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A B S T R A C T   

The coarsening of Laves phase in a Re-containing 10% Cr-3% Co-3% W steel during both creep and ageing at 923 
K was investigated. The depletion of W solutes from the ferrite matrix is accompanied with the precipitation of 
Laves phase, wherein creep strain accelerates both these processes. The equilibrium W content in the ferritic 
matrix of 1.24 wt% and the volume fraction of Laves phase of 1.6% is reached after 500 h of creep and 1000 h of 
ageing. This is related to lower activation energy for W diffusion upon creep testing. The coarsening of Laves 
phase obeys Ostwald ripening and can be described in terms of Lifshitz-Slyozov-Wagner theory: d4 – d0

4 = Kp(t-t0), 
where Kp = 3.70–3.80 × 10− 11 μm4 s− 1 for both creep and ageing suggesting that the coarsening of these par
ticles should be controlled by grain boundary diffusion. No strain-induced coarsening of Laves phase is observed. 
Growth of the Laves phase particles located on the lath boundaries and the high-angle boundaries of the blocks, 
packets and prior austenite grains occurs in independent manner. The Laves phase particles located on the high- 
angle boundaries are susceptible to coarsening that leads to appearance of the particles with dimensions >200 
nm. The Laves phase particles located on the lath boundaries dissolve with a low rate. Dense chains of Laves 
phase on the lath boundaries retain up to high creep time giving a significant contribution to creep behaviour.   

1. Introduction 

Creep resistant 9–12% Cr martensitic steels are widely used as ma
terials for fossil power plants working at temperatures up to 893 K [1–3]. 
The high creep resistance of the 9–12% Cr steels is attributed to complex 
microstructural design provided by superposition of solid solution 
hardening, dispersion strengthening, (sub)structural strengthening and 
dislocation strengthening [1,3,4]. Normalizing followed by tempering 
produces the tempered martensite lath structure (TMLS) composed of a 
hierarchical sequence of structural elements, i.e. prior austenite grains 
(PAG), packets, blocks, and laths with a high density of free dislocations. 
M(C,N) carbonitrides and M23C6 carbides precipitate in the ferritic 
matrix and on the boundaries, respectively [1,2,4,5]. (Sub)structural 
strengthening is provided by laths and blocks, while dislocation 
strengthening is associated with a high density of lattice dislocations [1, 
4,5]. M(C,N) carbonitrides and M23C6 carbides provide dispersion 
strengthening; alloying elements such as chromium, cobalt, tungsten, 
molybdenum, rhenium contribute to solid solution strengthening [1,4, 
6–9]. 

Superior creep strength is attributed to stability of the TMLS. 

Knitting reactions between lattice dislocations and lath boundaries lead 
to loss of stability of the TMLS due to the transformation of the dislo
cation lath boundaries to subgrain ones [1,9–15]. Substitutional alloy
ing elements, matrix dispersoids and boundary particles slow down 
these knitting reactions [1,9–15]. In addition, the boundary M23C6 
carbides and Laves phase particles precipitated during tempering and 
creep effectively pin the (sub)boundaries by exerting a high Zener drag 
pressure that restricts mobility of the (sub)boundaries evolved from the 
lath boundaries [7,11,12,16–20]. The main disadvantage of the high-Cr 
martensitic steels is degradation in the long-term creep strength that 
results in the progressive decrease in allowable stress with increasing 
service period [1,9–14]. This degradation is described in terms of the 
creep strength breakdown and is attributed to strain-induced coarsening 
of secondary phase particles and/or depletion of tungsten and molyb
denum from solid solution followed by the transformation of the TMLS 
into the subgrain structure [1,9–14]. It was shown [1,3,9–12,16–20] 
that stability of M(C,N) carbonitrides and a reduction of coarsening rate 
of boundary M23C6 carbides under creep conditions is a key issue for 
superior long-term creep strength of the high-Cr martensitic steels [3,7, 
15,16]. Strain-induced coarsening of M23C6 carbides and replacement of 
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the nanoscale M(C,N) carbonitrides by the coarse Z-phase (Cr,V)N par
ticles are responsible for instability of the TMLS under creep conditions 
[1,3,9–14,16–21]. Precipitate design based on the addition of boron to 
approximately 0.01 wt% and decreasing the N content to lowest possible 
value was suggested by the National Institute for Materials Science 
(NIMS) to suppress/hinder strain-induced coarsening of M(C,N) car
bonitrides and M23C6 carbides [1,9,22–24]. The creep strength of these 
steels is controlled by coarsening of M23C6 carbides located on the lath 
boundaries, since the dispersion of M(C,N) carbonitrides retains virtu
ally unchanged after creep [12,16,25,26]. 

A Re-containing 10% Cr-3% Co-3% W steel with the low N content of 
0.002 wt% and the high B content of 0.008 wt% exhibiting creep rupture 
time of about 11,000 h at 923 K and 140 MPa was developed in accor
dance with this alloying philosophy [26,27]. As shown in the previous 
research [26], this steel demonstrates a unique short-term creep 
behaviour (Fig. 1), which is characterized by high and low absolute 
values of dlnε̇/dε associated with the reaction-rate kinetics controlled by 
rearrangement of dislocations during the transient and tertiary creep 
stages, respectively [1–12,25,26,28–30]. The dlnε̇/dε value of − 445 is 

attributed to the precipitation of Laves phase on the lath boundaries 
during transient creep stage [11,12,26,31]. The formation of the dense 
chains of M23C6 and M6C carbides and Laves phase increases the number 
of obstacles for the dislocation glide along the laths due to attractive 
interaction between gliding dislocations and these particles that in
creases the value of dispersion strengthening [4,6–8,12,26,31]. This 
interaction restricts ability of gliding dislocations to rearrangement by 
climb that slows down the knitting reaction that expands the range of 
short-term creep to 10,000 h and decreases the minimum creep rate, 
ε̇min, to a very low value of 2 × 10− 10 s− 1 [7,11,12,16,26]. The expansion 
of short-term region to higher rupture times is caused by decreased rate 
of the particle coarsening owing to Re additives [26]. 

