Materials Science & Engineering A 772 (2020) 138821

ELSEVIER

Contents lists available at ScienceDirect
Materials Science & Engineering A

journal homepage: http://www.elsevier.com/locate/msea

MATERIALS
SCIENCE &

<IN

Check for

Creep strength breakdown and microstructure in a 9%Cr steel with high B &t

and low N contents

E. Tkachev ', A. Belyakov, R. Kaibyshev

Belgorod National Research University, Belgorod, 308015, Russia

ARTICLE INFO ABSTRACT

Keywords:
Martensite

Steel
Microstructure
Precipitation
Characterization

A 9%Cr-3%Co steel with high B and low N contents exhibits creep strength breakdown at a temperature of 923 K
after 3000 h. Specific feature of this steel is a distinct difference between short-term and long-term creep regimes
for transient, steady state and tertiary creep stages. This behavior is unusual for high Cr steels and attributed to
low density of M23Cg carbides precipitated on lath boundaries during tempering. Precipitation of Laves phase
along these boundaries during transient creep followed by its coarsening affects significantly the creep mecha-

nisms and results in the well-defined difference in mechanical behavior between the short- and long-term creep
regimes. In contrast, the strain-induced formation of a small amount of Z-phase particles scarcely changes the

creep behavior.

1. Introduction

Deterioration of the creep strength has been frequently observed in
advanced 9-12%Cr creep resistant steels [1-7]. This degradation in the
creep resistance is associated with a drastic change of the relatively
weak rupture time dependence of the creep strength inherent in
short-term creep to a rapid decrease in the creep strength with an in-
crease in the rupture time during long-term creep and has been termed
as the creep strength breakdown [5-7]. The creep strength breakdown
results in the progressive decrease in allowable stress with increasing
service period [1-7]. Unfortunately, origin of this phenomenon is still
unclear. It is obvious that the degradation of initial tempered martensite
lath structure (TMLS), which consists of a hierarchical microstructure
with prior austenite grains (PAG) subdivided into martensite packets,
blocks, and laths [1,14], upon creep plays an important role in the
deterioration of the creep strength during long-term creep [6-13]. The
change in TMLS during creep occurs in two sequential processes [7,9,10,
15,16]. First, the lath boundaries, which are irregular dislocation
network exerting high internal stresses [17], evolve to subboundaries,
which are regular dislocation network with low internal stresses. This
evolution process is assisted by knitting reactions between lattice dis-
locations and dislocations composing lath boundaries, relieving internal
stresses. Second, the migration of subboundaries over large distances
leads to replacement of lath-type structure by coarse subgrain structure
owing to subboundary coalescence, which is accompanied by a decrease

in dislocation density [7,9,10,15,16]. The lath-type structure was
retained up to fracture upon the short-term creep, whereas the coarse
subgrains were observed in the ruptured specimens after long-term
creep [6,7,9].

The degradation of TMLS has been attributed to coarsening of dis-
persoids, which should impede the knitting reactions and exert a high
Zener drag pressure [4-24]. Three types of secondary phases generally
stabilize TMLS under long-term aging and creep. First, a portion of
My3Cg carbides with an average size of approx. 100 nm precipitates
during tempering on lath boundaries [1,7-13,15,16]. These pre-
cipitations delay the dislocation knitting reaction [17,25] and prevent
the migration of lath boundaries [7,11,12,15,16,26,27]. Second, uni-
formly distributed (Nb,V)(C,N) particles (say MX carbonitrides) with an
average size of 10-50 nm develop during tempering [1-3,5-13,28,29].
Two-phase separation of the MX particles into V-rich and Nb-rich par-
ticles provides their high coarsening resistance during creep at elevated
temperatures [1,7,10,15,16,28,29]. These dispersoids hinder the
movement of lattice dislocations and impede the knitting reactions in
the lath boundaries [10,15-17,25]. Third, precipitation of some Laves
phase particles during aging or creep on the lath boundaries hinders
both the knitting reaction and the migration of subgrain boundaries [1,
7,10-12,15,16,25,30-32]. In addition, these particles strengthen the
steel during transient creep [20]. It is worth noting that M23Ce and Laves
phase particles, which develop on high-angle boundaries (HAB) of hi-
erarchical microstructure are larger than those precipitated on
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Table 1

Chemical composition of the studied steel (wt.%).
C Si Mn Cr w Mo Nb A% Co Ni Cu Ti Al N B Fe
0.1 0.12 0.4 9 1.5 0.57 0.05 0.2 2.8 0.24 0.027 0.002 0.01 0.007 0.012 Bal.
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Fig. 1. Creep rupture strength (a) and stress dependence of minimum creep rate (b) of the studied and some other high-Cr steels at 923K [7,47].

low-angle boundaries (LAB) [11,12,32]. Under long-term aging and
creep the coarsening of relatively large M33Cg carbide and Laves phase
particles leads to dissolution of fine particles precipitated on lath
boundaries in accordance with Gibbs-Thomson relationship [7,10,11,
17,22-26,33]. The strain-induced coarsening is extremely important for
dissolution of M33Cg carbides precipitated on lath boundaries, while the
deformation effect on coarsening of Laves phase particles is not obvious
[7,15,16].

