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Abstract: Five Co-modified P92-type steels with different contents of Cr, W, Mo, B, N, and Re have
been examined to evaluate the effect of the chemical composition on the evolution of Laves phase
during creep at 650 ◦C. The creep tests have been carried out at 650 ◦C under various applied initial
stresses ranging from 80 to 200 MPa until rupture. An increase in the B and Cr contents leads to a
decrease in the size and volume fraction of M23C6 carbides precipitated during tempering and an
increase in their number particle density along the boundaries. In turns, this affects the amount of the
nucleation sites for Laves phase during creep. The (W+Mo) content determines the diffusion growth
and coarsening of Laves phase during creep. Susceptibility of Laves phase to coarsening with a high
rate is caused by the large difference in Gibbs energy between fine and large particles located at the
low-angle and high-angle boundaries, respectively, and can cause the creep strength breakdown. The
addition of Re to the 10%Cr steel with low N and high B contents provides the slowest coarsening of
Laves phase among the steels studied.

Keywords: martensitic steels; chemical composition; creep; precipitation; Laves phase; electron
microscopy

1. Introduction

Creep resistant 9–12%Cr martensitic steels are widely used as materials for fossil
power plants operating at temperatures up to 620 ◦C [1,2]. Superior creep resistance of
these steels is attributed to the (a) formation of 100% tempered martensite lath structure
during heat treatment and (b) retaining of this structure for a long time under the action of
the elevated temperature and applied stress [1–6]. The stability of the tempered martensite
lath structure is provided by the stability of secondary phase particles such as the boundary
M23C6 carbides and Laves phase particles and MX carbonitrides randomly distributed
in the matrix [1–20]. Among these secondary phase particles, the role of Laves phase in
the creep resistance of high-chromium steels is mostly ambiguous [2–4,8,21–45]. On the
one hand, the precipitation of fine Laves phase particles produces additional dispersion
strengthening [17,20,21,23,24,28,32–36], which decreases the creep rate in the transient
creep region and the minimum steady-state creep rate as well as induces a high threshold
stress [6,17]. The chains of Laves phase induce a high Zener drag force, preventing
migration of the lath boundaries, and provide the stability of the tempered martensite lath
structure under creep conditions [6,17,32], that compensates for the depletion of W and Mo
atoms from the solid solution. On the other hand, the fast growth of Laves phase promotes
an increase in the creep rate and premature failure [2,3,16,18,22,25,26,37,39–41]. Coarse
Laves phase particles located at the boundaries of prior austenite grains (PAGs) act as
cavity nucleation sites initiating premature damage that decreases the strain to rupture [25].
The nucleation of Laves phase in the 9–12%Cr steels takes place at the boundaries of PAGs
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and martensitic laths [2–4,8,21–45] as well as in the vicinity of M23C6 carbides [42,43]. The
aim of the present research is to report on the effect of the chemical composition of the
Co-modified 9–10%Cr martensitic steels on the evolution of Laves phase during creep as
well as to establish the role of Laves phase in the creep strength breakdown appearance.

2. Materials and Methods

Five Co-modified P92-type steels with different Cr, W, Mo, B, N, and Re contents
denoted here as the 9Cr2W0.005B, 9Cr3W0.005B, 9Cr1.5W0.012B, 10Cr2W0.008B, and
10Cr3W0.008B0.2Re steels were examined. The 9Cr2W0.05N and 9Cr3W0.05N steels with
conventional N and B contents were produced by air melting [29,31,32]; the 9Cr1.5W0.007N,
10Cr2W0.003N, and 10Cr3W0.002N0.2Re steels with low N (≤0.007%) and high B contents
(≥0.008%) were melted in vacuum-induction furnaces [6,17–20,27,28,30]. The chemical
compositions of these steels, determined using a FOUNDRY-MASTER UVR optical emis-
sion spectrometer (Oxford Instruments, Ambingdon, UK), a METEK-300/600 nitrogen, hy-
drogen, and oxygen analyzer (METEKPROM Ltd., Izhevsk, Russia), and a Nova NanoSEM
scanning electron microscope (FEI, Hillsboro, OR, USA) with an energy dispersive X-ray
spectroscope (Oxford Instruments, Ambingdon, UK), are summarized in Table 1.

Table 1. Chemical compositions of the 9–10%Cr-3%Co steels studied (wt. %).

Steel Fe C Cr Co Mo W V Nb B N Si Mn Ni Re

9Cr2W0.005B bal. 0.12 9.3 3.1 0.4 2.0 0.2 0.06 0.005 0.05 0.08 0.2 0.2 –
9Cr3W0.005B bal. 0.12 9.5 3.2 0.5 3.1 0.2 0.06 0.005 0.05 0.06 0.2 0.04 –

9Cr1.5W0.012B bal. 0.10 9.0 2.8 0.6 1.5 0.2 0.05 0.012 0.007 0.12 0.4 0.04 –
10Cr2W0.008B bal. 0.10 10.0 3.0 0.7 2.0 0.2 0.05 0.008 0.003 0.06 0.1 0.24 –

10Cr3W0.008B0.2Re bal. 0.11 9.9 3.2 0.1 2.9 0.2 0.07 0.008 0.002 0.03 0.1 0.17 0.2

These steels studied were subjected to homogenization annealing at 1100–1150 ◦C for
16 h and then hot forged in the temperature interval ranging from 1150 to 1050 ◦C. The
heat treatment of the steels consisted in normalizing at 1050–1060 ◦C for 30–60 min, air
cooling, and final tempering at 750–770 ◦C for 3 h [6,16–20,27–32]. Creep tests were carried
out in the air at 650 ◦C under various applied initial stresses ranging from 80 to 200 MPa
with a step of 20 MPa until rupture for all steels and under 120 MPa for 1000 h (interrupted
tests) for the 10Cr2W0.008B and 10Cr3W0.008B0.2Re steels.

