular fracture to brittle intergranular
fracture substantially decreases the impact toughness after long-term
aging [14,15,28-30]. The large portion of M33C¢ carbides in austenitic
stainless steels precipitate at grain boundaries [18,25,31]. Therefore,
the impact toughness of S304H-type steels is significantly depend on the
nucleation sites of M3Cg carbides and their ability to grow along the
grain boundaries. In contrast to the Cu-rich phase, which quickly dis-
solves followed by the formation of chromium oxide protective layer
[32], the large boundary carbides may lead to chromium depletion from
austenite and, therefore, to intergranular corrosion [33-35]. Note here,
the effect of aging on the susceptibility of S304H-type steels to inter-
granular corrosion is poorly known and has to be clarified.

Another important issue of the S304H-type steels is the stability of
austenite during aging after redistribution of such strong austenite-
stabilizing elements as Cu, N, and C. S304H-type steels consist of
austenite and ferrite in an equilibrium state at temperatures below 1120
K [36] and precipitation of Cu-rich phase, carbides (M33Cg), carboni-
trides (Nb(C,N) and nitrides (Z-phase) may induce a partial trans-
formation of austenite to ferrite. The formation of ferrite may lead to
precipitation of boundary c—phase particles and affect the performance
of the steels [16]. The aim of the present study is to clarify the changes in
the microstructure and the secondary phases during aging and to make
clear the structure — property relationships in an S304-type austenitic
stainless steel. In contrast to other studies on the aging behavior of
austenitic stainless steels, the present paper is focused on the quantita-
tive elaboration of the microstructure evolution including the particle
dispersion that can be used to predict the change in the steel perfor-
mance under exploitation conditions. In particular, the mechanisms of
precipitate evolution including their coarsening behavior and the
operating strengthening contributors are quantitatively assessed.

2. Experimental

An S304H-type austenitic stainless steel with a chemical composition
of 0.10%C-18.2%Cr-7.85%Ni-3%Cu-0.50%Nb-0.008%B-0.12%
N-0.95%Mn-0.10%Si and balance Fe (all in wt.%), was used as the
starting material. The steel was subjected to solution treatment at 1373
K followed by air cooling. Then, the steel samples were aged for 100 h,
300 h, 1000 h, and 3000 h at 923 K.

The microstructural investigations were carried out using an FEI
Technai-G2 transmission electron microscope (TEM) equipped with an
EDAX energy dispersive X-ray analyzer and an FEI Nova Nano SEM 450
scanning electron microscope (SEM) equipped with an electron back-
scatter diffraction (EBSD) analyzer incorporating an orientation imaging
microscopy (OIM) system. The TEM specimens were grinded to about
0.1 mm in thickness. Then, the discs with a 3 mm diameter were cut and
electropolished to perforation with a Tenupol-5 twinjet polishing unit
using a 10% HCIO4 in CH3COOH solution at 25 V. In addition, carbon
extraction replicas were prepared for examination of dispersoids. More
than 50 particles were analyzed using at least 5 typical TEM view-fields
of appropriate magnification per each data point. The mean grain size
was evaluated as an equivalent diameter of areas bounded by high-angle
boundaries with misorientations of 6 > 15° using TSL OIM Analysis 6
software. The OIM images were subjected to clean-up procedures,
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setting a minimal confidence index of 0.1. The fracture surfaces of the
mechanically tested samples and the surfaces after corrosion tests were
examined using an FEI Quanta 200 3D SEM. The austenite/ferrite
fraction was evaluated by magnetic induction method using an FMP30
Feritscope and by X-ray analysis using a Rigaku Ultima IV diffractom-
eter. An equilibrium phase composition was calculated by ThermoCalc
software with FE6 database.

The tensile specimens with a 25 mm gauge length and a 7 mm x 3
mm cross-section were tensioned at room temperature and 923 K at an
initial strain rate of 1.3 x 107> s~! using an Instron universal testing
machine (model 5082) equipped with a three-zone split furnace. The
impact tests were performed at ambient temperature in accordance with
ASTM E23-07 standard using an Instron IMP460 machine with an Ins-
tron Dynatup Impulse data acquisition system and V-notch (2 mm)
impact specimens of 10 x 10 x 55 mm?. The hardness was measured by
Brinell tester with 5 mm ball indenter at room temperature. The
corrosion properties were evaluated in accordance with ASTM G105-94
standard using a Potentiostat IPC-Pro. The impact and corrosion tests
were carried out using one specimen for each condition provided that
the property variations follow the common tendency.