The creep strength breakdown depends on chemical composition of
high Cr steels. In P91/P92 type steels containing 0.1%C and 0.05%N, the
creep strength breakdown correlates with W removal from the solid
solution [7]. This solid solution depletion accelerates diffusion within
ferritic matrix and hastens the coarsening of My3Cg carbides [7,10.16].
The creep strength breakdown took place as the pinning pressures
decreased below a critical value of about 0.08 MPa, when the lath
structure completely transformed to subgrain one [7]. The creep
strength breakdown in 11%Cr steels of P122 type is associated with the
replacement of nanoscale MX carbonitrides by coarse Z-phase particles
(CrVN) [14,18-21]. The Z-phase particles exhibit relatively high
coarsening rate under creep at elevated temperatures as compared to
other precipitates and, thus, are considered as undesirable from the
standpoint of microstructural stability [23,24,34].

An increase in boron and a decrease in nitrogen contents made it
possible to reduce the coarsening rate of Ma3Cg carbides due to a
replacement of carbon by boron in these carbides. Thus, two-phase
separation to B-free Mo3Cg carbides and Mo3(B-C)¢ phase slows down
the degradation of the microstructure, thereby, increasing the creep
resistance [10,15,16,35-40]. Nitrogen content is reduced to avoid the
formation of boron nitride (BN) and to suppress the formation of un-
desirable Z-phase during creep. The relatively stable carbides, in turn,
stabilize the TMLS under creep at elevated temperatures, enhancing the
creep resistance [10,15,16,39-42]. In spite of certain achievements in
the elaboration of this alloying design for martensitic/ferritic heat

resistant steels, the origin of the creep strength breakdown in advanced
steels belonging to P93 type is still unclear [10,15,16,35,36,38,43-46].
The aim of the present study is to assess the effect of microstructural
changes on the creep behavior of an advanced heat resistant steel. The
changes in TMLS and dispersed particles are comparatively investigated
during creep and aging in order to reveal the physical mechanisms
controlling the transition from short-term creep to long-term one.

2. Experimental

The chemical composition of the studied steel is given in Table 1. The
steel was produced by vacuum induction melting followed by solution
treatment at 1423 K and, then, hot forging in the temperature interval of
1423 K + 1273 K. The steel was heated to 1333 K for 0.5 h, air cooled
and, then, tempered at 1023 K for 3 h. The specimens of 7 x 3 mm? in
cross section and 25 mm in gauge length were crept at 923 K in air under
initial loads of 180, 160, 140, 118 and 100 MPa using ATS2330 lever
arm machines. The hardness in the grip and gauge (within uniform
elongation) portions of crept specimens was measured using the Brinell
hardness testing under a load of 750 N. Vickers test with a load of 50 g
and a holding time of 10 s was used to examine hardness near fracture
surface of ruptured specimens.

The microstructural investigations of all ruptured specimens were
performed in the longitudinal sections by Quanta 600 FEG scanning
electron microscope (SEM) incorporating an orientation imaging mi-
croscopy (OIM) system and transmission electron microscopy (TEM)
using a JEM-2100 microscope operating at 200 kV equipped with an
INCA energy-dispersive X-ray spectrometer. The methods of energy
dispersive analysis and selected area diffraction (SAD) were used to
distinguish different phases and to characterize the precipitates in the
specimens. The TEM specimens were electro-polished with perchloric
acid (10%) and glacial acetic acid (90%) under a voltage of 22.5 V at
ambient temperature. The transverse lath/subgrain sizes were
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Fig. 2. Creep rate vs time (a), creep rate vs strain (b), effect of applied stress on d Iné¢/de values for transient and tertiary creep stages (c), and dependence of transient
strain, €, on applied stress (d).
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calculated by a linear intercept method, taking into account all observed
(sub)boundaries on typical TEM images. Extraction carbon replicas of
etched samples were prepared to evaluate the size and chemical
composition of second phase particles. The mean sizes of investigated
precipitates were quantitatively determined as an average of the short
and long intercepts. At least 100 individual particles were measured for
each type of precipitates (except the Z-phase) per each data point. The
dislocation densities were evaluated as a number of individual disloca-
tions crossing a unit area inside the lath/subgrain using at least ten
arbitrarily selected typical TEM images obtained under multiple beam
contrast condition. Volume fractions of precipitates were calculated by
the ThermoCalc software with TCFE7 database.

3. Results
3.1. Creep behavior
The creep rupture strength of the studied steel is shown in Fig. 1la

along with those for P92 and P92 + 3%Co steels [7]. The time to rupture,
t., of the studied steel is significantly longer than that of P92 type steels.

(=]
=]
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The creep strength breakdown, which can be recognized as a deflection
point in Fig. 1a of the present steel and the P92 + 3%Co steel is observed
at the same stresses of 140 MPa, which is higher than that for the P92
steel (110 MPa). The time to rupture of the studied steel, at which the
creep strength breakdown appears, is twice that of P92 and P92 + 3%Co
steels. In contrast to the P92 steel [7,47], the creep strength breakdown
in Fig. la clear correlates with the power-law creep breakdown in
Fig. 1b when the stress exponent (n) drastically changes from 13 to 6.
Therefore, the deformation mechanism controlling the steady-state
creep changes at the creep strength breakdown. The stress exponent of
6 in the range of long-term creep is typical for warm deformation, when
the rearrangement of dislocations by low temperature climb controlled
by pipe diffusion occurs. The relatively high value of n = 13 in the range
of short-term creep can be attributed to the suppression of
diffusion-controlled dislocation rearrangements [48,50].