An Olympus GX70 optical microscope (Olympus Corporation, Tokyo, Japan) was
used to reveal the PAG boundaries by etching of grounded and polished samples in the
solution of 2 pct HNO3 and 1 pct HF in distilled water. A JEOL–2100 transmission electron
microscope (TEM) (JEOL Ltd., Tokyo, Japan) with an INCA energy dispersive X-ray spec-
troscope (EDS) (Oxford Instruments, Ambingdon, UK) and Nova NanoSEM and Quanta
600FEG scanning electron microscopes (SEM) (FEI, Hillsboro, OR, USA) were used for the
structural characterization of the tempered and ruptured/interrupted creep specimens.
The samples for TEM and SEM investigations (foils and carbon replicas) were prepared
from a gauge section of ruptured crept specimens in the middle between grip portion
and fracture surface. Foils for TEM and SEM were obtained by electropolishing at room
temperature using a Struers “TenuPol-5” machine (Struers Inc., Cleveland, OH, USA).
Carbon replicas for TEM were prepared using a Q 150REQuorum vacuum deposition ma-
chine (Quorum Technologies, Laughton, UK). The average size of subgrains was estimated
on TEM micrographs by the linear intercept method. The dislocation density in the lath
interiors was evaluated as a number of intersections of individual dislocations with foil
surfaces per unit area on at least five selected typical TEM images for each data point. The
size distribution and mean size of the precipitates were evaluated by counting from 100 to
150 particles per specimen. The error bars were given according to the standard deviation.
The number particle density was estimated as the number of particles of Laves phase per
unit length of high-angle boundary (HAB) on at least five selected typical SEM images and
of low-angle boundary (LAB) on at least five selected typical TEM images. Identification of
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secondary phase particles was based on a combination of EDS composition measurements
and indexing of electron diffraction patterns by TEM. The equilibrium volume fraction
of Laves phase at 750, 770, and 650 ◦C was obtained using the Thermo-Calc software
(Version 5.0.4 75, Thermo-Calc software AB, Stockholm, Sweden, 2010). Other details
of mechanical and structural characterization techniques were presented in the previous
studies [6,16–20,27–32].

3. Results
3.1. Tempered Martensite Lath Structure

The formation of the tempered martensite lath structure was observed in all steels
studied (Figure 1). The structural parameters of the steels are summarized in Table 2. The
average size of PAGs, dPAG, varied in the range of 10–50 µm and tended to increase with
the following changes in the chemical composition (Tables 1 and 2):

- with increasing the W content (from 2% to 3%)—dPAG increased from 10 µm for the
9Cr2W0.005B steel to 20 µm for the 9Cr3W0.005B steel;

- with decreasing the N (to 0.007%) and increasing the B (to 0.012%) contents—dPAG
increased to 26 µm (the 9Cr1.5W0.012B steel);

- with increasing the Cr content (to 10%) together with decreasing the N (0.003%) and
increasing the B (0.008%) contents—it increased to 35 µm (the 10Cr2W0.008B steel);

- with the addition of Re and an increase in the W content—dPAG increased to 51 µm
(the 10Cr3W0.008B0.2Re steel).
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Figure 1. (a) The typical tempered martensite lath structure in the 9Cr2W0.005B steel; (b) the features of the lath structure 
related to increasing the B, (W+Mo) and Cr contents such as the formation of dense chains of M23C6 carbides along the 

Figure 1. (a) The typical tempered martensite lath structure in the 9Cr2W0.005B steel; (b) the features
of the lath structure related to increasing the B, (W+Mo) and Cr contents such as the formation of
dense chains of M23C6 carbides along the high-angle boundaries and low-angle boundaries in the
9–10%Cr steels with high B content and the formation of W-rich particles (M6C and/or Laves) in the
9–10%Cr steels with 2–3%W.
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Table 2. Structural parameters of the 9–10%Cr martensitic steels after heat treatment.

Steels

Structure Particles

PAG size,
µm

Lath Size,
µm

ρdisl, ×1014

m−2

Size, nm Volume Fraction (by
Thermo-Calc), %

Density of Particles
Located at the

Boundaries, µm−1

M23C6/MX/
M6C/Laves M23C6/MX HAB LAB

9Cr2W0.005B 10 ± 2 0.4 ± 0.05 2.0 ± 0.01 90/30/-/- 2.27/0.34 1.41 0.94
9Cr3W0.005B 20 ± 2 0.4 ± 0.05 2.0 ± 0.01 90/30/350/80 2.31/0.34 1.41 0.94

9Cr1.5W0.0012B 26 ± 2 0.3 ± 0.05 2.6 ± 0.01 70/49/-/- 1.79/0.04 4.31 2.18
10Cr2W0.008B 35 ± 2 0.4 ± 0.05 1.7 ± 0.01 70/30/25/- 2.05/0.06 4.31 2.18

10Cr3W0.008B0.2Re 51 ± 2 0.3 ± 0.05 2.0 ± 0.01 70/30/28/- 1.97/0.08 6.75 2.35

The typical tempered martensite lath structure of the 9–10%Cr-3%Co martensitic
steels [16,32] is shown in Figure 1a using the example of the 9Cr2W0.005B steel. The mean
lath thickness of ~0.3–0.4 µm and the high density of free dislocations of ~2 × 1014 m−2

were essentially the same for all steels (Table 2). Nanoscale M23C6 carbides with round
shape, which were the dominant precipitates in all steels studied, were located along the
PAG/packet/block and lath boundaries, while their mean size decreased from 90 to 70 nm
with increasing the B content (Table 2). The number particle densities of boundary M23C6
carbides located at the HABs and LABs were 1.41 and 0.94 µm−1, respectively, in the steels
with conventional B contents. In the steels with conventional N content, MX carbonitrides
were divided into V-rich particles with a plate-like shape and Nb-rich particles with a round
shape; these particles with an average dimension of 30 nm were randomly distributed in
the ferritic matrix; their volume fraction was 0.34% (Table 2).