3. Results
3.1. Microstructures and dispersed particles

The mean size of austenite grains (Dg) in the samples subjected to
solution treatment is 7 pm. The particles of Nb(C,N) carbonitride with an
average size of 100 nm are homogeneously distributed throughout the
austenite grains. According to Thermo-Calc the volume fraction of these
particles is about 0.05% at 1373 K.

The grain size, Dg, does not change during aging. The selected aging
temperature is not high enough for recrystallization/grain growth
resulting in any remarkable changes in the microstructure [37], which is
moreover stabilized by precipitates. In contrast, a dispersion of sec-
ondary phase particles significantly depends on the aging duration
(Table 1). Note here, the volume fractions in Table 1 were calculated by
Thermo-Calc software. Aging results in precipitation of Cu-rich particles
with their volume fraction of 0.8%. The coherent Cu dispersoids with an
average size of 1.5 nm are observed after 100 h aging (Fig. 1). This
particle size is close to a critical nucleation radius of Cu-rich particles of
1.15 nm estimated by Bai et al. [22]. The Cu particles exhibit
cube-to-cube orientation relationship and their coherency is retained
during aging because of similarity of lattice parameters of pure Cu
(0.3615 nm) and austenite of S304H steel (0.3613 nm after solution
treatment decreases to 0.3597 nm during aging [7,13,22]). The Cu

Table 1
Particle size (D) and volume fraction (Fy) of precipitates along with the hardness
change of an S304H-type steel during aging at 923 K.

Aging time, h Original 100 300 1000 3000
Nb(C,N) D, 100 + 50+ 8 55+8 70+ 90 +
nm 15 10 13
Fy, 0.05 0.35 0.35 0.35 0.35
%
Ma3Ce D, - 40+7 70+ 160 + 200 +
(boundary) nm 10 25 30
Fy, - 1.6 1.6 1.6 1.6
%
Mo3Ce D, - - 50+8 50+ 8 50+8
(interior) nm
Fy, - - 0.1 0.1 0.1
%
Cu D, - 15+ 3+ 4+0.6 6+ 0.9
nm 0.2 0.5
Fy, - 0.8 0.8 0.8 0.8
%
Hardness HB 152+ 5 179 + 172 £ 175 + 182 +
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Cu

Fig. 1. Precipitation of Cu-rich phase in an S304H-type steel; STEM image and distribution of Cu within the indicated area after aging for 100 h at 923 K.

particles are highly susceptible to Ostwald repining under aging at 923 K
in spite of coherency of their interfaces. A typical TEM image of the
dispersed particles after 1000 h aging is shown in Fig. 2. The size of Cu
particles increases to 4 nm during aging for 1000 h (Fig. 2) and then to 6
nm upon further aging for 3000 h (Table 1). Other uniformly distributed
precipitations are Nb(C, N), the volume fraction of which counts 0.35%
at 923 K and an average size is about 50 nm after 100 h aging (Fig. 3,
Table 1). These finely dispersed Cu and Nb(C, N) particles are intended
to enhance the creep resistance of an S304H-type steel upon a long-term

service at elevated temperatures.

The precipitation of M33Ce-type carbides with irregular shape and an
average size of 40 nm readily appear at grain boundaries after 100 h
aging (Fig. 3). These carbides comprise semi-continuous chains along
grain boundaries. In addition, chromium readily segregates at the
interface boundaries of large Nb(C, N) particles (Figs. 3 and 4), which
serve as preferential nucleation sites for M3Cg precipitation. As a result,
shells of M3Cg carbides appear on primary coarse Nb(C,N) carbontrides
[9]. Aging is accompanied by the precipitation of M33Cg carbides in