The strain dependence of creep rate can be expressed as follows [45,
49].

@

& ~ & exp(ne)exp(me)exp(de)exp(ie),

diné/Je=n+m+d+i 2)

where & is the initial creep rate, m is the parameter of degradation of
TMLS, d is the damage parameter attributed to strain or diffusion-
induced cavitations, and i describes the effect of necking. Parameter n
in Egs. (1) and (2) corresponds to the stress exponent in power-law creep
rate relationship [48,50]:

: -0
ss 7A' " e k)
£y =A-0 exp(RT

where, & is the steady-state creep rate, which can be replaced by the
minimal creep rate value (&,,), A is a constant, ¢ is the applied stress, Q
is the activation energy for plastic deformation, R is the gas constant and
T is the absolute temperature. The transient creep behavior can be
described by an empirical relationship as suggested by Garofalo [15,51]:

4

3

e=¢y+er[l —exp(—7 -1)] + émin't,
where ¢y is the instantaneous strain on loading, r’ is the rate of
exhaustion of transient creep, t is time, and &7 is the transient creep
strain. The concept of the rearrangement of dislocations into a stable
configuration over the relaxation time (t) during transient creep was
invoked to provide a physical understanding of Eq. (4) [50]. In this
concept, the first-order reaction-rate kinetics is described as follows [15,
51]:
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Fig. 4. Variation of the rate of exhaustion of transient creep, r’, with the offset time, t;,,, (a) and the minimum/steady-state creep rate, &, (b), and the relationship
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For Egs. (4) and (5), the following dependence is fulfilled, 1/t =1’ =
K x &g, where K is a constant [51].

The creep rate vs time/strain curves are shown in Fig. 2a-b,
respectively, and the effect of applied stress on the d In¢/ ¢ parameter is
shown in Fig. 2c. The linear dependences of logarithmic creep rate with
time and strain are observed under transient and tertiary creep. At
transient creep, the parameter of d Iné/e ranges from —150 that is typical
for short-term creep [15] to —1100 that is typical for long-term creep of
high chromium steels [16]. In contrast to P92 and P93-type steels [7,16,
49,52], the present steel exhibits one stage tertiary creep behavior under
the long-term creep regime. The creep strength breakdown is charac-
terized by an increase in the d Iné/e value for the tertiary creep stage
from about 50 that is typical for short-term creep [15] to above 100 that
is typical for long-term creep [16]. Thus, the transition from short-term
to long-term creep is accompanied with an acceleration of kinetics re-
actions during the transient and tertiary creep stages. The offset strain,
€min, at which the minimum creep rate is attained, varies with the creep
regimes (Fig. 2d). The value of eni, decreases by a factor of about 2 with

()

a transition from the short-term creep to long-term one.

The difference between the initial creep rate and the minimum/
steady-state creep rate increases with increasing the applied stress.
Fig. 3 shows the logarithmic plot of initial creep rate, &y, vs minimum/
steady-state creep rate, &,,. The plot in Fig. 3 follows a power law [49],

&n=C-&pyp,s (6)
where M = 0.53 and C="7.1 x 1073 are constants. Evidently, an increase
in the rupture time with a decrease in the applied stress from 180 to 100
MPa is associated with a decrease in &, by more than two orders of
magnitude, whereas ¢&;, decreases by a factor of 10. Therefore, kinetics
processes occurring under transient creep play a key role in the superior
creep strength of the steel.

In order to clarify the processes occurring during transient creep,
variations of the rate of exhaustion of transient creep, r’, vs time to
minimum creep rate, ty,, and the minimum/steady-state creep rate, &,
are plotted in Fig. 4a-b. These relationships obey the following power
laws.

rat=a, @

and

-—0.79
r-e =,

min

®

Here, C; = 2.7 x 1072 and Cy = 15.5 are constants. The t;, value in-
creases several orders of magnitude with a decrease in the applied stress
from 180 to 100 MPa while the transient strain decreases by a factor of
2.5. Therefore, the stress dependence of minimum/steady-state creep
rate is attributed to increasing the offset time. Moreover, decreasing the
transient strain in the long-term creep regime raises the role of the offset
time in the processes occurring during transient creep. Dependencies of
the rate of exhaustion of transient creep and the ey,n/t;,, parameter on
&min in Fig. 4b—c, respectively, confirm this statement. The increase in the
£€in / €min Tatio and postponing the onset of tertiary creep stage are caused
by an increase in ty, increasing the rupture times. Therefore, the pro-
cesses occurring during transient creep are diffusion-controlled and
insensitive to strain. The dependence in Fig. 4c is indicative for the
strong correlation between the processes occurring during transient and
steady-state creep stages. The linear dependencies of 1g r’ on 1g &, 1g 7
on lg ty, and 1g &, on 1g &, suggest that the transient creep behavior is
governed by the first-order kinetics [51]. The creep resistance increases
with decreasing the d Iné/e parameter for the transient creep (Fig. 2c).
It is known [15,53] that at tertiary creep stage, the d Iné/e parameter
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Fig. 7. SEM images of the fractured surfaces after creep tests at 923K for 243 h, 180 MPa (a); 1035 h, 160 MPa (b); 3430 h, 140 MPa (c); 4883 h 118 MPa (d); and 17
863 h, 100 MPa (e). The arrows indicate particles inside dimples.
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Fig. 8. TEM micrograph showing initial microstructure after tempering at
1023 K.