The Re-containing steel exhibits unusual two-stage tertiary creep 
behaviour [26]. The first stage of tertiary creep is characterized by a 
high dlnε̇/dε value of 135 and a low dlnε̇/dε value of 45 was observed at 
the second stage of tertiary creep (Fig. 1) [26]. Therefore, the kinetic 
reactions [28,29] occur with a high rate after termination of the mini
mum creep rate and are slowed down with increasing creep strain more 
than 5% (Fig. 1) [26]. This tertiary creep behaviour is not observed in 
the high-Cr steel with the high boron content [10,12,16,25] and takes 
place in a 9% Cr-3% Co-3% W-0.6% Mo steel with the low boron content 
[11]. Origin of this tertiary creep behaviour remains unknown [11]. The 
transformation of minor portion of the TMLS into the subgrain structure 
is found after rupture [26]. The chains of the boundary particles on the 
lath boundaries retain; the TMLS is in dominance [26]. The role of 
particles precipitated on the lath boundaries in microstructural design of 
new generation of the high-Cr steels with the increased boron content 
will be established on the base of experimental data presented in this 
work. 

The previous studies [26,27] were focused on the effect of Re on the 
short-term creep properties of the 10% Cr–3% Co steel with the low N 
and high B contents by comparison of Re-containing and Re-free steels. 
As shown in Refs. [26,27], Re didn’t provide the improved solid solution 
strengthening and didn’t affect the kinetic of W depletion from ferritic 
matrix, whereas Re slowed down the coarsening of M23C6 carbides and 
Laves phase located at the low-angle boundaries. This indicates that 
Laves phase may also prevent the migration of the lath boundaries 
during creep for long time like M23C6 carbides. To understand the rea
sons of superior short-term creep resistance of Re-containing 10% Cr-3% 
Co-3% W steel [26], the behaviour of Laves phase (the nucleation and 
coarsening) should be paid the additional attention. The Laves phase 
nucleation through W-rich carbide (M6C) was considered in the com
panion article [31] in detail. The aim of the present study is to consider 
the coarsening behaviour of Laves phase in the Re-containing 10% 
Cr-3% Co-3% W steel exhibiting unusual creep behaviour. 

2. Experimental 

A Re-containing 10% Cr-3% Co-3% W steel with the chemical 
composition of (in wt%) Fe (bal.)–0.11C–9.85Cr–3.20Co–2.86W- 
0.13Mo–0.22Cu-0.03Si–0.14Mn–0.03Ni- 
0.23V–0.07Nb–0.002N–0.008B-0.17Re was prepared by vacuum in
duction melting as 100 kg ingots. The actual chemical compositions of 
the steel was determined using an optical emission spectrometer, 
FOUNDRY-MASTER UVR, a nitrogen, hydrogen and oxygen analyzer, 
METEK-300/600, and a scanning electron microscope, Nova NanoSEM, 
with an energy dispersive X-ray spectroscope. Square bars with an initial 
11 mm × 11 mm cross-section were cast and hot forged. Next, this steel 
was solution treated at 1323 K for 1 h followed by normalizing and 
finally tempered at 1043 K for 3 h. Computer-controlled ATS Lever Arm 
Testers, model #2330, with WinCCS II Software (Applied Test Systems, 
Inc., Butler, PA) were used for the creep tests. Creep strain was measured 
using HEIDENHAIN length gauge (MT 1271) with accuracy ±0.2 μm. 
The 3-Zone high-temperature furnace was used. The temperature in the 
furnace was constantly monitored throughout the test by three ther
mocouples type K. The difference between the experimental 

Fig. 1. Creep rate vs. strain curves of the 10% Cr-3% Co-3% W-0.2% Re steel 
[26] (a,b) and Re-free 10% Cr-3% Co-2% W steel [10] (a) with low N and high 
B contents at an applied stress of 140 (a) and 130 (b) MPa. Numbers in (a) 
indicate the slopes of the curves in the transient and tertiary creep stages 
(dlnε̇/dε) estimated using the method suggested in Ref. [30]. 
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temperature and the nominal test temperature didn’t exceed 2 K. The 
specimen was clamped with grips that were allowed to move only along 
the loading direction. Flat specimens with a gauge length of 25 mm and 
a cross section of 7 mm × 3 mm were crept at 923 K under the applied 
stresses of 130, 140, 160, 180 and 200 MPa until rupture. Under an 
applied stress of 130 MPa, the creep test was interrupted after achieving 
strains of 1% (254 h), 1.5% (3500 h) and 2% (5875 h) corresponding to 
the transient creep stage, steady-state creep stage and the first stage of 
tertiary creep (Fig. 1b, Table 1). The specimens corresponded to long- 
term ageing were taken from the grip portions of crept samples 
(Table 1). Additionally, long-term ageing at 923 K for 1000 h was car
ried out separately (Table 1). The structural characterizations attributed 
to creep and long-term ageing were carried out in the gauge and grip 
sections of crept samples, respectively, using a transmission electron 
microscope JEOL–2100 (TEM) with an INCA energy dispersive X-ray 
spectrometer (EDS) on the ruptured creep specimens. The TEM speci
mens were prepared by electropolishing at room temperature using a 
solution of 10 pct perchloric acid in glacial acetic acid with Struers « 
Tenupol-5» machine. The dislocation densities in the grain/subgrain 
interiors were estimated as a number of intersections of individual dis
locations with upper/down foil surfaces per unit area on at least six 
arbitrarily selected typical TEM images for each data point. The pre
cipitates were identified from both the chemical analysis and the 
selected-area diffraction method on at least 200 particles on the each 
portion by using extraction carbon replicas. The carbon replicas were 
prepared by using Q 150REQuorum vacuum deposition machine. The 
Nova NanoSEM and Quanta 600 FEG scanning electron microscopes 
(SEM) together with TEM were used for examination of Laves phase 
distribution. The Laves phase particles are clearly distinguished from 
M23C6 carbides by its bright contrast in the Z-contrast in SEM and 
chemical composition [32,33]. 

