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A B S T R A C T   

The nucleation of the Laves phase particles in a Re-containing 10% wt. Cr-3% Co-3% W steel with a low nitrogen 
and a high boron contents during creep is characterized by distinctive features. The precipitation process can be 
written as M23C6 carbide → M6C carbide → Laves phase. The nucleation of all phases in this precipitation 
sequence is heterogeneous. The M23C6 carbides precipitate on the boundaries of martensitic structure during 
tempering at temperature of 770 °C. The M6C (Fe3W3C) carbides precipitate during both tempering at 770 °C and 
creep at 650 °C on the M23C6/ferrite surfaces and on the martensitic lath boundaries. The M6C carbides have the 
mutual relationship of crystal orientations with both the M23C6 carbides and ferrite. The chemical composition 
of the M6C carbides depends on their nucleation sites. After 83 h of creep, the M6C carbides starts to dissolve, 
whereas the Laves phase particles are nucleated on the M6C/ferrite surface and separately on the martensitic lath 
boundaries. The Laves phase particles nucleate on the M6C/ferrite surface are smaller than those nucleated on 
the martensitic lath boundaries. The Laves phase particles exhibit the unique orientation relationships with a 
high misfit. The transformation of M23C6 → M6C → Laves phase is an in-situ transformation accompanied by 
chemical compositional changes.   

1. Introduction 

The efficiency of fuel fossil power plants can be enhanced by in-
creasing the parameters such as temperature and pressure [1–4]. Main 
problem, which is related to an increase in temperature up to 620 °C, is 
the lack of heat-resistant materials with the high creep properties, 
certain fracture toughness, fatigue resistance, joinability, oxidation/ 
corrosion resistance etc. together with acceptable cost [1,2]. So, the 
required creep strength for new materials is 100 MPa at a service 
temperature over a time period of 100,000 h without fracture [1,5]. 
The 9–12% Cr ferritic and martensitic steels (the P92 and P122 types) 
are the prospective candidates for the elements of power plants working 
at 600–620 °C [1–5]. Normalizing at 1050–1100 °C followed by tem-
pering at temperatures ranging from 720 to 800 °C produces the tem-
pered martensitic lath structure (TMLS) composed of a hierarchical 
sequence of the structural elements, i.e. prior austenite grains (PAGs), 
packets, blocks and martensitic laths with a high density of free dis-
locations [2,6,7]. Superior creep resistance of these steels is attributed 
to stability of the TMLS provided by secondary phase particles, which 
should impede the knitting reactions between the lattice dislocations 
and lath boundaries and exert a high Zener drag pressure [2,6,8–14]. 
Three types of secondary phase particles contribute to stability of the 

TMLS [2,6,9–14]. The boundary M23C6 carbides precipitated during 
tempering and Laves phase precipitated during creep/ageing give the 
main contribution to the Zener drag pressure, and MX carbonitrides 
precipitated in the ferritic matrix effectively pin the lattice dislocations 
hindering the knitting reaction [9–14]. The strain-induced coarsening 
of the M23C6 carbides and replacement of the fine MX carbonitrides by 
coarse Z-phase (CrVN) lead to evolution of the TMLS into the subgrain 
structure [9–18]. 

It was recently shown [10,15,18–25] that Laves phase plays an 
important role in creep behavior of the steels with the low N and high B 
contents, since the coarsening rate of the M23C6 carbides is low and the 
transformation of the MX into the Z-phase is unimportant for such type 
of the high-Cr steels. The precipitation and coarsening of the Laves 
phase particles contribute to the creep strength [15,18,21,25–31]. On 
one hand, precipitation of the Laves phase particles on the martensitic 
lath boundaries during the transition creep stage results in strength-
ening and decreasing a steady-state creep rate that increases the creep 
strength [12,15,18]. The chains of these particles effectively pin the 
lattice dislocations restricting in-lath slip and hindering the recovery of 
dislocations within the lath boundaries that contributes to the threshold 
stress and retards the onset of steady-state creep stage 
[12,15,18,27,32–34]. The fine Laves phase particles induce the high 
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Zener drag pressure preventing the lath boundary migration 
[9,11,13,14,21,35–38]. As a result, the chains of the Laves phase par-
ticles along the lath and block boundaries provide effective stabilization 
of the TMLS during the creep testing. 

On the other hand, the Laves phase particles are susceptible to 
coarsening during the steady-state and tertiary creep stages that leads 
to dissolution of the fine particles on the lath and block boundaries and 
growth of the coarse particles on the boundaries of packets and PAGs 
[19,22]. This accelerates transformation of the TMLS into the subgrain 
structure [15,21,22,31]. The Laves phase precipitation leads to the 
depletion of W and Mo from the solid solution that increases diffusivity 
and reduces solid solution strengthening that facilitates dislocation 
climb and glide [9,21,31]. Moreover, the coarse Laves phase particles 
located on the PAG boundaries act as the cavity nucleation sites, in-
itiating damage that decreases the strain to rupture and causes pre-
mature fracture [9,11,28,36,37,39]. 