describes the recovery rate. The variation of the creep strain with time
can be expressed by the following relationship [15,53].

e=go+er[l —exp(—7r -1)] + émint + &5 explp(t —1,)], 9
Here, €3 is the tertiary creep strain and p is the rate of acceleration of
tertiary creep evaluated graphically as a slope of the In(4 /es) vs (t-t)
plot, where A = ¢ — €9 — €7 — &min X t; is the tertiary creep component
[15,53]. The relationship between p and ¢,,;, obeys the following power
law function [53].

prEa® =y, 10)
where C3 = 23.4 is a constant (Fig. 5a). This dependence can be
considered as an evidence for the same deformation mechanism con-
trolling both steady-state creep and tertiary creep stages [53].

The dependence between parameter p and the tertiary creep stage
duration, (t — t;), where t; = t;, is the time to the onset of tertiary creep

stage, can be expressed as follows (Fig. 5b) [53]:

107 _

p(ty— 1) =Cy, an
where C4 = 2.4 x 1073 is a constant. A decrease in the rate of acceler-
ation of tertiary creep increases the duration of the tertiary creep stage.

After the onset of tertiary creep, the creep rate accelerates to a value of

Table 2

Materials Science & Engineering A 772 (2020) 138821

& = (p-€3 + émin), at which fracture occurs [53]. The dependence of the
final creep rate, &, on the minimum/steady-state creep rate, ép,, follows
(Fig. 5¢) [53].

& 0% = Cs, 12)
where Cs = 26.9 is a constant. The observed dependencies, i.e., Egs.
(10)-(12) in Fig. 5, indicate that the tertiary creep stage obeys the first-
order kinetics as the transient creep. Therefore, the physical process at
all creep stages are controlled by the first-order kinetics of annihilation
and multiplication of dislocations [50,53], although the plot in Fig. 1b
suggests that an ability of dislocation to rearrangement by low tem-
perature climb during the long-term creep differs from that during the

short-term creep.

3.2. Hardness

Remarkable changes in the hardness in the grip portions of crept
specimens occur after aging for more than 5 x 10° h (Fig. 6). The
hardness decreases by about 5 and 10% after aging corresponding to the
short-term and long-term creep, respectively. Creep leads to pronounced
decrease in hardness in the gauge portions of uniform elongation.
Hardness after creep for about 10° h and that after long-term aging for
more than 5 x 10% h are nearly the same. In the range of long-term creep,
the hardness tends to decrease with increasing rupture time. The effect
of rupture time on hardness near the fracture surface is quite unusual.
This hardness increases after short-term creep, or it drops below the
level of hardness in the portions of uniform elongation after long-term
creep. Thus, there is a clear correlation between the creep strength
breakdown and the effect of rupture time on hardness near the fracture
surface.

3.3. Fractography

The fracture surfaces of the crept specimens are shown in Fig. 7. The
dimple relief suggests prevailing transgranular fracture. An evidence for
intergranular cavitation occurring in ductile manner is rarely observed.
A number of small dimples with a diameter less than 10 pm is indicative
of numerous nucleation sites in the range of short-term creep. Nucle-
ation of larger dimples with an average dimension of about 10 pm are
assisted by particles, which are observed on the bottom of dimples, in
the range of long-term creep as indicated by arrows in Fig. 7d-e.
Markings of serpentine glide can be observed on their walls, indicating
considerable plastic deformation upon fracture. Therefore, the forma-
tion of coarse particles promotes premature fracture and parameter d in
Eq. (2) should depend on parameter m. The fracture is facilitated by the
growth of boundary particles in long-term creep regime.

The microstructural parameters of the studied steel after creep tests at 923K in different portions of ruptured sample.

Tempered 180 MPa, 243 h 160 MPa, 1035 h 140 MPa, 3430 h 118 MPa, 4883 h 100 MPa, 17863 h
at 1023K Grip 3mmfrom  Grip 3mm from  Grip 3mm from  Grip 3mm from  Grip 10 mm 3 mm from
portion fracture portion fracture portion fracture portion fracture portion from fracture
surface surface surface surface fracture surface
surface
Lath/subgrain 300 + 20 320 + 565 + 35 385 + 620 + 35 405 + 780 + 55 440 + 910 + 50 465 + 510 + 45 1280 +
width, nm 15 20 35 35 30 115
Dislocation 2,60 £0.50 225+ 1.10 + 212 + 0.45 + 1.92 + 0.47 + 1.20 + 0.41 + 1.18 + 0.40 + 0.38 +
density, x 1.27 0.35 0.91 0.19 0.62 0.26 0.20 0.26 0.60 0.16 0.15
1014 m—2
Average size of 66 + 3 74 + 3 76 + 4 77 £ 3 86 + 3 81+3 107 £ 4 93+ 4 114 + 8 113+ 3 142+ 9 154 + 11
M23C6, nmM
Averagesizeof - 161 + 165 + 12 175 + 225 +18 256 + 283 + 18 305 + 367 + 15 458 + 525 + 25 550 + 51
(Fe,Cr)(W, 19 13 18 28 40
Mo), nm
Averagesizeof 35+ 5 35+8 35+7 36 +4 38+5 38+7 40 £ 8 38+4 40+5 50 £ 7 52 +10 54 +7
MX, nm
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Fig. 9. Lath/subgrain width (a) and dislocation density (b) in the studied steel
after creep and aging.