The number density, NV, of Laves phase per unit volume was 
calculated using the equation: 

NV =
NT

As(t + dt)
(1)  

where NT is the total number of precipitates, As is the area selected in the 
TEM/SEM image, t is the thickness of foil, dt is diameter of particles. The 
foil thickness was determined by the convergent beam electron 
diffraction method based on Kossel-Mӧllenstedt fringe oscillations [34] 
and averaged using at least three measurements for each TEM image. 
The experimental volume fraction of Laves phase, fV, was determined by 
multiplying the average particle volume and number density per unit 
volume: 

fV =
NV πd2

t t
4

(2) 

The particle coarsening kinetic was calculated using Prisma-software 
on the base of Calphad Database Calculation with the kinetic MOBFE1 
and the thermodynamic TCFE6 databases. The model compositions 
consisting of Fe, Cr, Mo, W and Co in accordance with the chemical 
composition of the steel studied were used for estimating the coarsening 
of the Laves phase particles assuming that a grain boundary is a nucle
ation site. The interfacial energy was estimated by the comparison of 
calculated kinetic of the particle growth using the Prisma-software and 

the experimental data [35]. 

3. Results 

3.1. Tempered structure 

The TMLS after tempering was described in the previous works [26, 
27] and the companion article [31] in detail. The structural parameters 
of the Re-containing steel in the tempered state are presented in Table 2. 
The mean size of martensitic laths was about 290 ± 30 nm; dislocation 
density was 2 × 1014 m− 2. Three types of the secondary particles were 
observed. Boundary M23C6 carbides with a mean size of 67 nm and 
W-rich M6C (Fe3W3C) carbides with a mean size of 28 nm precipitated 
on low- (LAB) and high-angle boundaries (HAB) (Table 2) [31]. Nb(C,N) 
carbonitrides with a mean size of 37 nm determined the size of prior 
austenite grain size during austenitization (Table 2) [31]; PAG size was 
59 μm [36]. 

3.2. Evolution of TMLS and a dispersion of secondary phase particles 
during long-term ageing 

Figs. 2 and 3 show the microstructural evolution of the Re-containing 
10% Cr-3% Co-3% W steel during long-term ageing; the structural pa
rameters are summarized in Table 2. The TMLS retained after long-term 
ageing for about 11,000 h. The lath thickness, dimensions of M(C,N) 
carbonitrides and M23C6 carbides increased insignificantly (Table 2). 
The chains of M23C6 carbides on the lath boundaries retained up to 5875 
h and tended to dissolve upon further ageing (Figs. 2 and 3). After long- 
term ageing for about 11,000 h, these chains were rarely observed on the 
lath boundaries, while the chains of M23C6 carbides retained on the 
block boundaries (Fig. 2d). Lattice dislocation density decreased by a 
factor of 2 after long-term ageing for about 11,000 h (Table 2). No ev
idence for transformation of the TMLS into the subgrain structure during 
long-term ageing for about 11,000 h at 923 K was revealed; the average 
size of the martensitic laths retained less than 500 nm even after about 
11,000 h of ageing (Figs. 2 and 3, Table 2). 

Table 1 
Creep and ageing time for tests (923 K) used in the present investigation.  

Creep test conditions 

Nominal stress, MPa 200 
Ruptured 

180 
Ruptured 

130 
Interrupted (1.5%) 

160 
Ruptured 

130 
Interrupted (1.5%) 

130 
Interrupted (2%) 

140 
Ruptured 

Time, h 8 83 254 440 3500 5875 10,987 

Long-term ageing conditions 

Time, h 8 83 254 440 1000 3500 5875 10,987  

Table 2 
Structural parameters of the 10% Cr-3% Co-3% W-0.2% Re steel in the tempered 
state and some aged states for different times at 923 K.  

Ageing 
time, h 

Lath 
size, 
nm 

Subgrain 
size, nm 

ρdisl, 
×

1014 

m− 2 

The mean size of particles, nm 

M23C6 Nb 
(C, 
N) 

Laves 
phase 

M6C 

tempering 293 
± 20 

270 ± 20 1.98 
± 0,1 

67 ± 7 37 
± 4 

– 28 
± 2 

440 348 
± 20 

363 ± 20 1.37 
± 0,1 

73 ±
10 

45 
± 5 

136 ±
20 

90 
± 5 

1000 360 
± 20 

360 ± 20 1.20 
± 0.1 

75 ±
10 

45 
± 5 

165 ±
20 

– 

3500 360 
± 20 

350 ± 20 1.20 
± 0.1 

75 ±
10 

45 
± 5 

155 ±
20 

– 

5875 350 
± 20 

330 ± 20 1.10 
± 0.1 

78 ±
10 

45 
± 5 

180 ±
20 

– 

10,987 350 
± 20 

310 ± 20 1.04 
± 0.1 

80 ±
10 

45 
± 5 

200 ±
20 

–  
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Fig. 2. TEM images of microstructure of the Re-containing steel studied after long-term ageing at 923 K for 1000 h (a); 3500 h (b); 5875 h (c); 10,987 h (d).  

Fig. 3. SEM images of microstructure of the Re-containing steel studied after ageing at 923 K for 1000 h (a); 3500 h (b); 5875 h (c); 10,987 h (d).  
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The precipitation of W-rich particles and their significant growth 
were revealed after both creep and ageing at elevated temperature 
(Figs. 2–5, Tables 2 and 3). White particles in Figs. 3 and 5 corresponded 
to W-rich Laves phase particles were observed along both HABs of 
blocks, packets, PAGs and LABs of the martensitic laths. Under long- 
term ageing, the Laves phase particles rarely precipitated on the lath 
boundaries (Figs. 2 and 3). Major portion of Laves phase appeared on the 
HABs of blocks, packets and PAGs. The particles nucleated on the 
boundaries of PAGs and packets exhibited round shape, while the par
ticles precipitated on the block boundaries had plate-like shape. Minor 
portion of Laves phase nucleated on the lath boundaries without a 
contact with a M6C carbides and on semi-coherent longitudinal in
terfaces of M6C carbides located on the lath boundaries [31,37,38]. 
These Laves phase particles exhibited rod-like shape and were suscep
tible to further dissolution due to large misfit and, therefore, high 
interfacial energy. This process was accompanied by extensive coars
ening of the Laves phase particles located on the HABs of packets and 
PAGs (Fig. 3). Coarsening resulted in dissolution of the chains of the 
boundary particles along majority of the lath boundaries, while these 
chains retained on the block boundaries. After ageing for about 11,000 
h, the coarse Laves phase particles with plate-like shape were in domi
nance (Figs. 2 and 3). 