.
(177)Cr,,C,
. g
(111 )Crzsge\

Fig. 2. TEM images showing M,3Cs and Cu precipitates in an S304H-type steel after aging for 1000 h at 923 K.
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Fig. 3. STEM image and distribution of Cr, Fe, and Nb in an S304H-type steel after aging for 100 h at 923 K.

grain interiors and a growth of carbides located at the grain boundaries
(Fig. 4, Table 1). Almost continuous chains of M33Cs carbides with
rectangular shape appear along the boundaries. In contrast to relatively
rapid coarsening of My3Cg carbides at the grain boundaries, the size of
carbides located inside grains is almost independent on aging time
(Table 1). The M23Cg-type carbides precipitated inside the grains exhibit
the following orientation relationship with austenite: {111}v23c6
{111},.re and <110>p23¢s6 || <110>.e (Fig. 2) with a lattice misfit of

d = (dy-re — dm23ce)/dave = 0.0146 along <111> (taking d(i11}y-re =
0.207 nm and d¢333ym23ce = 0.204 nm [31,38]). Therefore, the stability
of interior M3Cg carbides may be associated with the small lattice misfit
in the direction normal to close-packed planes of {111}, resulting in a
low-energy semi-coherent interface. In contrast, the boundary M23Cg
carbides should exhibit incoherent interface with at least one neigh-
boring grain. In addition, the grain boundary diffusion promotes their
growth along boundary. Thus, the difference in coarsening behavior of
M33Cg carbides located on boundaries and inside grain is attributed to
the difference in their interfacial energy and diffusion path along grain
boundaries. The precipitation of various numerous particles is accom-
panied by an increase in the hardness, which rapidly increases from 152
HB in the initial condition to an apparent saturation of approx. 180 HB
after 100 h aging (Table 1).

An equilibrium volume fraction of ferrite is predicted by Thermo-
Calc calculations as 16% at 923 K. Negligibly small amount of ferrite
is registered after 100 h aging. Then, the volume fraction of ferrite
gradually increases to about 8% after 3000 h (Fig. 5a). The ferrite ap-
pears primarily at boundaries of austenite grains, whereas the

boundaries of annealing twins do not contribute to ferrite formation
(Fig. 5b).

3.2. Mechanical properties

The engineering tensile stress-strain curves obtained at room tem-
perature and 923 K for the steel samples aged up to 3000 h are shown in
Fig. 6; and the values of yield strength (¢ 2), ultimate tensile strength
(UTS), and elongation-to-failure (8) are listed in Table 2. All curves
exhibit continuous yielding followed by pronounced strain hardening
that results in a high ratio of UTS to 6 2. The aged samples are char-
acterized by higher flow stresses at room temperature as compared to
the steel after solution treatment (Fig. 6a). Remarkable increase in 6 2,
the strain hardening, and UTS appear after aging for 100 h. Further
aging insignificantly affects 60 2, while the work hardening rate and UTS
increases. Note here that aging does not affect elongation-to-failure.

In contrast to the smooth stress-strain curves at room temperature,
the serrated tensile flow curve is observed at 923 K (Fig. 6b). The largest
serration amplitudes are observed in the initial state. This phenomenon
is associated with the Portevin-Le Chatelier effect [39-41]. Type A ser-
rations are distinguished as rises in the flow stress, followed by a drop to
or below the general stress level are observed at all stress-strain curves.
This type of serration associates with a repetitive continuous propaga-
tion of deformation bands of localized deformation. The serration
amplitude decreases with aging duration. The sample aged for 1000 h
can be characterized by an apparent smooth flow curves. The disap-
pearance of serrations on the flow curve with increasing the aging time
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Fig. 4. STEM image and distribution of Cr, Cu, Fe, Ni, Nb in an S304H-type steel after aging for 1000 h at 923 K.

can be attributed to the depletion of substitutional and interstitial ele-
ments from austenite. Aging does not affect 6¢ 5. In contrast, the strain
hardening decreases remarkably, leading to a decrease in UTS. The most
significant changes in the tensile behavior at 923 K are observed after
100 h aging, whereas the effect of further aging is negligibly small.