3.4. Evolution of TMLS

The initial microstructure is shown in Fig. 8. This is a typical TMLS
with a lath width of 300 nm and a relatively high dislocation density of
2.6 x 10'* m™2. The microstructural parameters including dispersed
particles are summarized in Table 2. TMLS remains almost unchanged
during long-term aging. The lath dimensions increase by about 50% and
the dislocation density decreased by a factor of 2 after aging for 5000 h
in comparison with tempered condition (Table 2, Figs. 9 and 10).
Further aging does not change TMLS remarkably. The Laves phase
precipitations at boundaries of PAGs, packets, blocks and laths after
aging for 243 h are clearly visible in Fig. 10 as bright white particles in
the SEM images obtained using the Z-contrast technique [15,16]. These
particles exhibit an irregular shape and are often located close to M23Cg
carbide particles that suggests their nucleation on the My3Ce/ferrite
interfaces [31,54]. Continuous chains of Laves phase and My3Cg parti-
cles appear on HABs of packets and PAGs and semi-continuous chains of
these particles evolve along blocks and some lath boundaries. Upon
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further aging for 17 863 h, coarsening of Laves phase particles leads to
increase in their dimension by a factor of above 3 (Figs. 10 and 11,
Table 2) while M23Cg carbides increase their dimension by a factor of 2
(Table 2). Remarkable dissolution of Laves phase particles located at
lath boundaries is observed after 4883 h aging. After aging for 17 863 h,
the lath boundaries are almost free of Laves phase particles. In contrast,
a portion of M23Cg carbide particles can be observed on lath boundaries
even after long-term aging. The MX carbonitrides are characterized by
the lowest coarsening rate among the studied second phase particles
(Table 2).

The necking significantly affects TMLS. Typical microstructures of
the crept specimens at different distances from the fracture surfaces are
shown in Figs. 12-14. Parameters of TMLS and distribution of secondary
phase particles in crept specimens are summarized in Table 2 and Fig. 9.
The data for subgrain dimensions and/or lath thickness in Fig. 9 and
Laves phase dimensions in Fig. 11 were taken in necked areas at 3 mm
from the fracture surface. TMLS remains under all applied stresses in the
area of uniform elongation of gauge lengths of crept specimens (Fig. 12).
However, a decrease in the applied stress leads to an increase in the lath
thickness and a decrease in the lattice dislocation density (Table 2). At
100 MPa, the transition from laths to lenticular plate morphology occurs
(Fig. 12c¢). A large portion of initial laths transforms to structural ele-
ments with lenticular plate morphology termed as coarse laths [55]. The
transformation of lath-type structure to lenticular-type structure pro-
motes the formation of coarse subgrains with round shape in the necked
portion of crept specimens (Figs. 9 and 12). The microstructure evolved
in the specimen portions close to the fracture surface is typical for the
occurrence of continuous dynamic recrystallization (cDRX) [27,56].
Partially recrystallized microstructure with a high portion of grains with
average dimension of 5 pm evolves during creep. A decrease in the
applied stress leads to an increase in the grains size. It is worth noting
that cDRX eliminates £3 boundaries with a misorientation of 60.4°
(Fig. 12).

The main difference between short-term and long-term creep re-
gimes consists in distribution of boundary particles (Figs. 11, 13 and 14).
In the short-term creep regime, the semi-continuous chains of Laves
phase particles and M»3Cg carbides are observed at almost all boundaries
of blocks and some lath boundaries (Fig. 13a, b and 14a). Continuous
chains of these particles appear at HABs of packets and PAGs. At 140
MPa, semi-continuous chains of boundary particles were found on some
boundaries of blocks, packets and PAGs (Figs. 13c-14b). The coarse
subgrains are observed free of My3Cs and Laves phase particles in the
necked areas (Fig. 13d). At 100 MPa, the chains of particles are observed
on boundaries of PAG, packets and blocks, while the lath boundaries are
almost free of any boundary particles (Fig. 13e, f, 14c and 14d).
Therefore, at 140 MPa, the coarsening of My3Cg carbides and Laves
phase is associated with their partial dissolution at lath boundaries. At
100 MPa, the strain-induced coarsening leads to 30% increase in the
dimension of My3Ce carbide particles. Therefore, the creep strength
breakdown is associated with the full dissolution of particles on the lath
boundaries in the portions of uniform elongation of ruptured specimens.
As a result, a number of low-angle boundaries with misorientations
ranging from 2 to 5° in gauge lengths can be observed after long-term
creep (Fig. 12).