3.3. Evolution of TMLS and a dispersion of secondary phase particles 
during creep 

Microstructures in the crept samples are shown in Figs. 4 and 5 and 
their parameters are summarized in Table 3. Up to second stage of ter
tiary creep, the average dimensions of the secondary phase particles 
after long-term ageing and creep are nearly the same (Tables 2 and 3). 
The main difference in a dispersion of secondary phase particles be
tween creep and long-term ageing consisted in the sites for precipitation 

of the M6C/Laves phase particles [31]. Creep highly promoted the 
nucleation of M6C carbides on the M23C6/α-Fe interfaces followed by 
nucleation of the fine Laves phase particles with equiaxed shape on the 
M6C/α-Fe interfaces of the hybrid M6C/M23C6 particles [31]. As a result, 
the major portion of Laves phase nucleated on the M6C/α-Fe interfaces 
of the hybrid particles [31] under transient creep. A portion of Laves 
phase nucleated on the lath boundaries with and without a contact with 
carbides [31] was 0.5 and 0.4 after creep and ageing, respectively 
(Figs. 2 and 4). Therefore, the strain-induced formation of the hybrid 
M6C/M23C6 particles promoted the nucleation of Laves phase on the lath 
boundaries [31]. The density of Laves phase located on the lath 
boundaries in the present steel was significantly higher than that for the 
9% Cr-3% Co-2% W steel with low C content [39]. Moreover, an increase 
in the boron content and a decrease in the nitrogen content promoted 
the nucleation of the Laves phase particles on the LABs [12]. M23C6 
carbides additionally precipitated on the lath boundaries during creep 
up to thermodynamically equilibrium volume fraction as in other 
high-Cr steels with the increased boron content [12]. As a result, the 
dense chains of M23C6 carbides and Laves phase appeared along the lath 
boundaries and retained up to rupture. 

The TMLS partially transformed into the subgrain structure, wherein 
the average size of martensitic laths/subgrains dramatically increased 
up to 1 μm (Fig. 4d, Table 3). The average size of the martensitic laths in 
the gauge portion insignificantly increased up to 600 nm during 440 h of 
creep, wherein the TMLS retained (Fig. 4a–c, Table 3). The precipitation 
of M23C6 carbides and Laves phase on the lath/subgrain boundaries 
stabilized this structure up to the onset of the second stage of tertiary 
creep (Figs. 4 and 5, Table 3). Well-defined strain-induced coarsening of 
M23C6 carbides was found at the second stage of tertiary creep and was 
accompanied by a significant decrease in the dislocation density and 
coarsening of the subgrains and laths (Fig. 4c and d, 5c,d, Table 3). 
Strain-induced coarsening of M(C,N) carbonitrides and Laves phase was 

Fig. 4. TEM images of microstructure of the steel studied after creep tests at 923 K under the stress of 160 MPa, 440 h (a); 130 MPa, 3500 h (b); 130 MPa, 5875 h (c); 
140 MPa, 10,987 h (d). 
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insignificant (Tables 2 and 3). 

3.4. Depletion of solute W and precipitation of Laves phase during creep 
and ageing 

The W depletion from the solid solution occurred with increasing 
time and was accompanied with the precipitation of Laves phase 
(Fig. 6a) during creep and long-term ageing at 923 K. Kinetics of W 
depletion under creep and ageing conditions were nearly similar. Strain 
shifted the Laves phase precipitation to lower time (Fig. 6). The onset of 
W depletion was observed after 10 and 20 h under creep and long-term- 
ageing, respectively. The depletion of W from ferrite and the precipi
tation of Laves phase occurred with a high rate in the time interval 
ranging of 100–500 h. According to simulation using TC-Prisma 
(Fig. 6a), this phase transformation terminated at 500 and 1000 h 

under creep and long-term ageing, respectively. Therefore, strain ac
celerates the precipitation of Laves phase. 

The W depletion from the solid solution f(W) can be described as 
[27]:  

f(W) = 2.17exp(-0.0033t) during creep                                                (3)  

and f(W) = 2.38exp(-0.0083t) during ageing                                         (4) 

where t is ageing/creep time in h. 
On the base of comparison of the theoretically predicted curves with 

experimental data (particle sizes measured using TEM in the gauge and 
grip sections of the crept specimens), the values of the interfacial energy 
of the Laves phase particles were estimated (Fig. 6). The effects of time 
on volume fractions and average sizes of the Laves phase particles were 
well described by simulation (Fig. 6a and b) using an interfacial energy 
of 0.72 and 0.78 J m− 2 for creep and long-term ageing, respectively. The 
Laves phase particles nucleated on the hybrid particles located on the 
lath boundaries during creep were characterized by lower interfacial 
energy. These particles were more resistant to coarsening than those 
nucleated on the lath boundaries or on the semi-coherent longitudinal 
interface of M6C carbides located on the lath boundaries during long- 
term ageing [31]. Strain-induced acceleration of W depletion was 
attributed to easy formation of the hybrid M6C/M23C6 particles that 
promoted nucleation of the Laves phase particles on their interfaces 
[31]. The equilibrium volume fraction of Laves phase was the same for 
creep and long-term ageing. According to the prediction of TC-Prisma 
software, the equilibrium W content in the ferritic matrix of 1.24 wt% 
and the volume fraction of Laves phase of 1.6% were reached after 500 h 
of creep and 1000 h of ageing. So, creep accelerates kinetics of the 
precipitation of Laves phase but has no effect on its volume fraction. M. 
Hattestrand et al. [40] supports this conclusion reported no difference in 
the volume fraction of Laves phase between aged and crept samples of a 

Fig. 5. SEM images of microstructure of the steel studied after creep tests at 923 K under the stress of 160 MPa, 440 h (a); 130 MPa, 3500 h (b); 130 MPa, 5875 h (c); 
140 MPa, 10,987 h (d). 

Table 3 
Structural parameters of the 10% Cr-3% Co-3% W-0.2% Re steel after some crept 
states at different conditions at 923 K in the gauge sections.  