Changes in the W, Cr, N, B, and Re contents led to the structural changes presented in
Figure 1b as follows:

(1) decreasing the N and increasing the B contents increased the number particle density
of M23C6 carbides at both HABs and LABs together with decreasing their mean size
and volume fraction (Figure 1b and Table 2). In the 9%Cr and 10%Cr steels with low
N and high B contents, the high number particle density along the HABs led to the
formation of the continuous chains of M23C6 carbides (Figure 1b) that affected the
number of nucleation sites for precipitation of Laves phase during creep;

(2) increasing the W and Cr contents led to the formation of W-rich particles such as
M6C carbides in the 9Cr3W0.005B, 10Cr2W0.008B, and 10Cr3W0.008B0.2Re steels
and/or even Laves phase in the 9Cr3W0.005B steel (Figure 1b) [30,31]. In all steels,
the amount of W-rich particles was negligible. It was found that the M6C carbides in
the 9%Cr steel were coarse (350 nm), whereas in the 10%Cr steels, the fine particles
(25–30 nm) were found along the LABs (Figure 1b and Table 2);

(3) in the steels with a low N content, the volume fraction of MX carbonitrides decreased
significantly (0.04 . . . 0.08%) due to the low fraction or full disappearance of V-rich
MX phase in the tempered steels and the shape of V-rich particles changed from
plate-like to round [17–20].

3.2. Creep Tests

The creep conditions, rupture times, and duration of interrupted tests together with
off-set time, at which the minimum creep rate is achieved, are presented in Table 3. The
creep strength curves and the variation of the minimum creep rate with applied stresses
are plotted in Figure 2. Almost all 9%Cr and 10%Cr steels exhibited the creep strength
breakdown (CSB) regardless of the PAG size [17,19,27,28,32] (Figure 2a). No transition from
short-term creep to long-term creep behavior was found for the 10Cr2W0.008B steel up to a
rupture time of 39,437 h (Figure 2a and Table 3) [6,17]. For the 9Cr2W0.005B, 9Cr1.5W0.012B,
and 10Cr3W0.008B0.2Re steels, the CSB appeared at 140 MPa that subdivided the creep
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behavior into three distinctly different regions: the region of short-term creep at the high
applied stresses >140 MPa, the transition region at the applied stress of 140 MPa, and
the region of long-term creep at the low applied stresses <140 MPa. For both 9%Cr steels
with 1.5–2%W, the rupture time, at which the CSB took place, was similar ranging from
2000 to 3500 h, whereas the CSB for the 10%Cr steel with 3%W was observed at ~11,000 h
(Figure 2a). Thus, an increase in the W content from 2 to 3 wt.% shifts the CSB to a lower
applied stress of 120 MPa and a higher rupture time of ~ 11,000 h that correlates with the
rupture time of the CSB for the 10Cr3W0.008B0.2Re steel (Figure 2a and Table 3).

Table 3. Effect of applied stresses on rupture time (numerator) and off-set time (denominator), at which minimum creep
rate is achieved, and an information on durations of interrupted creep tests at 650 ◦C (in hours).

Steel 200 MPa
(Ruptured)

180 MPa
(Ruptured)

160 MPa
(Ruptured)

140 MPa
(Ruptured)

120 MPa
(Ruptured)

120 MPa
(Interrupted)

100 MPa
(Ruptured)

9Cr2W0.005B 34/3 112/47 487/162 1828/710 4985/1744 – 11,151/6144
9Cr3W0.005B 207/80 454/253 1703/438 3489/1630 10,952/2664 – 15,998/3144

9Cr1.5W0.012B – 243/131 1035/300 3430/1434 4883/2000 – 17,862/-
10Cr2W0.008B – 18/7 210/110 1425/643 39,437/17,773 1000 -

10Cr3W0.008B0.2Re 8/3 83/35 440/120 10,987/1483 13,495/1380 1000 25,065/1499
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Dependences between the minimum creep rate and applied stress for all steels studied
obey a power law relationship [2,45,46]:

.
εmin = A × σn*

exp
(
−Q
RT

)
, (1)



Metals 2021, 11, 60 6 of 19

where
.
εmin is the minimum creep rate, σ is the applied stress, Q is the activation energy for

steady-state creep, R is the gas constant, T is the absolute temperature, A is a constant, and
n* is the “apparent” stress exponent. For the 9%Cr steels, an “apparent” stress exponent
n* = 11 . . . 13, whereas for the 10%Cr steels, it was about 2 times higher and comprised
23 . . . 26 (Figure 2b). For the steels with 3%W and the 9Cr1.5W0.012B steel, at lower
stresses, a linear dependence with a lower slope and n* = 3 . . . 6 was distinguished
(Figure 2b). It should be noted that the stresses at which the change in the n* occurred
(Figure 2b), correlated with the stresses at which the CSB occurred (Figure 2a).