The strain localization accelerates the coarsening of secondary phase
particles, especially, My3C¢ carbides (Table 2). The strain-induced
coarsening of the My3Cg carbide particles is described by growth expo-
nent, N, of 6.1, while N = 10.5 is observed for the static coarsening of
these particles (Fig. 15a). Moreover, the strain-induced coarsening
spreads the size distribution toward large dimensions after creep for 17
863 h (Fig. 15b). Significant portion of relatively coarse carbides with
dimensions ranging from 300 to 600 nm appears after creep, while
almost all carbides have a size below 300 nm after aging. It has been
shown that precipitation of M23Cg carbides takes place during aging and
creep up to thermodynamically equilibrium volume fraction [10].
Therefore, two coarsening mechanisms, namely, Ostwald ripening and
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Fig. 10. SEM HAADF (a,b,d) and TEM (c) images showing TMLS decorated by (Fe,Cr)(W,Mo) (relatively coarse and bright particles) and M23C¢ (fine gray particles)
particles after long-term aging for 243 h (a); 3430 h (b); 17 863 h (c,d).
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particle growth due to depletion of solid solution, can operate.

TEM investigations revealed the following specific orientation re-
lationships (OR) between the My3Cq carbides and ferrite matrix in the
studied steel (Fig. 16).
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All these OR are observed in both the aged samples and the areas of
uniform elongation of crept specimens. Therefore, original orientation
relationships remain almost unchanged during the creep tests.

Most of Laves phase particles precipitate on My3Cg/ferrite interfaces
that leads to the formation of almost continuous chains of particles on
boundaries in short-term creep regime. The Laves phase particles
contain mainly Fe, Cr, W and Mo. The W/Mo ratio in these particles is
~2.5, which is close to the nominal ratio of these elements in the steel
(Table 1). Coarsening of Laves phase particles leads to the appearance of
large particles on boundaries of PAG, packets and within the ferritic
matrix as well. An evidence for attractive dislocation-dispersoid
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interaction was found at the interface boundaries between the matrix
and boundary particles. It seems that lattice dislocations attain bound-
ary particles, climb over them and are captured at the detachment side
of these particles after the climb has been completed [57]. The growth of
(Fe,Cr)2(W,Mo) particles occurs in two stages (Fig. 11a). The first stage
of growth involves continuous precipitation due to depletion of tungsten
from ferrite. Deformation accelerates this growth. The strain-induced
coarsening of Laves phase particles increases an average size of these
particles above 200 pm after creep at 160 MPa. The second stage of
Laves phase particle growth is just a coarsening at constant volume
fraction also known as Ostwald ripening [58]. At this stage, the
strain-induced coarsening is not pronounced. The difference between
the particle dimensions after creep and long-term aging is attributed
mainly to strain-induced coarsening at first stage.

Long-term creep is accompanied by the two-phase separation of MX-
type carbonitrides into Nb-rich and V-rich dispersoids (Fig. 17). In
contrast to P92-type steels [28-30], this separation occurs after approx.
10° h. It is worth noting that a few particles of Z-phase with the mean
particle size of about 70 nm form after creep for 17 863 h (Fig. 18). The
(V,Nb)(C,N) carbonitrides are characterized by a relatively high coars-
ening resistance during both aging and creep (Table 2). Almost the same
mean sizes of (V,Nb)(C,N) carbonitrides of 50 nm and 54 nm are
observed after aging and creep, respectively, for 17 863 h. Since the size
of Z-phase is close to the dimension of MX carbonitrides and the volume
fraction of Z-phase is negligible small, the MX—Z-phase transformation
is not important for the studied creep strength breakdown.

4. Discussion
4.1. Relationship between creep mechanisms and rupture time

It is known [29,49] that creep strength breakdown in 9%Cr steels is a
tertiary creep phenomenon and is associated with downward deviation
from the Monkman-Grant relationship [1,29,45,49].

tr = (Cy/Emin)"s 13)
where Cyig is the Monkman-Grant constant and « is a constant being
smaller than unity [49,59]. In contrast, the relationship between t. and
€min Observed in the present study follows the Monkman-Grant equation
(Fig. 19a). The fracture mechanisms are nearly the same at different
creep regimes; and the short-term creep is distinguished from the
long-term creep by quantitative characteristics of ductile fracture.
Therefore, a decrease in the elongation-to-failure in the range of
long-term creep is associated with significant acceleration of tertiary
creep stage (Fig. 2b—c). However, the change in power low creep rela-
tionship in Fig. 1b suggest that short- and long-term creep differ by creep
mechanism operating at steady state. In addition, processes occurring at
transient stage are also quite different (see Section 3.1). The first-order
kinetic directly related to the microstructure during transient creep af-
fects significantly the steady-state creep behavior [49,50]. Fig. 19b
shows the relationship between the offset time, tp,, and é;,. Two
different linear plots are clearly seen in Fig. 19b. In the range of
short-term creep, the ty, vs &, dependence is stronger by a factor of 2.5
than in the region of long-term creep. The steel is strengthened during
the transient creep that decreases én;, and expands the steady-state
creep stage. The downward deviation of the é;, vs t, plot becomes
more significant with decreasing the applied stress. Therefore, the
transition from short-term creep behavior to long-term one is attributed
to changes in the creep mechanisms at all creep stages, i.e., transient,
steady-state, and tertiary creep stages.