Creep 
condition 

Lath 
size, 
nm 

Subgrain 
size, nm 

ρdisl, ×
1014 

m− 2 

The mean size of particles, 
nm 

M23C6 Nb 
(C, 
N) 

Laves 
phase 

160 MPa/ 
440 h 

573 ±
20 

600 ± 20 1.03 ±
0,1 

81 ±
10 

50 
± 5 

106 ±
20 

130 MPa/ 
3500 h 

600 ±
20 

650 ± 20 0.94 ±
0,1 

89 ±
10 

50 
± 5 

150 ±
20 

130 MPa/ 
5875 h 

650 ±
20 

650 ± 20 0.93 ±
0,1 

88 ±
10 

50 
± 5 

136 ±
20 

140 MPa/ 
10,987 h 

1220 ±
20 

1100 ± 20 0.17 ±
0.01 

120 ±
10 

50 
± 5 

200 ±
20  
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P92 steel at 873 K. 

3.5. Size distribution and chemical composition of Laves phase 

The difference in coarsening behaviour of Laves phase precipitated 
during long-term ageing and creep is illustrated by dimension distri
bution of these particles (Figs. 7 and 8). Under long-term ageing, the 
Laves phase particles precipitated on the lath boundaries with a lower 
rate at ≤ 440 h. Further ageing led to progressive dissolution of these 
fine particles; portion of the Laves phase particles with dimensions ≤50 
nm gradually decreased with increasing duration of long-term-ageing. 
Concurrently, the fast growth of the Laves phase particles located on 
the HABs took place; the coarse particles with dimensions ≥500 nm 
appeared. 

Creep strain promoted the formation of the Laves phase particles 
with dimensions ranging from 25 to 75 nm due to their nucleation on the 
hybrid carbide particles [31]. These particles were resistant to coars
ening and retained up to rupture. Their growth and/or dissolution 
occurred with a low rate. The Laves phase particles located on the 
boundaries of packets and PAGs showed coarsening with a high rate 
accompanied by partial dissolution of Laves phase nucleated on the 
hybrid carbide particles [31]. This process led to the appearance of the 
coarse Laves phase particles with dimensions ranging from 250 to 500 
nm. Superposition of slow coarsening of the fine particles located on the 

lath boundaries and fast growth of the particles located on HABs was 
described by Gaussian distribution, which fits the experimental data 
well, under all creep and ageing conditions. 

The red lines in Figs. 7 and 8 described the size distribution obey 
equation of normal Gaussian distribution: 

f =
1
̅̅̅̅̅̅̅̅̅̅
2πσ2

√ ×

(

−
1
2
×

)
|x − x0|

2

σ2 (5)  

where 12πσ2 is normalization constant, x0 is mean value, σ2 is variance. 
The peak width expanded from 47 for 440 h to 94 for 10,987 h in the 
crept samples and from 80 for 1000 h to 89 for 10,987 h in the aged 
samples. The onset of Laves phase coarsening during ageing was char
acterized by expanded size distribution, whereas the width of size dis
tributions after 10,987 h for creep and long-term ageing were 
considered to be similar discarding the large Laves phase particles in 
Fig. 7d. The Gaussian peak corresponded to the mean x0 (Figs. 7 and 8). 
The values of x0 from Eq. (5) were similar to the average sizes of Laves 
phase dav calculated by TEM and SEM of foils and TEM of carbon rep
licas (Figs. 2–5). The ratio of x0 dav decreased from 1.12 for 440 h and 
3500 h to 1.08 for 5875 and 10,987 h of creep, i.e. x0 = 3.5πdav for 440 
h and 3500 h and x0 = 3.4πdav for 5875 and 10,987 h of creep that was 
close to the mean equivalent diameter (dcorr) estimated by L. Korcakova 
et al. [41], which was described as dcorr = 4πdobs. The similar ratio was 
observed for long-term ageing. 

The chemical compositions of Laves phase after creep and long-term 
ageing were essentially the same (Fig. 9). The ratio of W: Σ(Fe,Cr) in 
Laves phase was 1.5 : 1 after all creep tests. After 3500 h of creep test at 
650 ◦C/130 MPa (interrupted test), Cr content in the Laves phase par
ticles insignificantly increased at the expense of Fe, wherein ratio W/ 
Σ(Fe + Cr) remained as 1.5 : 1. A further increase in creep time led to 
decreasing Cr content and increasing Fe content in Laves phase. More
over, the chemical composition of Laves phase after 10,987 h of creep or 
ageing absolutely corresponded to the composition predicted by 
Thermo-Calc software (Fig. 9). 

4. Discussion 

4.1. Precipitation kinetics of Laves phase 

Experimental data presented in this work and the companion article 
[31] show that the precipitation sequence  

α-Fe → M23C6 →M6C → Laves phase                                                (6) 

Occurs in the Re-containing 10% Cr-3% Co-3% W steel. The pre
cipitation of M23C6 carbide precedes the precipitation of W-rich M6C 
carbide [31]. Schematic illustration is shown in Fig. 10. The α-Fe → M6C 
transformation occurs through nucleation of M6C carbide on (1) the 
M23C6/α-Fe interfaces and (2) the lath boundaries during creep and 
long-term ageing (Fig. 10a and b). The M6C → Laves phase trans
formation occurs through nucleation on (1) M6C/α interfaces and (2) the 
lath boundaries followed by growth of Laves phase by the expense of 
ferrite or M6C carbides, respectively (Fig. 10a and b). In this work, no 
growth of Laves phase at the expense of M23C6 carbide [42] was found. 
The M23C6/α-Fe interfaces play a role of the nucleation sites for W-rich 
M6C/Laves phase [31]. The additional precipitation of M23C6 carbides 
up to thermodynamically equilibrium volume fraction takes place under 
creep that increases the number of nucleation sites for the W-rich phases 
on the lath boundaries, since most part of M23C6 carbides precipitates on 
them [12,25,31]. In general, M23C6 is not a transition phase in precip
itation sequence (6). However, this carbide plays a crucial role in the 
precipitation of Laves phase and its contribution to creep resistance 
[12]. In addition, the α-Fe → Laves phase transformation occurs inde
pendently through heterogeneous nucleation of Laves phase on LABs 
and HABs. Thus, the Laves phase particles precipitate on the boundaries 
of laths, blocks, packet and PAGs with or without contact with these 

Fig. 6. Correlation between depletion of W from the solid solution and increase 
in volume fraction of Laves phase (a); time dependence of the Laves phase 
particle size (b) during creep and ageing. Circle grey and white points corre
spond to solute W in the ferrite matrix after creep (in the gauge sections) and 
ageing (in the grip portions), respectively; white triangle down and dark red 
triangle up are the experimental Laves phase volume fraction (a) and mean size 
(b) after creep and ageing, respectively; black and dark red long dash lines are 
calculated curves obtained by Prisma-software for the model steel and corre
spond to creep and ageing conditions, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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carbides; strain promotes nucleation of this phase on the lath boundaries 
(Fig. 10b) [5–7,9–12,31] and (6) represents the sequence of precipita
tion of nucleation sites (M23C6), transition (M6C) and thermodynami
cally stable (Laves) phases. 