The nucleation of the Laves phase particles is always heterogeneous 
on the boundaries of all structural elements including the martensitic 
laths [2,8–11,13–15,18,19,21,22,26,28,29,35–47]. The boundary 
M23C6 carbides highly facilitate the Laves phase nucleation on high- 
angle boundaries promoted by W or Mo segregations [26,40,45]. A 
specific nucleation of Laves phase takes place in the high-Cr steels with 
the high W content or/and the high B and low N contents. The pre-
cipitation of Laves phase occurs through the transitional M6C carbide 
[10,11,45,48]. The total precipitation sequence for these steels can be 
written as: 

M C M C Laves phase23 6 6 (1)  

It is known that W-rich M6C (Fe3W3C) carbide has the cubic type 
crystal structure with a lattice parameter of ~1.109 nm. Laves phase can 
replace M6C carbide due to either a nucleation on interface boundaries of 
existing M6C carbides, or transformation of cubic lattice of M6C into a 
hexagonal one of Laves phase [48]. The formation of M6C carbides fol-
lowed by their transformation to Laves phase is promoted by boundary 
segregations of W or Mo [45]. However, features of this process are poorly 
known [10,11,15,44–46,48,49]. There are a lot of studies focused on in-
vestigation of evolution of Laves phase during long-term ageing and creep 
[2,9–11,13–15,18,21–23,26–43,46,47,49,50], but the precipitation se-
quence (1) is open question. Moreover, the nucleation of W-rich M6C 
carbides and their effect on the precipitation of Laves phase in the high-Cr 
steels have not been studied in detail. So, the first aim of the present re-
search is to report on the nucleation behavior of the W-rich carbides and 
Laves phase. The investigation of nucleation process which determines the 
coarsening behavior of Laves phase is important since evolution of Laves 
phase affect the creep strength properties of the high-Cr steels with the 
high B and low N contents [25]. 

In the previous research [23,25], it has been found that a significant 
portion of the Laves phase particles precipitates on the lath boundaries 
instead of high-angle boundaries of PAGs, blocks and/or packets during 
transient creep in the Re-containing 10% Cr steel; such dominant nu-
cleation of Laves phase on the low-angle lath boundaries is non-typical 
for the 9–10% Cr steels [10,11,15,23,25,49]. Moreover, the coarsening 
of these particles of Laves phase occurs with low rate; the chains of 
these particles on the lath boundaries retained up to rupture even after 
104 h that provide the improved creep resistance under the high applied 
stresses in comparison with the Re-free 9–10%Cr steels [23,25]. The 
second aim of the present study is to reveal the reasons of the pre-
cipitation of Laves phase on the low-angle lath boundaries, mainly, in 
the 10% Cr steel with 3% Co, 3% W and 0.2% Re additives under short- 
term creep (≤ 440 h) at 650 °C. 

2. Material and Methods 

A steel, which is denoted here as Re-containing 10% Cr-3% Co-3% 
W, with the chemical composition of (in wt%) 
Fe (bal.)–0.11C–9.85Cr–3.20Co–2.86 W-0.13Mo–0.22Cu- 

0.03Si–0.14Mn–0.03Ni-0.23 V–0.07Nb–0.002 N–0.008B-0.17Re, was 
prepared by vacuum induction melting as 100 kg ingot. Square bars 
with a 11 mm × 11 mm cross-section were cast and hot forged. Next, 
this steel was normalized at 1050 °C for 1 h and tempered at 770 °C 
for 3 h. Creep tests were carried out at 650 °C with applied stress 
ranging from 130 to 200 MPa. Flat specimens with a gage length of 
25 mm and a cross section of 7 mm × 3 mm were crept at 650 °C 
under the applied stresses of 160, 180 and 200 MPa until rupture. 
Under an applied stress of 130 MPa, the creep test was interrupted 
after 254 h, which corresponded to 1% creep strain. The creep con-
ditions together with testing creep time are summarized in Table 1. 

The structural characterization of crept samples was carried out 
using a transmission electron microscope JEOL–2100 (TEM) with an 
INCA energy dispersive X-ray spectrometer (EDS) on ruptured and in-
terrupted creep specimens. Identification of the precipitates was per-
formed based of combination of EDS composition measurements of the 
metallic elements and indexing of the electron diffraction patterns using 
TEM. The TEM specimens were prepared by electropolishing at room 
temperature using a solution of 10% perchloric acid in glacial acetic 
acid with Struers «Tenupol-5» machine. The precipitates were identified 
from both the chemical analysis and the selected-area diffraction 
method on at least 100 particles on the each portion using extraction 
carbon replicas. The carbon replicas were prepared using Q 
150REQuorum vacuum deposition machine. The equilibrium chemical 
composition of Laves phase was obtained using Thermo-Calc software. 
The particle coarsening kinetic was calculated using Prisma-software on 
the base of Calphad Database Calculation with the kinetic MOBFE1 and 
thermodynamic TCFE6 databases. The model composition consisting of 
Fe, C, Cr, Mo, W and Co in accordance with the chemical composition of 
the steel studied was used. The time dependencies of the mean radius 
and volume fraction were determined for M6C carbides and Laves phase 
particles assuming the simultaneous growth of M23C6 carbides, M6C 
carbides and Laves phase; a grain boundary acted as a nucleation site. 
The other details of mechanical and structural characterization tech-
nique were presented in previous studies 
[9–11,13–15,21,23,25,32,33,36,37,45,46,48–50]. 