The creep curves at the applied stress corresponding to the regions of high stresses
(180 MPa), transient stress (140 MPa), and low stresses (120 MPa) are presented in Figure 3.
Under the high applied stress of 180 MPa, the 9%Cr steels showed the better creep behavior
than the 10%Cr steels (Figure 3). The 9Cr3W0.005B steel demonstrated the longest rupture
time due to the lowest minimum creep rate and the longest primary creep stage, and the
well-defined steady-state creep stage. This finding was associated with the highest W
content in the solid solution. The 10Cr2W0.008B steel demonstrated the shortest rupture
time due to the highest

.
εmin among the steels studied. The addition of Re together with

increasing the W and decreasing the Mo content (Table 1) decreased the
.
εmin by almost an

order of magnitude and increased rupture time (Figure 3 and Table 3).
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Under the transient applied stress of 140 MPa, the Re-containing steel showed an
advantage. It had the longest rupture time due to the elongated primary creep stage,
the lowest

.
εmin, and the well-defined steady-state creep stage (Figure 3). The lower N

and higher B contents in the 9Cr1.5W0.012B steel led to an increase in the off-set time
and a decrease in the off-set strain, at which the

.
εmin was attained, compared with the

9Cr2W0.005B steel with conventional N and B contents.
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Under the low applied stress of 120 MPa, creep behavior of the 10Cr2W0.008B steel
fundamentally differed from other 9–10%Cr steels: the longest primary creep stage and the
lowest

.
εmin provided a uniquely long rupture time and absence of the CSB up to ~40,000 h

(Figure 2a, Figure 3, and Table 3). Other steels had the similar creep behavior, although the
steels with 3%W demonstrated the slight increment in the duration of the primary creep
stage and a decrease in the

.
εmin (Figure 3 and Table 3).

3.3. Crept Microstructures

SEM-back scattered electron (BSE) images and TEM images of all steels studied after
some creep rupture tests corresponding to a region of short-term creep at the high applied
stress of 180 MPa, a transition region at the applied stress of 140 MPa and a region of long-
term creep at the applied stress of 120 MPa are shown in Figures 4 and 5. The structural
parameters of these ruptured specimens are summarized in Table 4.
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The structures of all steels studied were significantly different in the regions of short-
term and long-term creep (Figures 4 and 5). In the short-term creep region, at the high
applied stress (180 MPa), the tempered martensite lath structure retained, while first sub-
grains appeared. The average lath thickness increased by a factor of ~2 and the dislocation
density decreased twice compared to the tempered state. The mean size of M23C6 carbides
increased insignificantly and fine particles of Laves phase precipitated along the HABs
and LABs (Figures 4 and 5, and Table 4). As a result, continuous chains of M23C6 carbides
and Laves phase occurred along the PAG boundaries (Figure 4). Decreasing the N content
and increasing the B content provided a high particle density along the lath boundaries
(Figure 5). In the regions of the transition and low applied stresses (140 and 120 MPa), the
tempered martensite lath structure evolved into the subgrain structure, the mean size of
subgrains was comparable with the width of the martensitic laths (Figures 4 and 5, and
Table 4). The boundary particles coarsened (Figures 4 and 5, and Table 4).
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Table 4. Structural parameters after creep tests up to rupture in the gauge sections.

Steel

Structure Particles

Lath/Subgrain
Sizes µm

ρdisl, ×1014

m−2

Size, nm Volume
Fraction *, %

Density of Laves Phase Located
at the Boundaries, µm−1

M23C6/Laves M23C6/Laves HAB LAB

Applied stress of 180 MPa
9Cr2W0.005B 0.60 ± 0.05 0.5 ± 0.01 120/136 2.34/1.20 1.92 0.43
9Cr3W0.005B 0.57 ± 0.05 1.1 ± 0.01 100/108 2.37/2.49 3.16 0.80

9Cr1.5W0.012B 0.56 ± 0.05 1.0 ± 0.01 76/164 1.87/0.90 1.48 0.85
10Cr2W0.008B 0.70 ± 0.05 1.2 ± 0.01 70/56 2.10/1.61 0.26 0.1

10Cr3W0.008B0.2Re 0.50 ± 0.05 0.7 ± 0.01 64/110 2.00/1.89 1.97 0.85
Applied stress of 140 MPa

9Cr2W0.005B 1.45 ± 0.05 0.2 ± 0.01 185/245 2.34/1.20 1.97 0.55
9Cr3W0.005B 0.65 ± 0.05 1.0 ± 0.01 113/130 2.37/2.49 1.86 0.84

9Cr1.5W0.012B 0.78 ± 0.05 0.5 ± 0.01 107/283 1.87/0.90 0.95 0.57
10Cr2W0.008B 0.66 ± 0.05 1.1 ± 0.01 100/175 2.10/1.61 1.23 0.65

10Cr3W0.008B0.2Re 1.22 ± 0.05 0.2 ± 0.01 120/200 2.00/1.89 1.83 0.36
Applied stress of 120 MPa

9Cr2W0.005B 1.50 ± 0.05 0.1 ± 0.01 200/280 2.34/1.20 1.25 0.52
9Cr3W0.005B 0.78 ± 0.05 0.5 ± 0.01 220/500 2.37/2.49 0.47 0.51

9Cr1.5W0.012B 0.91 ± 0.05 0.4 ± 0.01 114/367 1.87/0.90 0.73 0.51
10Cr2W0.008B 0.86 ± 0.05 0.2 ± 0.01 120/318 2.10/1.61 0.58 0.42

10Cr3W0.008B0.2Re 0.92 ± 0.05 0.2 ± 0.01 106/212 2.00/1.89 1.42 0.42

* Calculated by the Thermo-Calc software.