Relatively high Cyig value of 0.257 indicates that the contribution of
the offset creep strain to the overall creep strain is rather high. In order
to calculate the duration of transient and steady-state creep stages, the
apparent region of steady-state creep, éyi, X t- [15,59], was identified
for convenience (Fig. 2a). It is seen that the onset of steady-state appears
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Fig. 13. SEM HAADF images showing (Fe,Cr)2(W,Mo) and M23Cg particles in ruptured samples crept at applied stress of 180 MPa (a,b), 140 MPa (c,d), and 100 MPa
(e,f) in the area of uniform elongation located at least at 5 mm from the fracture surface (a,c,e) and in the necking area located at 3 mm from fracture surface (b,d,f).

at t < 3-10% h even at an applied stress of 100 MPa. In the range of
short-term creep, the contribution of tertiary creep to creep life increases
with a decrease in the applied stress (Fig. 19¢). In contrast, the opposite
dependence is observed in the range of long-term creep (Fig. 19c). At
low applied stress, the large contribution of the transient and

11

steady-state stages to the creep life compensates acceleration of tertiary
creep stage and validates the Monkman-Grant relationship. Thus, the
acceleration of softening processes at tertiary creep stage is compen-
sated by strengthening at transient creep stage slowing down the
dislocation climb at steady-state creep stage in the long-term creep
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Fig. 14. TEM images of the necked areas located at 3 mm (a,b,c) from fracture surface after creep at applied stress of 180 MPa (a), 140 MPa (b), 100 MPa (c) and in
the area of uniform elongation (c) at an applied stress of 100 MPa.
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range (Fig. 2c). As a result, the unified Monkman-Grant relationship
describes the t, vs &, dependence in the whole range of applied stress.

4.2. Creep behavior and a dispersion of secondary phases

The present 9%Cr steel is distinctly different from 10% Cr steels,
which do not exhibit the creep strength breakdown up to 4-10*h [15,16,
19,60] owing to exceptionally high threshold stress [61]. This difference
can be attributed to low density of M23Cg carbides precipitated on the
lath boundaries during tempering. The precipitation of Laves phase
particles at these boundaries during transient creep play a key role in the
short-term creep behavior due to increasing the number of obstacles for
the dislocation glide along the laths in addition to MX carbonitrides and
boundary M33Cg carbides (see Fig. 14 in Ref. [10]). The Laves phase
particles precipitated during transient creep remain on the lath bound-
aries up to rupture. As a result, the dislocation glide occurs along laths
on two possible <111>,- directions that is in-lath slip [62,63]. In-lath
dislocation slip leads to attractive interaction between a gliding dislo-
cation and Laves phase particles precipitated on lath boundaries [10,25,
64]. It has been shown [61] that boundary My3Ce and Laves phase
particles give the main contribution to the threshold stress in the 10%Cr
steel. In the present 9%Cr steel, the precipitation of Laves phase chains
on the lath boundaries during transient creep stage restricts ability of
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gliding dislocations to rearrangement by climb during short-term creep.
Moreover, the lattice dislocations should detach from uniformly
distributed MX dispersoids [61]. The boundary particles of Laves phase
and matrix MX dispersoids are bypassed by dislocations via a sequential
process consisting of local climb, glide of climbing portion of lattice
dislocation along the interface boundary and subsequent detachment
[57]. Thus, the precipitation of Laves phase particles on lath boundaries
is responsible for high stress exponent, n, in the range of short-term
creep (Fig. 1b) and the transition from short-term to long-term tran-
sient creep behavior (Fig. 2c—d). This type of creep behavior has been
attributed to precipitation of Laves phase during transient creep as re-
ported by F. Abe [20] for P9-type steels containing W at T < 600 °C.
In the region of long-term creep the precipitation of Laves phase and
additional VC carbides retard the onset of steady-state creep and
decrease the minimum/steady-state creep rate [1,20]. Precipitation of
these phases is diffusion-controlled process [33] and, therefore, tran-
sient creep is controlled by the appearance of additional obstacles for
dislocation glide. However, the onset of rapid coarsening of Laves phase
taking place at ~2.10% h leads to their full dissolution on the lath
boundaries during steady-state creep at 118 MPa [10] or before the
onset of steady-state creep at 100 MPa (Figs. 2a and 9). TMLS retains
under long-term steady-state creep. The in-lath dislocation gliding
overcomes the MX dispersoids by low-temperature climb. This process
occurs slowly due to low rate of low-temperature dislocation climb and
relatively large size of MX dispersoids. As a result, the long-term
steady-state behavior is typical for creep at intermediate temperatures
controlled by pipe-diffusion [48]. Thus, the creep strength breakdown is
accompanied by the transition from obstacle controlled creep to creep
controlled by low temperature climb and the particles located on lath
boundaries are extremely important agents for dislocation pinning.
The tertiary creep behavior under long-term creep conditions is
characterized by the transformation of TMLS to subgrain structure. This
process was termed by K. Maruyama et al. [65] as a strain-induced re-
covery. In the present 9%Cr steel this transformation occurs in the
necked area of crept specimens, only. Therefore, the lath coarsening in
the area of uniform elongation accelerates the tertiary creep rate. The
transition from lath-type structure to subgrain one in the necked areas
leads to a drop in both creep resistance and hardness. The rearrange-
ment of lattice dislocation in subgrains is highly facilitated due to
increased length of dislocation line in subgrains. In addition, out-lath
dislocation gliding [62,63] under low stresses becomes quite feasible.
Sherby et al. [66] have suggested the following relation between the
dislocation barrier distance, A, and steady-state creep rate, émyiy.
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For the short-term creep, the 1 value corresponds to the spacing
between MX dispersoids of about 180 nm under conditions of short-term
creep and the lath thickness of 410 & 60 nm [10] or the subgrain size of
910 nm for the steady-state creep or tertiary creep, respectively, under
conditions of long-term creep. An increase in A clear correlates with the
change in d Iné/e in Fig. 2c at tertiary creep stage. This significant in-
crease in the 1 value contributes to creep rate acceleration during
long-term creep. Therefore, transition from short-term to long-term
creep is well described by an increase in the A value controlling the
creep rate. The large strains in the necked areas of crept specimens in
short-term creep region may promote the DRX development leading to
the fine-grained microstructure (Fig. 12a). However, the formation of
such microstructure during tertiary creep scarcely affects the creep
strength because this microstructure develops right before rupture.