3. Results and Discussion 

3.1. Tempered Structure 

Microstructure and a distribution of secondary phase particles in the 
Re-containing 10% Cr-3% Co-3% W steel after normalizing at 1050 °C 
and tempering at 770 °C were considered in previous works [23,25] in 
some details. An average PAG size was 59 μm; an average width of the 
martensitic laths containing a high dislocation density of 2 × 1014 m−2 

in their interiors was 290  ±  30 nm (Fig. 1a). The boundaries of PAGs, 
packets, blocks and laths were decorated by Cr-rich M23C6 carbides 
with a mean size of 67 nm (Fig. 1a). Nb-rich MX carbonitrides with a 
mean size of 37 nm were homogeneously distributed in the ferritic 
matrix (Fig. 1a). Additionally, W-rich M6C (Fe3W3C) carbides were 
found to locate along the martensitic lath boundaries and preferentially 
together with the M23C6 carbides (Fig. 1b-d). Their mean size was 
28 nm. The dimension of the M6C carbides after 770 °C-tempering in 
the Re-free 10% Cr-3% Co-2% W steel [48] and the present steel is 
nearly the same, whereas the size of the M6C carbides in the present 
steel is smaller by a factor of ~14 in comparison with the Re-free 9% 
Cr-3% Co-3% W steel containing 0.05% N and 0.005% B [45]. The M6C 

Table 1 
Creep time for tests used in the present investigation.        

Nominal stress, MPa 200 
Ruptured 

180 
Ruptured 

130 
Interrupted 

160 
Ruptured 

140 
Ruptured  

Time, h 8 83 254 440 10,987 
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carbides contained 60 wt% W, 31% Cr and 9% Fe (Fig. 1c). No evidence 
for the Laves phase precipitation during tempering in the Re-containing 
10% Cr-3% Co-3% W steel was revealed by TEM analysis (Fig. 1). This 
fact is in contrast to a 9% Cr-3% Co-3% W steel [45], in which the Laves 
phase is formed under tempering in a case of isolation of M6C carbides 
from W segregation by neighboring M23C6 particles. 

Analysis of the selected area diffraction patterns (SAED) (Fig. 1e-g) 
showed that there were two types of orientation relationships (ORs) 
between the M23C6 carbides located on the lath boundaries and ferritic 
matrix (α). The M23C6 carbides exhibiting the Kurdjumov-Sachs OR 
with the matrix were in dominance and the OR could be written as 
[45]: 

(110) (111) [111] [011]M C , M C23 6 23 6 (2)  

The lattice misfit (δ) between the particles and ferritic matrix can be 
defined by [37,45]: 

=
d d

d
particle

(3) 

where dparticle and dα are the interplanar spacing of the particle and 

ferritic matrix, respectively. In the Kurdjumov-Sachs OR, a (110)α plane 
exhibits a good coincidence of ~1%, while the (111)α and (211)α 

planes exhibit misfits of ~8.9% and ~ 7.1%, respectively [51]. The 
M23C6 carbides with such OR had a plate-like shape with a broad semi- 
coherent interface being parallel to a (110)α plane (Fig. 1e-g). 

In addition, the M23C6 carbides were found with a specific OR de-
fined by [51]: 

(110) (115) , [111] [5 10 1]M C M C23 6 23 6 (4)  

This OR is a deviation from the Kurdjumov-Sachs OR due to the 
accumulation of dislocations at the M23C6/α-Fe interfaces [51]. The 
lattice misfit of the M23C6 carbides with the ORs from Eqs. (3) and (4) is 
characterized by the same value as well as the misfit along a (110)α 

plane. It is worth noting that the OR described by Eq. (4) was found in a 
P911-type steel after creep and was explained in terms of a local strain 
incompatibility [51]. 

3.2. Evolution of M6C Carbides During Creep 

The W content in the solid solution reduced with creep time that 

Fig. 1. The formation of tempered martensite lath structure after normalizing at 1050 °C with following tempering at 770 °C (a); bright-field TEM image of carbon 
replica showing M6C carbides (b) and electron diffraction pattern from M6C carbide (c) with corresponding dark-field image in reflection of M6C carbide (d); bright- 
field TEM image of foil showing M23C6 carbides (e) and electron diffraction pattern from the M23C6 carbide (f) and the adjacent ferrite matrix (g). 
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was accompanied with the precipitation of W-rich particles. The vo-
lume fractions and average sizes of W-rich particles estimated using 
TEM method are presented in Fig. 2a and b, respectively, by the ex-
perimental points. Also, the time dependencies of these parameters 
predicted by TC-Prisma software are presented by curves. The TEM 
experimental points and calculated lines predicted by TC-Prisma soft-
ware had a good correlation for both M6C carbides with an interfacial 
energy of 0.27 J m−2 and Laves phase with an interfacial energy of 
0.72 J m−2. The volume fraction of M6C carbides with the interfacial 
energy of 0.27 J m−2 increased up to 0.5% with a maximal peak cor-
responding to 80 h, and then the volume fraction decreased down to 0 
at 200–220 h. Experimental results showed the presence of M6C car-
bides after 254 h and 440 h of creep, but their amount was negligible. 
According to the prediction by TC-Prisma software and experimental 
results, the equilibrium W content in the ferritic matrix of 1.24 wt% 
[23,25] and volume fraction of Laves phase of 1.6% was reached after 
500 h of creep. A mean size of M6C carbides increased from 28 nm in 
tempered state to 52 nm after 83 h of creep, and then these particles 
must be dissolved according to the line calculated using TC-Prisma 
software, whereas the experimental data showed the retaining separate 
M6C carbides with the mean size of 80–85 nm after 440 h of creep 
(Fig. 2b). According to the calculating line predicted using TC-Prisma 
software for Laves phase with the interfacial energy of 0.72 J m−2, the 
mean size of the Laves phase particles must increase up to 140 nm for 