3.4. Evolution of Laves Phase during Creep

Change in the W content in the ferritic matrix during creep. A significant difference
between the crept microstructure and initial structure after tempering was the reduced W
content in the ferritic matrix and the precipitation of Laves phase as the related processes.
Figure 6 demonstrates two stages of the depletion of W from the solid solution with
creep time that is independent of material chemistry. During the first 500–1000 h of
creep, the depletion of excess W from the solid solution occurred. Then, an equilibrium
content of W in the solid solution was attained, that comprised about 1 wt%. for all
steels studied (Figure 6). The rupture occurred before and after the complete depletion
of excess W from the solid solution in the region of short-term and long-term creep,
respectively (Figures 2 and 6, and Table 3). So, under short-term creep condition, the
continuous precipitation of Laves phase took place up to rupture, whereas under long-term
creep, the growth of the Laves phase particles occurred after full depletion of excess value
of W from the solid solution.

Evolution of average size and size distribution of Laves phase during creep. Size distributions
of Laves phase together with time dependence of the mean size of these particles in
the different steels are presented in Figure 7. The different time to rupture at the same
creep conditions for the 9–10%Cr-3%Co steels led to different amount of Laves phase in
the crept ruptured samples. So, at 180 MPa, for the 9Cr2W0.005B, 10Cr2W0.008B, and
10Cr3W0.008B0.2Re steels with rupture times of 112, 18, and 83 h, respectively (Table 2),
the presence of excess W solutes in ferrite correlated with the low number density of Laves
phase (Figures 4–6, and Table 3). A very narrow size distribution of Laves phase with a
mean dimension of 56 nm was observed in the 10Cr2W0.008B steel due to their precipitation
in the vicinity of M23C6 carbides located on the lath boundaries [6] (Figures 5 and 7a).
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At the same time, in the 9Cr2W0.005B steel, the size distribution was broader than
that in the 10Cr3W0.008B0.2Re steel due to a dominance of nucleation of Laves phase
on the boundaries of the PAGs and packets after the similar creep time. Moreover, in
the 9Cr2W0.005B steel, the large particles with sizes of 200–375 nm were observed, their
fraction was about 5% (Figure 7a). For the 9Cr3W0.005B and 9Cr1.5W0.012B steels with
rupture times of 243 and 454 h, respectively (Table 2), the amount of excess W solutes in the
matrix was close to the equilibrium value and the nucleation of the Laves phase particles
and their diffusion growth were almost completed (Figures 4–6). Their volume fraction
was close to the equilibrium value estimated by the Thermo-Calc software (Table 4). The
onset of diffusion growth of Laves phase was found in these steels under short-term creep
that led to a high portion of coarse particles of Laves phase in the 9Cr1.5W0.012B steel. In
the last steel, there were 10% of coarse particles (275–500 nm), whereas in the 9Cr3W0.005B
steel, about 90% of particles were ranging from 50 to 200 nm and 10% of particles were
ranging from 200 to 375 nm. Therefore, the dominant precipitation of Laves phase on the
boundaries of PAGs and packets leads to the appearance of coarse particles even under
short-term creep.

At 140 MPa, the 9Cr3W0.005B steel also demonstrated the higher coarsening resistance
of Laves phase in comparison with the steel with lower W content (9Cr1.5W0.012B), over
the same time. The size distribution for the 9Cr1.5W0.012B steel was shifted to larger sizes
and the mean size of Laves phase particles was about two times higher in comparison
with that for the 9Cr3W0.005B steel. The formation of coarse Laves phase particles with
a size more than 500 nm was observed in the 9Cr2W0.005B and 9Cr1.5W0.012B steels
(Figures 4 and 5, and Figure 7a). The Re-containing steel showed the narrowest size distri-
bution evidencing for the most coarsening resistance of Laves phase after long-term creep
for 10,987 h.

At 120 MPa, the coarsening of the Laves phase particles took place in all steels
(Figures 4 and 5, and Figure 7a). The fraction of coarse Laves phase particles larger than
500 nm attained approximately 15% in the 9Cr2W0.005B and 9Cr1.5W0.012B steels after
~5000 h exposure (Figure 7a). In the 3%W steel with conventional N and B contents, an
intensive coarsening resulted in the appearance of 50% of large particles after ~11,000 h
creep. In the Re-containing 3%W steel, the minimum fraction of large Laves phase particles
(2%) was observed after long-term creep for 13,495 h.

The time dependences of the mean size of Laves phase particles presented in Figure 7b
correspond to the depletion of W from the solid solution (Figure 6) and can be subdivided
into two stages for all steels. Stage I corresponds to the first region, which reflects the
depletion of excess W solutes from the solid solution, and is characterized by a weak slope
of the curve (Figure 7b). The main processes at this stage were the formation of nuclei of
Laves phase along the HABs and LABs and their diffusion growth due to the sedimentation
of excess W solutes from the matrix.

At the end of stage I, the HABs played a role of the preferential nucleation sites for
Laves phase (Figure 8 and Table 5). This is a common feature for all steels studied. The
fraction of Laves phase on the HABs and LABs was estimated using SEM and TEM images
after 454–1037 h of creep (Table 5), and, therefore, these portions corresponded to the
termination of depletion of excess W solutes from the matrix and the attainment of the
equilibrium value of W in the solid solution. The onset of coarsening of Laves phase
occurred at higher creep times. It was revealed that in the steels with a high B content,
the fraction of Laves phase located at the LABs was higher than that in the steels with a
conventional B content (Figure 8 and Table 5). The mean size of the Laves phase particles
located at the HABs was higher than that of located at the LABs in all steels studied
excepting the 9Cr3W0.005B steel (Table 5).
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Table 5. The number particle density and mean size of Laves phase particles located at the high-angle boundaries
(numerator) and low-angle boundaries (denominator) in steels after 454–1037 h of creep at 650 ◦C.