Growth of the Laves phase particles is anisotropic (Fig. 10c). A Laves 
phase particle precipitated at a boundary exhibits a rational orientation 
relationship (OR) with one grain/lath matrix, its interfaces with this 
matrix are semi-coherent, and the particle grows toward the adjacent 
grain/lath with which it does not have this OR; its incoherent interface 
has a high mobility [31,39,43]. However, the growth of the Laves phase 
particle may occurs by consuming M6C carbides due to migration of 
semi-coherent interface (Fig. 10b and c) [10,16,31,44]. The growth of 
the Laves phase particles may be isotropic if a particle grows concur
rently into both the adjacent grain/lath matrix and M6C carbide 
(Fig. 10b and c). Since thermodynamically equilibrium volume fraction 
of Laves phase calculated by Prisma is ~1.6%, no mutual impingement 
of growing particles of Laves phase occurs. Therefore, precipitation ki
netics of Laves phase involves nucleation and growth. However, 
boundary M23C6 carbides may block the growth of the Laves phase 
particles along a boundary. Impingement of the Laves phase particles 
and M23C6 carbides may occur due to their concurrent precipitation and 
growth. The overlap of these two different types of particles leads to 
hard impingement [45–47]. No soft impingement due to the overlap of 
diffusion fields surrounding the growing particles [45–48] can appear 
since the chemical compositions of Laves phase and M23C6 carbide are 
different. 

Temporal dependencies of the number density of Laves phase are 
presented in Fig. 11. Creep strongly promotes the nucleation of Laves 
phase due to the additional precipitation of M23C6 carbides on the lath 
boundaries. The number density of Laves phase after creep (2.45 × 1019 

m− 3) is higher by a factor of ~3 than that after long-term ageing 
(Fig. 11). Ageing for 1000 h is characterized by extensive coarsening of 
Laves phase; no increase in the number density of Laves phase is 
observed (Fig. 11). Under creep and long-term-ageing at t ≥ 500 h and t 

≥ 1000 h, respectively, the “pure” growth of Laves phase particles, 
which is not accompanied by the concurrent additional nucleation, takes 
place before steady-state creep stage (Fig. 1b). 

The critical nucleus diameter for nucleation of Laves phase, dcr, can 
be evaluated by Refs. [36,44–48]: 

dcr =
4γVm

ΔGm
(7)  

where ΔGm is the molar free energy change due to precipitation of Laves 
phase (2329.38 J mol− 1 at 923 K calculated by the Thermo-Calc soft
ware), γ is the energy of Laves phase/α-ferrite interface (0.72 J m− 2 for 
creep and 0.78 J m− 2 for ageing (Fig. 6)), Vm is the molar volume of the 
Laves phase (7.9 × 10− 6 m3 mol− 1 at 923 K obtained by the Thermo-Calc 
software). The high values of dcr of 9.8 and 10.6 nm were obtained for 
creep and long-term ageing, respectively. These values are in agreement 
with those obtained by Isik et al. [37,38] and are higher than those re
ported by Prat et al. [49,50]. It is obviously that this diameter is too high 
for homogeneous nucleation [45,46]. Q. Li [43] showed that nucleation 
of Laves phase with coherent interfaces on the lath boundaries may 
occur due to a relatively low misfit of 2.7%. The formation of Laves 
phase with OR reported in Ref. [43] was not detected in the present steel 
[31]. However, we may assume that Laves phase appears as a nucleus 
with coherent boundaries. Low energy of coherent interface is evaluated 
as 0.1 J m− 2 [49,50]; appropriate value of critical nucleus dimension is 
~1.4 nm in accordance with Eq. (7). This value is reasonable for 
coherent interfaces with ORs characterized by relatively large misfits of 
~7% with ferritic matrix [31]. However, growth of this nucleus inevi
tably leads to loss of coherency. 

4.2. Activation energy of Laves phase precipitation 

The Johnson–Mehl–Avrami–Kolmogorov (JMAK) phenomenological 
model can predict the kinetics of isothermal phase transformation pro
ceeded through random or uniform nucleation and isotropic growth 

Fig. 7. Size distributions of the Laves phase particles after ageing at 923 K for 1000 h (a), 3500 h (b), 5875 h (c) and 10,987 h (d). The red lines represent normal 
Gaussian distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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followed by impingement of growing particles that shields the process 
[43–48]. Kinetic of the Laves phase precipitation is described by JMAK 
model despite heterogeneous nucleation followed by anisotropic growth 
and no mutual impingement due to the overlap of growing particles 
[51–54]. The portion of precipitated Laves phase can be described by 
JMAK model as [43–48,51–55]:  

Y = 1 – exp(-(t/t0)n)                                                                         (8) 

where n is the Avrami exponent, which is depended on the nucleation 
mechanism and growth type, t0 is a time constant, Y is determined as a 
ratio Y––V/Veq between volume fraction, V, at time of t and equilibrium 
volume fraction, Veq = 1.6% calculated by TC- Prisma at 923 K. 

Inspection of Fig. 12 shows that the precipitation behaviour of Laves 
phase obeys JMAK equation. The Avrami exponent n ranging from 1.5 to 
2.5 describes mixed or Avrami nucleation and particle growth controlled 
by lattice diffusion [45–47]. The Avrami exponent n ranging from 0.5 to 
1.5 is indicative for a decreasing nucleation rate with increasing time, t; 
the heterogeneous nucleation on the boundaries and the particle growth 
are controlled by grain boundary diffusion [53,55]. The following re
sults are obtained at 923 K: t0 = 497 h or 1.8 × 106 s and 1001 h or 3.6 ×
106 s for creep and ageing, respectively, and n = 1.07 and 1.21 for creep 
and ageing, respectively (Fig. 12). 