500 h of creep and then be constant for next 10,000 h. Experimental 
data agreed with calculating line (Fig. 2b): the mean size of Laves phase 
increased from 60 nm after 8 h of creep to 200 nm after 10,987 h of 
creep (Fig. 2b). The presence of the fine Laves phase particles along the 
martensitic lath boundaries and coarse Laves phase particles along the 
boundaries of packets, blocks and PAGs indicates the further growth of 
these particles with the possible increment in the interfacial energy as it 
was described for 9% Cr-3% Co-3% W steel [46]. 

There were two ways to observe M6C carbides (Figs. 3 and 4):  

- on the M23C6/ferrite surfaces (Figs. 3 and 5);  
- on the martensitic lath boundaries (Figs. 4 and 5). 

After 8 h of creep at 200 MPa, the M6C carbides had a bimodal size 
distribution with the peaks corresponding to nucleation of the M6C 
carbides on the M23C6/α-Fe surfaces (at a size of M6C carbides of 
10–20 nm) and on the martensitic lath boundaries (at 50–70 nm), re-
spectively (Fig. 5a). After creep for 83 h at 180 MPa, the bimodal size 
distribution retained: the peak corresponding to nucleation of the M6C 
carbides on the M23C6/α-Fe surfaces was enhanced and shifted to the 
side of 30–50 nm, whereas the peak corresponding to the nucleation of 
M6C carbides on the martensitic lath boundaries became lower and was 
shifted to 100–120 nm (Fig. 5c). The number ratios between the M6C 
carbides located on the martensitic lath boundaries and on the M23C6/ 
α-Fe surface were 1: 3 and 1: 6 after creep tests at 200 MPa (8 h) and 
180 MPa (83 h). The chemical compositions of the M6C carbides located 
on the M23C6 carbides and martensitic lath boundaries were different 
(Fig. 6a and b). The M6C located on the M23C6 carbides were enriched 
by Cr up to 20 wt% (Fig. 6a). The chemical composition of the M6C 
carbides located on the martensitic lath boundaries was similar with 
chemical composition of the Laves phase (Fig. 6b and c). These M6C 
particles contained approximately 65 wt% W, 25% Fe and 10% Cr 
(Fig. 6). 

The nucleation of the M6C carbides on the M23C6/α-Fe surfaces 
provided the several ORs between the M23C6 and M6C carbides 
(Fig. 3b). The M6C composition was observed at one or two edges of the 
hybrid particles, in which the core and other edges consisted of the 
M23C6 composition. The relative crystallographic orientation of two 
carbides corresponds to the cube-on-cube OR (Fig. 3b), i.e. (111)M23C6ǁ 
(111)M6C, (110)M23C6ǁ (110)M6C and (001)M23C6ǁ (001)M6C. The zone 
axes for the M23C6 carbide and M6C carbide are [110]M23C6 and 
[110]M6C, respectively. This OR was observed after all creep regimes. In 
addition, a new OR between the M23C6 carbide and M6C carbide was 
identified as: 

(111) (111) , [121] [110]M C M C M C M C23 6 6 23 6 6 (5) 

after 83 h of creep test (Fig. 3c-f). The lattice misfit (δ) between the 
M23C6 and M6C carbides can be defined as [37,51]: 

= d d
d

M C M C

M C

23 6 6

23 6 (6) 

where dM23C6 and dM6C are the interplanar spacing of the M23C6 and 
M6C carbides, respectively. The lattice misfit between the M23C6 and 
M6C carbides was calculated as 4.1% for the cube-on-cube OR and 4.3% 
for the OR by Eq. (5). The average size of the M6C carbides nucleated on 
the M23C6/α-Fe interfaces comprised 23 nm (Fig. 5a) and, therefore, the 
M23C6/ M6C surfaces were mostly incoherent and only minor part of 
these interfaces for rather fine M6C nuclei could be semi-coherent. 

The nucleation of the M6C carbides on the M23C6/α-Fe interfaces 
changed the ORs between the M23C6 carbides and ferritic matrix. The 
(111)M23C6 and (111)M6C planes in the M23C6 and M6C carbides, re-
spectively, became parallel to a (001)α-Fe plane, and the zone axes for 
the M23C6/M6C carbides and ferritic matrix were [110]M23C6 and [310]α- 

Fe, respectively (Fig. 3b). This OR can be written as follows: 

Fig. 2. Time dependence of the volume fraction (a) and particle size (b) of 
Laves phase and M6C carbide during creep. Circle grey points and white triangle 
down are the experimental data and correspond to M6C and Laves phase par-
ticles, respectively; dash-dot-dot and solid lines are the calculated curves ob-
tained by Prisma-software for the model steel and correspond to the M6C and 
Laves phase particles, respectively. 
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(111) (111) (001) , [110] [110] [310]M C M C Fe M C M C Fe23 6 6 23 6 6