4.3. Precipitation and coarsening of dispersoids
The studied steel is characterized by relatively low coarsening rate of

Mj3Cg carbide particles [10]. The rational orientation relationships
remain almost unchanged after long-term ageing and creep in the areas
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of uniform elongation of ruptured samples (Fig. 16). The presence of two
stable carbides (B-free M23C6#1 and B-containing M23C6#2) at
tempering and creep temperatures as predicted by ThermoCalc for the
studied steel has been reported in previous study [10]. Since these
carbides are characterized by similar free Gibbs energy, the small critical
size of carbide nuclei and their decreased coarsening rate have been
attributed to the decreased interfacial energy of M23Cs-type carbides.
Another feature of this steel is incomplete precipitation of Ma3Cgq

[a]

=]

o
g
©

carbides during tempering [10,60]. The boundary My3Ce-type carbides
precipitated upon tempering act as a collector site for Cr solutes during
creep. As aresult, precipitation of M3Cg carbides during creep promotes
coarsening of existing boundary My3Cg carbides located on PAG and
packet boundaries. This process is controlled by fast grain boundary
diffusion, leading to significant decrease in overall number density of
M33Cg carbides, especially, at the lath boundaries.

The formation of chains of (Fe,Cr)2(W,Mo) particles along bound-
aries takes place during aging and transient creep. This process is
responsible for unified dependencies between the different parameters
of transient creep in short-term and long-term creep regimes (Fig. 4).
The size of Laves phase particles exceeds 100 nm even at early stage of
their precipitation [10]. Two stage growth of (Fe,Cr)2(W,Mo) particles
can be distinguished (Fig. 17a). The first stage includes continuous
precipitation from the ferrite enriched by W and Mo, whereas the second
stage consists in Ostwald ripening [58,67]. The latter results in disso-
lution Laves phase particles located on the lath boundaries. This change
in the particle distribution can be responsible for the change in the
steady-state creep mechanism and unified dependencies between the
different parameters of tertiary creep stage in the whole range of applied
stress (Fig. 5).

The (Nb,V)(C,N) carbonitrides, which appear during tempering as
non-equilibrium precipitates with a wide range of Nb/V ratios, experi-
ence two-phase separation to Nb-rich and V-rich particles during creep.
As a result, the MX carbonitrides do not change significantly their size
even long-term creep for 17863 h (Table 2). In contrast to P92-type
steels with standard nitrogen content of 0.05 wt%, where rapid forma-
tion and growth of Z-phase particles lead to dissolution of MX car-
bonitrides [7,18,35], the present 9%Cr steel with low nitrogen content is
characterized by a sluggish kinetics of the formation and growth of
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Z-phase. The nanoscale MX and Z-phase dispersoids remain during
long-term creep up to the fracture. The creep strength breakdown,
therefore, is attributed to the facilitated gliding of lattice dislocations
due to the dissolution of particles on lath boundaries and the trans-
formation of TMLS to subgrain one.

5.

Conclusions

. The 9%Cr-3%Co steel with high B and low N contents exhibits the

distinct creep strength breakdown at an applied stress of 140 MPa
and a rupture time of 3430 h, although the Monkman-Grant rela-
tionship is valid in the range of applied stress of 100-180 MPa. The
regions of short and long-term creep are distinguished by the creep
behavior at all characteristic creep stages, i.e., transient, steady-state
and tertiary creep stages. The short-term and long-term creep re-
gimes are characterized by the stress exponent of 13 and 6, respec-
tively, in a power law creep relationship. Transition from the short-
term to long-term creep is accompanied with an acceleration of the
first order kinetic reactions.

. Precipitation of Laves phase particles along the lath boundaries re-

sults in strengthening during short-term creep. The Laves phase
particle coarsening accompanied by their disappearance from the
lath boundaries changes the steady-state creep mechanism and in-
creases the rate of tertiary creep under the long-term creep
conditions.

. Numerous precipitations of M3Cg carbides on the lath boundaries is

a key factor for superior creep resistance of high Cr steels with high B
and low N content.

. The lath structure remains in the crept specimens in the portions of

uniform elongation during the long-term creep, although it trans-
forms to subgrain structure in the necked portions. Under the short-
term creep conditions, continuous dynamic recrystallization takes
place in the necked area of the crept specimens.

. The strain-induced formation of Z-phase occurs during the long-term

creep. The size of Cr(Nb,V)N nitrides is almost twice in comparison
with the size of MX carbonitrides.
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