The load - displacement curves and the corresponding values of
absorbed impact energy are presented in Figs. 7 and 8, respectively.
Commonly, the specimens are characterized by almost the same shape of
the impact load — displacement curves irrespective of aging duration
(Fig. 7). Following the general yield (Pgy) the load increases to its
maximum (Py;) followed by a gradual decrease [42,43]. Therefore, the
fracture behavior is characterized by the stable crack propagation irre-
spective of aging time. The aging for 100 h increases the Pgy value that is
indicative of the age-hardening, although further increase in the aging
time does not lead to significant increase in Pgy. The Py value is
distinctly higher than the Pgy value that suggests high value of the
fracture initiation energy [43]. The Py value tends to decrease with
increasing the duration of aging. The maximal load decreases slightly
after aging for 300 h followed by remarkable decrease upon further
aging. The displacement corresponding to Py; decreases from 6 to 4 mm
after aging for 100 h and to 3 mm with an increase in the aging time to
3000 h. Thus, the main change in the load - displacement curves with an
increase in the aging time is a decrease in the fracture initiation energy.
The aging decreases the stress for the onset of the stable crack propa-
gation. However, the fracture propagation energy remains almost
unchanged.

A decrease in the fracture initiation energy results in a decrease of
the absorbed impact energy (Fig. 8). The Charpy impact energy
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500 nm

———— 500 nm

decreases from 170 to 130 J cm™2 just after 100 h aging followed by
further decrease to 75 J cm ™2 with an increase in aging time to 3000 h.
An almost linear degradation of the impact toughness during aging in
Fig. 7 suggests a logarithmic-type time relationship. In contrast to
studies of Wang et al. [14] and Jin et al. [15], when the impact tough-
ness exhibited quite weak dependence on long-term aging following a
rapid decrease during 1000 h aging, the present steel is characterized by
a gradual degradation of the impact toughness with an increase in the
aging time that is associated with shortening the strain hardening stage
during the impact loading.

3.3. Fractography

Typical SEM images of the fracture surfaces after the Charpy V-notch
impact tests are shown in Fig. 9. It is seen that nucleation, growth and
propagation of cracks occurs in ductile manner as suggested by dimple-
type fracture surface. The primary Nb(C,N) particles may play a role of
nucleation sites for microvoids in the sample after 100 h aging. These
microvoids grow to a large size before coalescing. The smooth slip traces
on the large walls of deep dimples in Fig. 9b-d are indicative of
considerable plastic deformation before rupture [44]. Aging affects the
depth and dimensions of dimples. Effect of aging for 3000 h on the
fracture surface consists in significant decrease of dimple depth
(Fig. 9f-h). The small dimple walls with a few slip trace suggest limited
plastic deformation before fracture. The precipitation and coarsening of
M33Cg carbides along the grain boundaries during aging facilitates the
propagation of cracks. The dimple nucleation on the chains of boundary
carbides advances the crack propagation without large preceding
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Fig. 5. Effect of aging time on ferrite fraction at 923 K (a) and the phase distribution in an S304H-type steel after aging for 3000 h (b).
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Fig. 6. Stress — strain curves obtained at a strain rate of 1.3 x 1072 s~ ! at room temperature (a) and 923 K (b) for S304H-type steel samples aged for 100-3000 h.
Insert in (b) shows enlarged portions of flow curves with serrations.
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The yield strength (6¢.), the ultimate tensile strength (UTS), and elongation-to-failure () at room temperature and 923 K of S304H-type steel samples aged for

100-3000 h at 923 K.