(7)  

The lattice misfits between the ferrite and M23C6 carbide as well as 
between the ferrite and M6C carbide were 7.3% and 11.7%, respec-
tively, for a (001)α-Fe plane in Eq. (7) (Fig. 3b). Therefore, the nuclea-
tion of the M6C carbides on the M23C6/α-Fe interfaces led to a loss of 
coherence of these interfaces. The M23C6/α-Fe or M6C/α-Fe interfaces 
became fully incoherent. As a result, the coarsening of the M6C carbides 
nucleated on the M23C6/ferrite interfaces occurred and their dimension 
increased up to 48 nm (Fig. 5c). A two-fold increase in the dimension of 
these M6C carbides was attributed to the concurrent precipitation of 
new M6C carbides and growth of the M6C carbides precipitated during 
tempering. The ORs between the M23C6 carbide, M6C carbide and 

ferrite defined by Eq. (7) retained with decreasing the applied stress. 
The nucleation of M6C carbides on the martensitic lath boundaries 

also occurred under creep (Fig. 4). These particles have a plate-like 
shape. At an applied stress of 200 MPa (8 h), their mean dimensions are 
84 and 28 nm along the lath boundaries and in perpendicular direction, 
respectively. A decrease in the applied stress led to the highly increased 
dimension of these carbides along the lath boundaries, whereas the 
thickness increment was relatively low (Fig. 4). At an applied stress of 
180 MPa (83 h), the longitudinal dimension attained 136 nm, whereas 
thickness comprised 36 nm. Therefore, the M6C carbides grew along the 
lath boundaries under creep. This is attributed to the fact that the ORs 
between the M6C carbides nucleated on the lath boundaries are dis-
tinctly different from that for these carbides nucleated on the M23C6/α- 

Fig. 3. Bright-field TEM image of foils showing the precipitation of M6C carbides on the M23C6/ferrite surface (a,c,e) and electron diffraction patterns from M6C 
carbide (b,d) with corresponding dark-field image in reflection of M6C carbide (f). Circles in (a,c,e) show the places, which the electron diffraction patterns were 
taken from. 
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Fe interfaces (Figs. 3 and 4). The (100)M6C plane in the most of the M6C 
carbides nucleated on the lath boundaries was parallel to a (001)α 

plane, and the zone axis for the M6C carbide and ferrite were [001]M6C 

and [310]α, respectively (Fig. 4b). Therefore, the OR can be written as 
follows: 

(100) (001) , [001] [310]M C Fe M C Fe6 6 (8)  

In addition, the following OR: 

(317) (002) , [641] [310]M C Fe M C Fe6 6 (9) 

was observed for several particles. The lattice misfits were 6.8% and 
0.73% for the ORs by Eqs. (8) and (9), respectively. The M6C/α-Fe 
interfaces along the lath boundaries exhibiting the OR by Eq. (9) were 
semi-coherent or coherent and, therefore, their interfacial energy was 
low. At an applied stress of 180 MPa, the OR between the M6C carbides 
and ferrite close to the Kurdjumov-Sachs OR was found (Fig. 4d): 

(111) (101) , [011] [111]M C M C6 6 (10)  

(773) (013) , [110] [031]M C M C6 6 (11)  

(113) (100) , [110] [031]M C M C6 6 (12)  

The lattice misfit δ for the (101)α plane calculated by Eq. (3) was 
1.1%, and for the (013)α and (100)α planes δ were 15 and 17%, re-
spectively. This OR also caused a plate-like shape of M6C carbides nu-
cleated on the lath boundaries. It is worth noting that the SAED patterns 
taken from the M6C carbides located on the M23C6/α-Fe interfaces 
contained numerous satellite spots and unclear streaks (Fig. 3b,d); the 
SAED patterns from the M6C carbides located on the martensitic laths 
could contain well-defined streaks like Laves phase (Fig. 4d). 

Thus, the nucleation of the M6C carbides on the M23C6/α-Fe 

surfaces yields incoherency of both M23C6/α-Fe and M6C/α-Fe inter-
faces. These carbides are susceptible to coarsening and their interfaces 
can serve as nucleation sites for the Laves phase. The M6C carbide 
precipitation on the lath boundaries produces the particles with plate- 
like shape and semi-coherent longitudinal interface that are not fa-
vorable as the sites for the Laves phase nucleation. However, these 
plates are dissolved due to the precipitation and growth of the Laves 
phase, primarily. As a result, at an applied stress of 160 MPa, only the 
hybrid particles retain (Fig. 5g). The average size of these particles with 
nearly round shape attains approximately 80 nm. After 254 h of creep 
at 130 MPa, the dissolution of the M6C carbides led to the formation of 
a one-peak distribution with an average size of these particles of 80 nm 
(Fig. 5e). The lacking of coarse M6C particles larger than 150 nm 
confirms that the dissolution of the M6C carbides nucleated on the lath 
boundaries is facilitated in comparison with hybrid particles. At an 
applied stress of 160 MPa, only hybrid particles were retained with size 
ranging from 50 to 100 nm (Fig. 5g). Their volume fraction was neg-
ligible. The maximum peak of volume fraction for M6C carbides cor-
responded to the creep time of 83 h (Fig. 2a). During a longer creep, 
M6C carbides begin to dissolve; Laves phase precipitates (Fig. 2a). 