Steel 9Cr2W0.005B 9Cr3W0.005B 9Cr1.5W0.012B 10Cr2W0.008B 10Cr3W0.008B0.2Re

Creep conditions 160 MPa
487 h

180 MPa
454 h

160 MPa
1037 h

120 MPa
1000 h

(interrupted)

120 MPa
1001 h

(interrupted)

Number particle density, µm−1 2.50/0.62 3.16/0.80 1.56/0.85 1.56/0.77 1.49/0.95

Mean size, nm 176/135 106/165 200/159 160/126 150/100

Stage II of Laves phase evolution (Figure 7b) corresponds to the second stage of W
depletion, at which an equilibrium W content in the solid solution is attained, and is char-
acterized by intense growth of particles. At this stage, Ostwald ripening occurred which
consisted in the coarsening of large particles due to the dissolution of fine particles [47–49].
Stage II can be described using Lifshitz–Slyozov–Wagner (LSW) relationship [50,51]:

dm − d0
m =Kp(t − t0), (2)

where d is the average particle size at a time of t, d0 is the average particle size at the
time of t0 corresponding to the onset of the coarsening process, and Kp is the coarsening
rate constant; the growth exponent m depends on the coarsening mechanism. The value
m = 4 corresponding to grain boundary diffusion provided the best fit of the experimental
data with linear dependences (Figure 9) for all steels studied, and, therefore, Ostwald
ripening of Laves phase was controlled by grain boundary diffusion [28]. The time t0 was
considered to be 1000 h for all steels, and d0 was taken from Figure 7b as the mean particle
size at the time of t0. The highest coarsening rate of Laves phase was observed for the
9Cr3W0.005B and 9Cr1.5W0.012B steels, which had the biggest (2.05 wt.%) and the smallest
(1.35 wt.%) value of molybdenum equivalent (Moeq = (Mo) + 1/2(W) [8]), respectively,
among the steels studied. The coarsening rate constant was about 1.55 × 10−9 µm4 s−1

for both steels (Figure 9b). The lowest growth of Laves phase was revealed in the
10Cr3W0.008B0.2Re steel with a Moeq value of 1.55 wt%; the coarsening rate constant
was two orders of magnitude lower than that of the 9Cr3W0.005B and 9Cr1.5W0.012B
steels (Figure 9). The 9Cr2W0.005B and 10Cr2W0.008B steels with the Moeq values of 1.4
and 1.7 wt.%, respectively, demonstrated the similar coarsening rate constant for Laves
phase of (1.3−2.1) × 10−10 µm4 s−1 (Figure 9a).
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4. Discussion
4.1. Effect of Alloying on the Nucleation and Growth of Laves Phase

The results obtained on the evolution of W-rich Laves phase during creep in five
9–10%Cr-3%Co advanced martensitic heat-resistant steels with various alloying evidence
that not only the W content but also other elements affect the Laves phase growth and,
consequently, creep behavior. As it is known, the nucleation and growth of the Laves
phase particles depend on the nucleation sites and the presence of substitutional elements
retarding diffusion in ferrite [21,23,25,27,28,35,37,38,42,43]. The different size of PAGs for
the steels studied (Table 2) partially affects the amount of nucleation sites for Laves phase
precipitated along the HABs. So, in the 9 and 10%Cr steels with 2%W, an increase in the
PAG size from 10 to 35 µm (Table 2) leads to a decrease in the number particle density
from 2.50 to 1.56 µm−1, respectively (Table 5). On the other hand, since Laves phase
precipitates at the boundaries, then the dispersion of boundary M23C6 carbides determines
the nucleation behavior of Laves phase [42,43]. Let us consider the effect of these two
factors (W content and dispersion of carbides) on the Laves phase evolution during creep.
The effect of the PAG size is not considered in the present investigation.

Effect of dispersion of M23C6 carbides on the nucleation sites for Laves phase. The scheme
describing the effect of the dispersion of M23C6 carbides on the nucleation of Laves phase
in the steels with different alloying is suggested (Figure 10). It can be seen that in the steels
with a conventional 0.005% B content, sparsely located M23C6 carbides along the HABs and
LABs provide the most part of the boundaries as a ready-to-use substrate for the nucleation
of Laves phase. The formation of W segregations in the vicinities of the HABs during
tempering facilitates the precipitation of these particles [31]. The high (0.008–0.012%) B
content in the 9–10%Cr-3%Co steels leads to a decrease in the size of M23C6 carbides
because of the formation of M23(C,B)6 particles [16–20]. As a result, the number particle
density of M23C6 carbides along both HABs and LABs is sufficiently higher as compared
with steels with the conventional B content (Table 2 and Figure 10). Dense chains of M23C6
carbides cover the surface of the HABs that hinders the sedimentation of excess W solutes
from the matrix on these boundaries and, correspondingly, the nucleation of the Laves
phase particles, wherein W atoms segregate near the HABs as in a case of the steels with
the conventional B content (Figures 6 and 10). The W atoms from the segregation are
redistributed between HABs and LABs forming the nuclei of Laves phase on the sites of the
lath boundaries free of M23C6 carbides. As a result, the ratio of the Laves phase particles
located at the HABs and LABs is changed in the B-enriched steels (Figure 8 and Table 5).
The fraction of the Laves phase particles located at the LABs is higher and reaches 35% of
all particles after Stage I (Figures 7–9, and Table 5) that provides an effective anchorage of
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lath/subgrain boundaries by boundary particles during creep and highly decreases the
minimum creep rate [6,19,21,38].
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Effect of (W+Mo) content on the growth of Laves phase in steels with different B content.
The (W+Mo) content in the steels determines the size of the Laves phase particles during
diffusion growth. At the same time, the coarsening of particles is determined by the
difference in Gibbs energy between coarse and fine particles [29,47–49]. It should be
noted that most of the W atoms segregate towards the HABs in all 9–10%Cr steels that
provides a high concentration of W atoms around the nucleus located at the HABs. The
distribution of Laves phase before its coarsening in the steels studied can be presented by
four combinations of the amount of nucleation sites for Laves phase particles at the HABs
and LABs and the (W+Mo) content (Figure 10). They are the following:

(Case I) numerous nucleation sites at the HABs and a few nucleation sites at the LABs
together with the low/middle (W+Mo) content (the 9Cr2W0.005B steel). In this case, large
Laves phase particles are formed at both HABs and LABs (Figure 10). The average size of
particles located at the HABs and LABs is similar (Table 5). The absence of a significant
difference in the size of the particles located at the HABs and LABs provides a continuous
coarsening of Laves phase with a moderate rate (Figures 7b and 9).

(Case II) numerous nucleation sites at the HABs and a few nucleation sites at the LABs
together with the high (W+Mo) content (the 9Cr3W0.005B steel). In this case, the Laves
phase particles located at the HABs are fine, whereas particles located at the LABs are large
(Table 5 and Figure 10). The dissolution of the particles located at the LABs is restricted
because their Gibbs energy is lower than that of the particles located at the HABs. No
coarsening takes place after the termination of diffusion growth (Figures 6 and 7b). This
fact indicates that coarsening of the Laves phase particles starts along the HABs until the
sizes of the particles located at the HABs and LABs attain the comparable values. Then,
the particles located at the LABs begin to dissolve, which accelerates the growth of Laves
phase at the HABs [29]. This finding explains the stabilization of size of Laves phase for
about 3500 h of creep and the following fast growth after 3500 h of creep (Figures 7b and 9).

(Case III) moderate amount of nucleation sites at the HABs and many nucleation sites
at the LABs together with the low (W+Mo) content (the 9Cr1.5W0.012B steel). In this case,
large particles are located at the HABs and fine particles are located at the LABs (Table 5 and
Figure 10). The appearance of coarse particles of Laves phase with a dimension ≥200 nm
on the HABs initiates the dissolution of fine particles located at the LABs, increasing



Metals 2021, 11, 60 15 of 19

the difference in Gibbs energy between coarse particles at the HABs and fine particles
at the LABs, which creates the big driving force for coarsening. This leads to the fast
coarsening of Laves phase immediately when the diffusion growth has been completed
(Figures 7b and 9).

(Case IV) moderate amount of nucleation sites at the HABs and many nucleation
sites at the LABs together with the middle/high (W+Mo) content (the 10Cr2W0.008B and
10Cr3W0.008B0.2Re steels). In this case, fine Laves phase particles are formed at both HABs
and LABs (Table 5 and Figure 10) that provides the significant stability of this phase and
continuous coarsening of Laves phase with a moderate/low rate (Figures 7b and 9). This
case is close to the case (I) that provides the similar coarsening rate constant of Laves phase
in the 10Cr2W0.008B and 9Cr2W0.005B steels (Figure 9). The addition of Re to the 10%Cr
steel with a low N and a high B contents slows down the diffusion of W atoms and hinders
their redistribution along the boundaries during coarsening of Laves phase. This provides a
decrease in the coarsening rate constant value by one order of magnitude as compared with
the 10Cr2W0.008B steel (Figure 9). It should be noted that Re does not affect the diffusion
growth of Laves phase, since the initial size of Laves phase before coarsening (1000 h of
creep) is similar for both 10Cr3W0.008B0.2Re and Re-free 10Cr2W0.008B steels (Table 5).
This finding may be associated with that the Re also segregates toward the boundaries
before the onset of the coarsening of Laves phase. Moreover, M6C carbides precipitated
along the LABs during creep and then transformed into Laves phase [30] can insignificantly
increase the fraction of Laves phase located at the LABs (Figure 8 and Table 5).

Thus, the lowest rate of Laves phase coarsening takes place in steels with the high
B content and dense chains of M23C6 carbides on the lath boundaries. Solutes inhibiting
diffusion in ferrite also decrease the coarsening rate of Laves phase.

4.2. Relation between Coarsening of Laves Phase and CSB Appearance

The CSB appearance in the 9–12%Cr steels is the topic of actual discussion in the
scientific research [2,8–16,19,32,45]. The most popular explanations of this phenomenon are
related to the formation of large Z-phase particles instead of fine MX carbonitrides [9,11–15]
and the strain-induced coarsening of M23C6 carbides facilitating the detachment of the
lath boundaries from these particles [10,32]. Inspection of the experimental results shows
that the dissolution of fine particles of Laves phase located at the LABs may result in
the CSB if the density of M23C6 carbides on the lath boundaries is low under creep
conditions [6,16–20,27,28,32]. In the steels with a conventional B content, the coarsen-
ing of M23C6 and Laves phase particles leads to a decrease in their number density along
both HABs and LABs. M23C6 carbides located at the LABs also coarse quickly after the de-
pletion of excess W content from the solid solution [16,32], whereas M23(C,B)6 particles are
able to withstand to coarsening for a long time in the steels with high B content [6,17–20].
A lower number particle density causes a lower Zener pinning pressure exerted by M23C6
and Laves phase. When an overall pinning pressure falls below 0.08 MPa, a complete
transformation of the tempered lath structure into the subgrain structure occurs followed
by the subgrain growth under creep conditions [32]. Therefore, this structural evolution
can be the reason for the CSB appearance.