Following the nucleation theory suggested by J.W. Christian [44–46, 
51], the time constant (t0) is given by 
(

1
t0

)n

= 2D
(

4
3

πN
)2

3
(

Cm − Cα

Cβ − Ca

)1
3

(9)  

where N is a nucleation rate per unit volume calculated using Prisma and 
Thermo-Calc software (2.61⋅1026 m− 3 at a lath width of 500 nm); Cm =
719 mol m− 3 is initial solute W concentration in matrix, Cα = 7.5 × 102 

mol m− 3 and Cβ = are 40563.5 mol m− 3 are equilibrium concentrations 
of W in α-ferrite and Laves phase, respectively, at 923 K calculated by 
Thermo-Calc software. D is interdiffusion coefficient of W solute can be 
written in the form: 

D=DO exp
(

−
Q

RT

)

(10)  

where Q is activation energy for the particle growth; R is gas constant, T 
is temperature in K and D0 is the frequency factor. The D0 = 1.51 × 10− 2 

m2 is the same for lattice diffusion and the grain boundary diffusion. 
The Q values for nucleation are calculated as 116 and 138 kJ mol− 1 

Fig. 8. Size distributions of the Laves phase particles after creep tests at 923 K under 160 MPa, 440 h to rupture (a); 130 MPa, 3500 h (b); 130 MPa, 5875 h (c); 140 
MPa, 10,987 h to rupture (d). The red lines represent normal Gaussian distribution. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 9. The change in the chemical composition of Laves phase after creep tests 
with different applied stresses and durations. 
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for creep and long-term ageing, respectively, taken D = 1.59 × 10− 23 m3 

s− 1 as the grain boundary diffusion coefficient, for 923 K [56]. The D 
values of W in ferromagnetic α-Fe (Ac2 is ~1053 K for this type of steels 
[57]) reported in works [58–60] are distinctly different. The values of 
activation energy are less than half of the activation energy for volume 
diffusion of W (QF = 245 kJ mol− 1) in ferromagnetic state [58–60]. We 
may assume that nucleation process is controlled by grain boundary or 
pipe diffusion of W solute since their activation energies are usually the 

same despite the fact that Cermak et al. [57] reported a value of 195 kJ 
mol− 1 as activation energy for grain boundary diffusion of W solutes in 
α-ferrite. For the Co-modified P911-type steel, the activation energy for 
growth of the Laves phase particles is 60 kJ mol− 1 [32], which is also less 
than the activation energy for volume diffusion of tungsten [58–60]. K. 
Miyata [52] suggested the temperature of 923 K promoting the precip
itation of W-rich particles (M6C carbides or Laves phase) is not enough to 
induce the self-diffusion of W. Moreover, creep deformation facilitates 
the grain boundary diffusion or pipe diffusion due to decreasing the 
activation energy. This seems that decreasing the activation energy for 
W diffusion and for the particle growth during creep is caused by acti
vation of the grain boundary dislocation sources generating new dislo
cations. New dislocations are the additional short-circuits ways for 
tungsten diffusion along grain/subgrain boundaries that leads to higher 
amount of nucleation sites for W-rich Laves phase during creep (Fig. 10). 

4.3. Coarsening of Laves phase during creep and long-term ageing 

A kinetic law for growth of Laves phase due to diffusion-controlled 
coarsening is given by Lifshitz-Slyozov-Wagner (LSW) relationship 
[39,51,53,54,60–63]:  

dm - d0
m = Kp(t),                                                                            (11) 

where d is an average particle dimension at a time of t, d0 is the average 
particle size at the onset of the coarsening process (10 nm for both creep 
and ageing conditions from Eq. (7)), Kp is coarsening rate constant, the 
growth exponent m depends on the coarsening mechanism and is m = 3 
for lattice diffusion, m = 4 for grain boundary diffusion and m = 5 for 
pipe diffusion coarsening. The m = 4 provides the best fit of experi
mental data to linear dependences (Fig. 13), and, therefore, Ostwald 
ripening of Laves phase is controlled by grain boundary diffusion [39]. 
Lattice and pipe diffusions are not important for coarsening of Laves 
phase in this steel. 

The coarsening rate constant, Kp, is determined by the following 
equation [62–65]: 

Kp =
8
9
DGB

γCαsδV2
m

GRT
< υ(φ)>4

ν(φ) (12)  

where ceces, δ are the segregation factor and the grain boundary width, 
respectively, G is geometrical factor (0.657), υϕ and νϕ are parameters, 
which were taken from the plots reported by A. Ardell [64], ϕ is volume 
fraction, R is gas constant, and T is temperature. 

Fig. 10. Schematic illustration of the microstructural evolution of a dispersion 
of secondary phase particles and TMLS during long-term ageing (a), transient 
creep (b) and tertiary creep (c). Arrows indicate the diffusion flows of atoms to 
the boundary particles. 

Fig. 11. Effect of creep/long-term ageing time on the number density of 
Laves phase. 
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The theoretical value of the coarsening rate constant of Laves phase 
for the Re-containing 10% Cr-3% Co-3 W steel of 2⋅10− 11 μm4 s− 1 for 
both creep and ageing (Fig. 13) is lower than experimental values of 
3.7⋅10− 11 and 3.8⋅10− 11 μm4 s− 1 for creep and ageing, respectively. The 
difference between experimental and theoretical values is attributed to 
the fact that growth of the Laves phase particles located on the lath 
boundaries and on the HABs of blocks, packets and PAGs occurs in 
nearly independent manner. The Laves phase particles located on the 
HABs (d ≥ 100 nm in Figs. 7 and 8) are susceptible to coarsening that 
leads to appearance of the particles with dimensions >200 nm. The 
Laves phase particles located on the lath boundaries dissolve with a low 
rate. This process gives insignificant contribution to growth under creep, 
since pipe diffusion could not provide a sufficient diffusion flux from 
these fine particles located on the LABs to the large particles located on 
the HABs (Fig. 10). 