3.3. Precipitation of Laves Phase During Creep 

At an applied stress of 180 MPa and less, the Laves phase particles 
were observed along the low-angle martensitic lath boundaries as thin 
elongated lamellas [26,40]. They precipitated both in contacts with the 
M6C carbides, which were also located on the martensitic lath bound-
aries, and as the separate particles (Fig. 7). Therefore, a rod-like shape 
of Laves phase was associated with nucleation on the low energy semi- 
coherent carbide/ferrite interfaces or dislocation boundaries. Almost all 

Fig. 4. Bright-field TEM image of foils showing the precipitation of M6C carbides on the low-angle boundaries of the martensitic laths (a,c) and electron diffraction 
patterns from M6C carbide (b,d). Circles in (a,c) show the places, which the electron diffraction patterns were taken from. 
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Laves phase particles exhibited the unique ORs [37] with ferrite, which 
could be described as follows: 

=(201) (112) , [162] [111] with 14%Laves Fe Laves Fe (13)  

=(214) (011) , [162] [111] with 16%Laves Fe Laves Fe (14)  

=(013) (112) , [162] [351] with 7%Laves Fe Laves Fe (15)  

A high misfit value is indicative for the fact that the Laves/α-Fe 
interfaces of any particles with dimensions ≥20 nm are incoherent. It 
was noticed in the works [46,52,53], that the nuclei have the semi- 
coherent interface with one adjacent subgrain and incoherent interface 
with another adjacent subgrain. The Laves phase particles nucleated on 
the lath boundaries had the ORs described by Eqs. (13–15) with only 
one adjacent lath [40,52,53]. The OR with neighbor lath was deviated 

Fig. 5. Size distribution of M6C carbide (a,c,e,g) and Laves phase particles (b,d,f,h) after creep tests at 650 °C/200 MPa (8 h to rupture) (a,b), 650 °C/180 MPa (83 h 
to rupture) (c,d), 650 °C/130 MPa (254 h) (e,f) and 650 °C/160 MPa (440 h to rupture) (g,h). 
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from the ORs described by Eqs. (13–15) by the amount of misorienta-
tion of the lath boundaries and, therefore, the misfit of this interface 
was higher. This is supported by results presented in Fig. 7a-c. A further 
growth of the Laves phase particles occurred toward the lath with an 
incoherent interface (Fig. 7d-f) [26,40,52]. A. Kipelova et al. [36] 
suggested that the elongated shape of these particles indicates a sig-
nificant role of boundary diffusion in the precipitation process. As a 
result, the particles had the interface without OR and with a high in-
terfacial energy from one side (Fig. 7c,f) and the interface with OR and 
lower energy from the opposite side (Fig. 7b.e), which could be written 
as: 

=(110) (101) , [110] [111] with 16%Laves Fe Laves Fe (16)  

The growth of Laves phase occurred by migration of the last inter-
face producing the bulky-shape Laves phase particles instead of rod-like 
shape particles (Fig. 7d,g). These particles were susceptible to coar-
sening. As a result, at 160 MPa, the major portion of Laves phase was 
the spheroidized particles (Fig. 7d). The average dimension of the Laves 
phase particles increased with decreasing applied stress (Fig. 5b,d,f,h). 

After long-term creep for 10,987 h at 140 MPa, the coarse Laves 
phase particles lost the ORs with the ferritic matrix from both sides of 
semi-coherent and incoherent interfaces (Fig. 7g,h), while the Laves 
phase particles grew toward the subgrain with an incoherent interface 
until reaching their equilibrium volume fraction and chemical 

composition as also suggested by Sahnueza et al. [52]. At the same 
time, the fine Laves phase particles with an average size of 50 nm lo-
cated on the low-angle boundaries of the martensitic laths demon-
strated retaining the ORs with the ferritic subgrains (Fig. 8i), which 
could be written as follows: 

=(204) (002) , [010] [460] with 2.3%Laves Fe Laves Fe (17)  

There was another way to nucleate the Laves phase in the Re-con-
taining 10% Cr-3% Co-3% W steel, which sometimes meets in the 
9–12% Cr steels [40,48]. After 8 h of creep test at 200 MPa, the major 
portion of the Laves phase particles nucleated on the M6C/α-Fe inter-
faces of the hybrid M6C/M23C6 particles (Fig. 8a). Hybrid particles are 
preferential sites for heterogeneous nucleation of the Laves phase to 
form the equiaxed particles. The size distribution was characterized by 
a peak corresponding to the Laves phase particles with an average size 
of 70 nm (Fig. 5b). The volume fraction of these Laves phase particles 
was 0.02% (Fig. 2a). The dimensions of 85% of the Laves phase parti-
cles lay in the range of 25–75 nm (Fig. 5b). At an applied stress of 
180 MPa, the ratio of the Laves phase nucleated on the M6C/α-Fe 
surface and on the lath boundaries was 1: 1. A ten-fold increase in the 
volume fraction of the Laves phase up to 0.20% after 83 h of creep 
(Fig. 2a) led to the formation of a unimodal size distribution with one 
peak corresponding to the average size of these particles (70 nm) 
(Fig. 5d). The broadening of this distribution to larger dimensions is 

Fig. 6. The change in the chemical composition of the M6C carbides located on the M23C6/ferrite surface (a) and on the martensitic laths (b) as well as that of Laves 
phase located on both the M6C/ferrite surface and martensitic lath boundaries (c). 
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associated with the Laves phase particles nucleated on the lath 
boundaries with or without contact with M6C carbides (Fig. 7a-c). The 
M6C carbides with plate-like shape located on the lath boundaries are 
replaced by the Laves phase particles [48] (Fig. 7a). 