A decrease in the number particle density of Laves phase along the LABs has different
effect on the stability of the tempered martensite lath structure depending on the coarsening
resistance of M23C6 carbides. So, in the steels with a conventional B content, the mutual
growth of Laves phase particles and M23C6 carbides provokes the transformation of the
lath structure into subgrain one [29,32], whereas in the steels with a high B content, the
low number particle density of Laves phase due to their dissolution on lath boundaries
is compensated by the high number particle density of M23(C,B)6 carbides resistant to
coarsening [6,17–20]. High creep resistance of the 10Cr2W0.008B steel is provided by
M23C6 carbides, which are very resistant to coarsening [6,17].

On the other hand, very large Laves phase particles with a dimension ≥500 nm can
serve as nucleation sites for large voids and cracks [19,35,37,39,40] even if the tempered
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martensite lath structure retains, which is stabilized by fine M23(C,B)6 particles located
on the LABs. This structure was observed in the 9Cr1.5W0.012B steel after creep test at
120 MPa for 4883 h, where Laves phase with a large mean size of 367 nm and the presence
of 15% of coarse Laves phase particles larger than 500 nm were revealed (Figure 7), while
M23C6 carbides were sufficiently small (114 nm). Fracture surface of the specimens tested
at the applied stress of 120 MPa is shown in Figure 11. The overall dimple fracture is typical
for surface of crept samples. However, very large dimples attributed to the growth and
coalescence of particle-nucleated microvoids on coarse Laves phase particles are observed
(Figure 11). The similar fracture surfaces are observed for the 9Cr3W0.005B steel after creep
rupture tests at applied stresses of 120 and 100 MPa (not shown here). In this steel, the
fraction of coarse Laves phase particles larger than 500 nm reaches 50% (Figure 7a). It
should be noted that the formation of particle-nucleated microvoids and cracks leads to a
decrease in the elongation to rupture under low applied stresses (Figure 3).
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Comparison of Figures 2 and 3, Figure 7b and Tables 3 and 4 shows that the fast
coarsening of Laves phase in the 9Cr3W0.005B and 9Cr1.5W0.012B steels takes place after
about 3000 and 1000 h, respectively, that correlates to the termination of steady-state creep
stage and transition to tertiary creep stage at the applied stresses corresponding to the CSB
and lower applied stresses. Moreover, the extensive coarsening of Laves phase correlates
with the creep rupture time of the CSB (Figure 2a) and the change in the creep mechanism
(Figure 2b). Note that duration of the steady-state creep stage in the 9Cr3W0.005B steel
corresponds to the time of the dimension stability of Laves phase at the applied stresses
corresponding to the CSB and lower applied stresses (Figures 3 and 7a). This means
that the dimension stability of the Laves phase particles and a high level of the Zener
pressure exerted by these particles yield a well-defined steady-state creep stage [29]. In the
9Cr1.5W0.012B and 9Cr3W0.005B steels, in which the CSB correlates with the dissolution
of Laves phase on the lath boundaries, the appearance of large Laves phase particles on the
HABs occurs at the onset of steady-state creep stage at the applied stresses corresponding
to the CSB appearance and lower applied stresses [19,20], whereas in other steels, the
formation of large Laves phase particles takes place only during tertiary creep stage close
to rupture time even at low applied stresses (Figure 7a) [17,29,32]. This indicates that an
extensive coarsening of Laves phase resulting in their dissolution along the lath boundaries
can be a reason of the CSB in these steels.

5. Conclusions

The evolution of Laves phase in five 9–10%Cr-3%Co martensitic steels with different
content of Cr, W, Mo, B, N, and Re during creep at 650 ◦C under the applied stresses of
80–200 MPa was studied. The main results can be summarized as follows:
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1. The B content and (W+Mo) content affect the evolution of Laves phase during creep
in the steels studied.

2. The increased (0.008–0.012%) B content in the 9–10%Cr-3%Co steels results in finer
M23C6 carbides precipitated during tempering at 750–770 ◦C and higher their number
particle density as compared with the steels with conventional 0.005% B. This disper-
sion of M23C6 carbides leads to an increase in the fraction of Laves phase nucleated
along the low-angle boundaries from 20% to 35–40% in the B-enriched steels during
creep.

3. During creep in all steels studied with different W content (1.5–3%), the stage of
depletion of excess W from the solid solution up to an equilibrium value is accompa-
nied with the formation of nuclei of Laves phase along the low-angle and high-angle
boundaries and their diffusion growth. At the stage of equilibrium W content in the
solid solution, the coarsening of Laves phase occurs due to Ostwald ripening.

4. The highest and the lowest (W+Mo) content (Mo equivalent of 2.05% and 1.35%,
respectively) provides the highest coarsening rate constant of 1.55 × 10−9 µm4 s−1

due to the great difference in Gibbs energy between fine particles at the LABs and
large particles at the HABs.

5. The addition of Re (0.2%) to the 10%Cr steel provides the slowest coarsening of Laves
phase among the steels studied due to the slow diffusion of W atoms and hindering
their redistribution along boundaries.

6. The fast coarsening of Laves phase at transition from the steady-state to tertiary
creep stage can be a reason of the creep strength breakdown appearance in the
9Cr1.5W0.012B and 9Cr3W0.005B steels.
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