Similar growth behaviour of Laves phase during both creep and 
ageing is expected because the main criteria for the onset of particle 
coarsening (the volume fraction, the solute of W in the solid solution, 
tungsten grain boundary diffusivities and etc.) are the same for both 
creep and ageing conditions. However, the size distribution of Laves 
phase particles at the beginning of coarsening during ageing is wider 
(Figs. 7 and 8). This fact indicates that the conditions such as the volume 

fraction, amount of nucleation sites, the solute of W in the solid solution, 
tungsten grain boundary diffusivities have a greater influence on the 
coarsening rate constant than the width of size distribution of Laves 
phase particles [66]. A bit higher value of the coarsening constant rate 
during ageing is accompanied with a higher value of interfacial energy 
between Laves phase and ferrite and lower value of the nucleation sites 
for Laves phase. The similar results were reported by I. Fedorova et al. 
[39] for the 9% Cr-3% Co-2% W steel with low C content. However, the 
effect of creep deformation on the growth of Laves phase in the 
Re-containing steel is weaker than that in the 9% Cr-3% Co-2% W steel 
with the low C content [39]. 

As shown by the comparison of a P92-type steel and C-depleted 9% 
Cr steel [39,54,55], the grain boundary diffusion plays an important role 
in the Ostwald ripening of the Laves phase precipitates. However, ki
netic of Laves phase growth in the Re-containing 10% Cr-3% Co-3% W 
steel with the low N content has distinct features. Re in matrix effec
tively slows down diffusivity that suppresses the nucleation and growth 
of Laves phase assisted by lattice diffusion of W solutes. In the same 
time, tungsten content of ~3 wt% provides increased driving force for 
precipitation of M6C carbides and Laves phase. Creep promotes addi
tional precipitation of M23C6 carbides on the lath boundaries evolving 
numerous sites for heterogeneous nucleation of M6C carbides and Laves 
phase [31]. As a result, under creep, a half of these particles precipitate 
on the lath boundaries and their nucleation occurs with a high rate [31]. 
The further growth of Laves phase located on the lath boundaries and on 
the HABs of PAGs, packets and blocks occurs nearly independent since 
distance for W flux between these two types of particles is high (~500 
nm) (Fig. 10) and lattice diffusivity of W at 923 K is low. As a result, 
dense chains of Laves phase on the lath boundaries retain up to high 
creep rupture time giving a significant contribution to creep behaviour. 

4.4. Laves phase and creep behaviour 

It is known [5,6,8,68–70] that the martensite laths are single crystals 
lying parallel to the {110}α’ planes. In fact, the laths are 1D sub-units of a 
block with the longest axis located along the closed-packed direction of 
the martensite [5,67,68]. Two types of dislocation glide may be opera
tive within the lath (Fig. 10). If slip plane is parallel to the habit plane 
and, therefore, two possible <111>α’ slip directions intrinsically pro
ceed parallel to the lath interfaces, this slip system is termed as the 
in-lath system [69,70]. The precipitation of the Laves phase particles on 
the lath boundaries during transient creep increases the number of 

Fig. 12. Evaluation of time exponent n based on the quantification results of the Laves phase particle fraction after creep tests (a) and ageing (b) at 923 K.  

Fig. 13. The time dependence of the Laves phase particle size during creep and 
ageing. Numbers indicate the coarsening rate constant. 
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obstacles for the in-lath dislocation glide [6,8] in addition to boundary 
M23C6 carbides (Fig. 10b). The in-lath dislocation slip imperatively leads 
to attractive interaction between a gliding dislocations and the Laves 
phase particles precipitated on the lath boundaries giving the main 
contribution to threshold stress [6,7,71,72]. The precipitation of the 
Laves phase chains on the lath boundaries during transient creep 
(Fig. 10b) restricts the ability of gliding dislocations to rearrangement 
by climb that hinders the knitting reaction between the lattice disloca
tions and the lath boundaries. In addition, lattice dislocations gliding 
through in-lath way interact with the boundary particles and could not 
bypass matrix obstacles by general climb [7]. These dislocations have to 
overcome M(C,N) carbonitrides by detachment process [6]. The 
boundary M23C6 carbides and Laves phase as well as matrix M(C,N) 
carbonitrides with incoherent interfaces 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 [6,7,72]. These processes may exert threshold stress [7,72]. 
Thus, the precipitation of the Laves phase particles on the lath bound
aries is responsible for a decrease in the creep rate down to 10− 10 s− 1 at 
130 and 140 MPa during transient creep stage (Figs. 1 and 10b) [7,12, 
26,27]. 

Both the precipitation of the major portion of Laves phase on the lath 
boundaries and the formation of the Laves phase particles located on the 
HABs of PAGs and packets with dimensions ≤500 nm (Fig. 8d) due to 
Ostwald ripening prevent the premature fracture due to extensive 
cavitation in the vicinity of the coarse Laves phase particles. As a result, 
the steel exhibits sufficient ductility (Fig. 1). Thus, Re additives slowing 
down diffusion of tungsten in ferrite promote the precipitation of Laves 
phase on the lath boundaries and hinder dissolution of these particles 
[26]. The Re-containing high-Cr steel with the high boron and low ni
trogen contents is a unique material, in which the precipitation of Laves 
phase on the lath boundaries during transient creep stage provides su
perior creep resistance. 

5. Conclusions 

The precipitation and coarsening of Laves phase in the Re-containing 
10% Cr-3% Co-3% W creep resistant steel was examined during creep 
and long-term ageing at 923 K under the applied stresses of 200–130 
MPa for the highest rupture time of ~11,000 h. The main summary can 
be written as follows:  

1. Creep accelerates depletion of W from ferrite and promotes the 
precipitation of Laves phase on the lath boundaries. Dense chains of 
Laves phase and M23C6 carbides evolve on the lath boundaries during 
transient creep stage that decreases the creep rate down to 10− 10 s− 1 

at 130 and 140 MPa.  
2. Both nucleation and growth of Laves phase are controlled by grain 

boundary diffusion of tungsten solutes. For creep and ageing at 923 
K, the activation energies for the Laves phase particle growth are 116 
and 138 kJ mol− 1, respectively, which are approximately twice 
lower than the activation energy for volume diffusion of tungsten 
(215 kJ mole-1). Creep deformation facilitates the grain boundary 
diffusion or pipe diffusion due to decreasing the activation energy.  

3. Ostwald ripening of Laves phase located on the HABs and on the lath 
boundaries occurs nearly independent; the chains of nanoscale Laves 
phase retain on the lath boundaries even at a rupture time of about 
11,000 h. No strain-induced coarsening of Laves phase is revealed. 
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