The Laves phase particles nucleated on the M6C/α-Fe interfaces 
exhibited the following ORs (Fig. 8): 

(103) (010) , [351] [305]Laves M C Laves M C6 6 (18)  

(103) (010) , [351] [305]Laves M C Laves M C6 6 (19)  

(103) (511) , [010] [28 18]Laves M C Laves M C6 6 (20)  

(103) (331) , [010] [28 18]Laves M C Laves M C6 6 (21)  

(100) (121) , [010] [28 18]Laves M C Laves M C6 6 (22)  

(214) (355) , [441] [011]Laves M C Laves M C6 6 (23)  

The lattice misfit δ between the Laves phase and M6C carbides can 
be defined as [37,51]: 

= d d
d

M C Laves

M C

6

6 (24) 

where dM6C and dLaves are the interplanar spacing of the M6C carbide 
and Laves phase, respectively. These ORs were characterized by the 
high lattice misfits of 21–23% (Eqs. (18 and 19)), 14–16% (Eqs. (21 and 
23)) and less than 10% (Eqs. (20 and 22)). At an applied stress of 
180 MPa, a new OR between the Laves phase and M6C carbide was 
revealed (Fig. 8e): 

=(112) (333) , [351] [341] with 5.8%Laves M C Laves M C6 6 (25)  

Therefore, all M6C/Laves phase interfaces were incoherent. In a 
dark-field TEM image (Fig. 8f), both fine particles on the surface of 
other W-rich particles and the rim regions of M6C carbides were illu-
minated. All diffraction patterns from the Laves phase located on the 
M6C/α interface and lath boundaries contained the well-defined streaks 
(Figs. 7b,c,e,f,h and 8b,c,e,i). 

The size of the Laves phase particles located on the M6C/ferrite 
surface was smaller than that of these particles located on the mar-
tensitic lath boundaries (Figs. 5, 7 and 8). The growth of Laves phase 
particles by consuming M6C carbides led to loss of the ORs. between the 
M6C carbides and Laves phase after 440 h of creep test at 160 MPa 
(Fig. 8g-i). The chemical composition of Laves phase already after 8 h of 
creep was close to the equilibrium composition predicted by Thermo- 
Calc software; no significant changes in the chemical composition of 
Laves phase with increasing the creep time up to 440 h were revealed 
(Fig. 6c). No difference in the chemical compositions of Laves phase 
particles nucleated at different sites was observed (Fig. 6c). 

3.4. M23C6 Carbide → M6C Carbide → Laves Phase Transformation 

TEM experimental results showed that nucleation of the Laves phase 
particles can occur not only heterogeneously at (sub)boundaries in the 
9–12% Cr steels containing W and Co as it was suggested and shown in 
many works [9–15,18,19,21,22,26–41,43,44,46–50,52,53], but also 
through the metastable M6C phase using the M23C6/α-Fe surface or the 
martensitic lath boundaries as nucleation sites. A precipitation se-
quence (1) retains [48]. The M23C6 carbides nucleate on the low- and 
high-angle boundaries during tempering, while the M6C carbides pre-
cipitate during tempering and creep on the M23C6/α-Fe interfaces and 

Fig. 7. Bright-field TEM image of foils showing the precipitation of Laves phase on the boundaries of the martensitic laths (a,d,g,i) and electron diffraction patterns 
from Laves phase (b,c,e,f,h). Circles in (a,d,g) show the places, which the electron diffraction patterns were taken from. Fine Laves phase retained the OR with matrix 
even after 10,987 h of creep at 650 °C/140 MPa (i). 
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on the lath boundaries. Moreover, the precipitation of the M6C carbides 
in the 9–10% Cr-3% Co steels with different W content was reported in 
[45,48]. The nucleation of M6C on the M23C6 carbides was reported in 
[54,55]. The cube-on-cube OR, i.e. (111)M23C6ǁ (111)M6C, (110)M23C6ǁ 
(110)M6C and (001)M23C6ǁ (001)M6C, is observed in Ref. [54] and often 
meets in the steel studied. A. Inoue et al. [54] suggested that a small 
value of misfit (less than 5%) indicates the in-situ transformation, 
wherein M23C6 carbide is not a metastable phase and remains in the 
structure even after the dissolution of M6C carbide and precipitation of 
Laves phase. M23C6 carbides play the role of a ready-to-use substrate 
with concentration of carbon close to that in M6C carbides, while 
concentration of tungsten in M6C carbide is significantly higher than 
that in M23C6 carbide. The diffusion of tungsten atoms from ferrite to 
resultant carbide is thought to be the process controlling the rate of M6C 
precipitation. 