Aging time, h 60.2 (MPa) at room temperature UTS (MPa) at room temperature 8 (%) at room temperature 69,2 (MPa) at 923 K UTS (MPa) at 923 K 8 (%) at 923 K
0 280 + 5 600 + 10 70+5 185 + 10 420 + 10 3545
100 305 + 10 685 + 15 70+5 170 + 20 365 + 15 45+5
300 325+ 10 685 + 15 65+5 180 + 15 380 + 15 30£5
1000 320 + 10 710 £ 15 65+5 195 £ 15 375 £ 15 35+5
3000 310 + 20 700 + 25 55+5 210 + 20 350 + 25 25+3
deformation, decreasing the impact toughness for the samples after
25 - aging. The large precipitate particles readily evolve at interphase
solution treated boundaries [45,46]. Hence, the development of ferrite along the grain
— — agedfor100 h boundaries may also contribute to deteriorating the impact toughness.
—-—- aged for 300 h
20 - — — aged for 1000 h
a3 aged for 3000 h 3.4. Inter-granular corrosion
Fig. 10 shows the change in the reactivation/activation current ratio
T 15 7 (Ir/1a) with an increase in the aging time along with representative
*‘n micrographs of corroded sample surfaces. A level of Ir/Ia = 0.11 sepa-
g rating the domains of fair and poor inter-granular corrosion resistances
3 is also indicated. The initial solution treated steel sample is character-
10 ized by a good inter-granular corrosion resistance with a value of Ir/Ia
\ well below the critical level. Aging with a duration of 100 h results in a
% dramatic degradation of the inter-granular corrosion resistance, i.e., the
5 '~\ \\ \.\ Ir/Ia value rises above 0.25. This drastic change in corrosion resistance
i % N \. resulted from the formation of Cr-rich Ma3Cg carbide chains on the grain
\._ \\ \.\ boundaries and the formation of Cr-depleted zones adjacent to these
A\ \,\ boundary particles [35]. Further increase in the aging time is accom-
'\,\\\\.\\\ panied by an increase in the Ir/Ia ratio, which gradually approaches a
0 L L saturation of about 0.7. The corresponding micrographs of the specimen
0 5 10 15 surfaces after corrosion tests in Fig. 10 clearly show progressive degra-

Displacement, mm

Fig. 7. Impact load - displacement curves obtained at room temperature for
S304H-type steel samples subjected to aging at 923 K for different time.
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Fig. 8. V-notch impact absorbed energy at room temperature for S304H-type
steel samples subjected to aging at 923 K for different time.

dation of intergranular corrosion resistance with an increase in aging
time. Note in Fig. 10 that intergranular corrosion occurs at ordinary
grain boundaries, whereas annealing twin boundaries remain unaf-
fected. This suggests that carbide particles and corresponding
Cr-depleted zones scarcely develop at twin boundaries. Thus, the for-
mation of My3Cg carbide on the grain boundaries during aging highly
increases the susceptibility of S304H steel to intergranular corrosion.

4. Discussion
4.1. Particle coarsening

Generally, the particle size can be related to aging time using an
empiric power law expression with a growth exponent depending on the
particle type and the aging conditions [47-49]. The particles of
M33Cs-type located at grain boundaries and the Cu-rich precipitations
homogeneously distributed throughout the austenite grains exhibit
apparently the most rapid coarsening in the present steel (Table 1). In
contrast, the intragranular precipitates of Nb(C, N)-type and
M,3Ce-type are characterized by a sluggish coarsening. The latter ones
do not demonstrate any remarkable changes in their mean size, which
remains at a level of 50 nm even after 3000 h aging. Such a high stability
against coarsening for M23Cg-type particles, which precipitate in grain
interiors, can be attributed to their coherency with austenite matrix.

The rate of particle coarsening should depend on the coarsening
mechanism. A power law-type relationship between the particle size and
aging time with a size exponent of 3 is commonly held for the growth
controlled by volume diffusion, i.e. D® - D§ = Ky t, where Dy and D are
the initial particle size and that one at a time of t, and Ky is a numerical
factor depending on volume diffusivity [S50]. On the other hand, a size
exponent of 4 has been suggested for the particle growth controlled by
grain boundary diffusion, i.e. D4 - Dg = Kg t, where Kp is a factor
depending on the grain boundary diffusivity [51]. Evidently, the
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Aging time, h

Fig. 10. SEM images of corrosion surfaces of original and aged at 923 K steel samples along with the degree of sensitization (Ir/Ia) vs aging time.