The nucleation of the Laves phase particles occurs on the M6C/α-Fe 
interfaces that induces the loss of coherency of the carbide/ferrite in-
terfaces. The ORs between the M6C carbide and Laves phase meet rarely 
[48], wherein the same OR of (103) (511)Laves M C6 (Eq. (20)) was ob-
served in the present work. M. Isik et al. [26,40] and G. Dimmler et al. 
[56] showed the nucleation of the Mo-rich Laves phase on the Cr-rich 
M23C6/α-Fe surface or near M23C6 carbides. The formation of Laves 
phase particles near M23C6 carbides was related to the Si and P segre-
gations surrounding the growing carbides [26,40]. In the present work, 
no Si or P segregations in the vicinity of M23C6 or M6C carbides were 
revealed, and the formation of the Laves phase particles near the M23C6 

carbides occurred through the previous formation of the M6C carbide 
on the M23C6/α-Fe surface. The Laves phase nucleation on the M6C/ 
ferrite surface is an in-situ transformation accompanied by 

compositional changes due to the presence of carbon atoms in M6C 
carbide. The M6C carbides, like M23C6 carbides [54], act as a ready-to- 
use substrate for nucleation of Laves phase, wherein tungsten con-
centration in the M6C carbide and Laves phase is similar and comprises 
approximately 60 wt%. This seems that the diffusion of tungsten from 
the matrix to the Laves phase and diffusion of excess chromium and 
carbon from the M6C carbide to ferrite are the rate-controlling pro-
cesses for the M6C → Laves phase transformation. The orientation re-
lationship of (112) (111)Laves M C6 with a lattice misfit δ = 2.3% is often 
met after 83 h of creep test at 180 MPa, at which the onset of the Laves 
phase precipitation occurs. Effect of the M6C carbides and Laves phase 
on creep behavior is complicated [13,14,18,19,21,30,31,39,43]. The 
precipitation of the M6C carbides can affect the growth of the Laves 
phase particles, since the nucleation of the M6C carbides and Laves 
phase are competitive processes; and M6C carbides occupy the potential 
W-rich nucleation sites that decreased the volume number density of 
Laves phase. At the same time, a high fraction of the Laves phase par-
ticles (as well as M23C6 carbides) located at the martensitic lath 
boundaries stabilizes the TMLS during creep and provides an enhanced 
creep resistance [23,25]. 

4. Conclusions 

The precipitation of Laves phase occurs through M23C6 → M6C → 
Laves phase sequence in the Re-containing 10% Cr-3% Co-3% W steel. 
The main summary can be written as follows: 

1. Tempering at 770 °C provides the formation of the tempered mar-
tensite lath structure with the mean transverse size of martensitic 

Fig. 8. Bright-field TEM image of foils showing the precipitation of Laves phase on M6C/ferrite surface (a,d,g) and electron diffraction patterns from Laves phase 
(b,c,e,h,i) with corresponding dark-field image in reflection of Laves phase (f). Circles in (a,d,g) show the places, which the electron diffraction pattern was taken 
from. Lines in (h) showed the streaks from neighbor Laves phase. 
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laths of about 300 nm and high dislocation density in the lath in-
terior. The M23C6 (dav= 67 nm) and M6C (dav= 28 nm) carbides 
located along the boundaries of the martensitic laths as well as the 
Nb-rich MX carbonitrides (dav= 37 nm) randomly distributed in the 
matrix have been revealed in the tempered state.  

2. The M23C6 → M6C transformation occurs through the nucleation on 
the M23C6/α-Fe interfaces, which induces the appearance of the 
hybrid M6C/M23C6 particles, and on the lath boundaries during 
tempering and creep tests at 650 °C/200 MPa (8 h) and 650 °C/ 
180 MPa (83 h). The M6C carbides precipitated on the M23C6/α-Fe 
surface, in contrast to the M6C carbides precipitated on the mar-
tensitic lath boundaries, have an approximately half the mean size 
and contain a twice higher the Cr content up to 20 wt%.  

3. The M6C and M23C6 carbides and ferrite have the mutual orientation 
relationships. The orientation relationships of (111)M23C6 ǁ 
(111)M6C ǁ (001)α−Fe type, as well as 
(111) (101) , (317) (001)M6C Fe M6C Fe type with the lattice misfit 
of 1.1% and 0.73%, respectively, have been found. 

4. The M6C → Laves phase transformation occurs through the nu-
cleation on the M6C/α-Fe interfaces and on the martensitic lath 
boundaries. The M6C/Laves phase particles have been detected after 
creep at 650 °C/180 MPa (83 h). The number ratio of Laves phase 
particles precipitated on the martensitic lath boundaries and M6C/ 
ferrite surface is 1: 1. The chemical composition of Laves phase 
particles does not depend on the nucleation sites and is close to an 
equilibrium composition predicted by the Thermo-Calc software.  

5. Several orientation relationships have been observed between the 
M6C carbide and Laves phase. The orientation relationship of 
(112) (111)Laves M6C with the lattice misfit δ = 2.3% often meets 
after creep at 650 °C/180 MPa (83 h), at which the onset of pre-
cipitation of the Laves phase takes place. The individual and fine 
Laves phase particles located on the lath boundaries retain the or-
ientation relationship with ferrite even after 10,987 h of creep at 
650 °C/140 MPa. 
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