coarsening behavior of the Nb(C, N)-type and Cu-rich particles, which
are homogeneously distributed in austenite grains, is controlled by
volume diffusion and that of the My3Cs-type particles located at grain
boundaries is controlled by grain boundary diffusion. Taking Dy as 50
nm, 20 nm and 1.5 nm for Nb(C, N), M23C¢ and Cu particles, the
respective relationships between the particle size and aging time are
shown in Fig. 11, which validates the speculation about the coarsening
mechanisms as described above. An apparent deviation of the

coarsening kinetics of My3Ce at relatively short aging time from that
extrapolated from the results obtained at long aging in accordance with
the chosen coarsening mechanism can be caused by an additional effect
of the particle growth by means of solid solution depletion. Indeed, the
M,3Ce-type particles appear inside grains after 300 h aging; it means
that My3Ce reaches its equilibrium volume fraction after rather long
aging. Therefore, My3Cq gradually precipitates during relatively short
aging, leading to the appearance of new particles concurrently with the
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Fig. 11. Coarsening behavior of second-phase particles in an S304H-type steel
during aging at 923 K.

growth of existing ones. Also, progressive degradation of inter-granular
corrosion resistance, especially, after relatively short time annealing
testifies to the growth of My3Ce-type particles at grain boundaries owing
to gradual depletion of solid solution.

4.2. Strengthening mechanisms

In spite of substantial changes in the phase content of the present
steel during aging at 923 K, the strength of the aged samples does not
vary significantly with aging time. The yield strength of the present steel
can be expressed by a summation of individual strengthening mecha-
nisms including solid solution strengthening, grain boundary (grain
size) strengthening, and dispersed particle strengthening [52]. The solid
solution strengthening including Peierls stress can be evaluated by the
following empirical expression [53].

Gss = 65.5 + 496 N + 356.5C + 20.1Si + 3.7Cr + 40.3Nb (€D)]

Here, N, C, Si, Cr and Ni represent the corresponding chemical
contents in wt%. The contribution from grain boundaries to overall
strength can be expressed by the second term of Hall-Petch-type rela-
tionship [54,55].

OGB = k DaO.S

(2

Where k is a boundary strengthening factor, which has been reported as
120 MPa pm®® at room temperature for annealed coarse grained
austenitic steels [56]. The same value of k has been obtained for
warm-to-hot rolled steel, taking into account dislocation strengthening
as concurrent strengthening mechanism [57]. The change in k depend-
ing on the grain size domain, e.g., from 120 MPa pm®°-550 MPa pm®®
with a decrease in the grain size from 80 pm to 3 pm in a stainless steel
[56], was probably affected by dislocation strengthening, whose
contribution to overall strength reportedly increases with decreasing the
grain size [58,59]. The grain boundary strengthening factor at 923 K is
expected about a half of that at room temperature [60,61]. The particle
dispersion strengthening depends on the interaction mechanism be-
tween dislocations and the particles. Homogeneously distributed parti-
cles of M23C¢ and NDb(C, N) are overcome by Orowan bowing
mechanism. Corresponding strengthening resulted from the dispersed
particles with an average size of D and the particle spacing (edge to
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edge) of L can be estimated using the following relationship [52].

6or = 0.4MGD In(0.82D/b) / (JtL\/(l-v)) 3)

Where M is the Tailor factor, G is the shear modulus, b is the Burgers
vector, and v is the Poisson’s ratio. The particle spacing is related to the
particle volume fraction (Fy) as L = 0.82d ((O.Sn/Fv)O‘S—l) [52]. The
strengthening from the fine coherent Cu-rich particles is associated with
difference in lattice parameters (a) resulting in lattice misfit strain, € =
0.67 Aa/a, as follows [52].

Gcoh = 5.2 M (Ge)'® (DFy/Gb)*® Q)
Then, the yield strength can be roughly evaluated as follows.
Gp2 = Oss + 6GB + Oor* + Gcoh (5)

Where 601* = (6811 + 68r2)° represents the total strengthening from
two kinds of dispersed particles [62], i.e., Nb(C, N) and M23Ce.

Taking the grain boundary strengthening factors of 200 MPa pm®®
and 100 MPa pm®?, the yield strength of about 280 MPa and 180 MPa
are calculated by Egs. (1)-(5) for the present solution treated steel at
room temperature and 923 K that agree well with the tensile tests (s.
Fig. 6). Relatively high boundary strengthening factors in the present
study could be associated with a large fraction of My3Cs particles
precipitated at grain boundaries. The change in the yield strength and
the strength contributions from solid solution, Cu particles (coherency
strengthening), and uniformly distributed M23Cs/Nb(C, N) particles
(Orowan strengthening) as calculated by Egs. (1)-(5) for room tem-
perature and 923 K are shown in Fig. 12a and b, respectively. The results
of calculation are in good agreement with the experimental measure-
ments that prove the speculation above.

Therefore, the strength of the present S304H-type steel during aging
is controlled by a specific variation of the contribution of different
strengthening mechanisms. Namely, the solid solution strengthening
quickly decreases during the aging because of the solid solution deple-
tion. On the other hand, the dispersion strengthening increases during
aging for 300 h owing to precipitation of various second phase particles.
It is worth noting that the change in the dispersion strengthening due to
particle coarsening upon further aging depends on the strengthening
mechanisms. Gradual coarsening of uniformly distributed Nb(C, N) and
My3Ce particles leads to a decrease in the Orowan strengthening,
whereas coherency strengthening from growing Cu particles continu-
ously increases much similar to other relevant studies [7,13,16]. The
latter is very interesting phenomenon. That is an increase in the strength
contribution with increasing the size of coherent particles that com-
pensates a decrease in the strengthening from other growing dispersed
particles. Hence, the change in the strengthening contributions from
different mechanisms does not lead to significant change in the yield
strength. A decrease in the solid solution strengthening is compensated
by an increase in the dispersion strengthening. The latter provides
gradual strengthening of such austenitic heat resistant steels under
exploitation conditions, making them as a very attractive structural
material for high temperature applications. Although, the over-aging
effect after long-time exposure should be taken into account to predict
the life-in-service of the steel components.

5. Conclusions

The aging behavior of an S304H-type stainless steels at 923 K was
examined. The main results can be summarized as follows.

1. Aging was accompanied with precipitations and coarsening of
various second-phase particles. Those included uniformly distributed
Nb(C, N) carbonitrides with a size of 50 nm, M23Cs-type carbides
with a size of 40 nm, most of which located at grain boundaries, and
tiny coherent Cu-rich particles with a size of 1.5 nm at an early stage
of aging (after 100 h aging). Further aging for 3000 h increased the
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Fig. 12. The yield strength (60>) and the strength contributions from solid solution (csg), Cu particles (6¢con), and Ma3Ce/Nb(C, N) particles (6o,) uniformly
distributed in an S304H-type steel subjected to aging at 923 K as calculated by Egs. (1)-(5) for room temperature (a) and 923 K (b).



M. Tikhonova et al.

size of Cu, Nb(C, N), and M3Cg particles to 6 nm, 90 nm, and 200
nm, respectively.

2. The growth behavior of the second phase particles could be
expressed by a power law functions depending on coarsening
mechanism. The coarsening of Nb(C, N) and Cu particles located
throughout the grains was controlled by volume diffusion with a
particle growth exponent of 3. On the other hand, the growth of
M3Ce particles located at grain boundaries was controlled by
boundary diffusion with a particle growth exponent of 4.

3. The Thermo-Calc calculation predicted 16% of ferrite as equilibrium
fraction at 923 K. Indeed, the aging behavior was characterized by a
partial austenite to ferrite phase transformation, which readily
occurred along the ordinary grain boundaries. The fraction of
transformed ferrite comprised about 7% after 3000 h aging.

4. The development of rather large carbide particles at grain bound-
aries during aging affected the properties of the steel. The impact
toughness gradually decreased with an increase in aging time,
approaching KCV = 75 J cm™2 after 3000 h aging; and a rapid
degradation of the inter-granular corrosion resistance occurred right
after 100 h aging.

5. The strength of the steel did not change significantly during aging.
The aging softening due to depletion of the solid solution at an early
stage of aging was compensated by the precipitation strengthening.
Then, the particle coarsening resulted in a decrease in the strength-
ening from Nb(C, N) and Mj3C¢ particles by means of Orowan
mechanism, whereas coherency strengthening progressively
increased owing to growth of the Cu particles.
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