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ABSTRACT

We report two typical morphologies (elongated- and blocky-shaped) of the Laves phase in tempered
martensite ferritic steels during creep process, originating from the two independent formation
paths, i.e. along grain boundaries (GBs) and neighboring M,3Ce. This is attributed to the multi-
element segregation (Cr, Mn, Si and W) at GBs and adjacent M,3Cg that serves as suppliers of Laves
phase formers. Furthermore, the subsequent different growth mechanisms play crucial roles in the
two typical morphologies. Our findings improve the understanding of Laves phase heterogeneous
precipitation and provide new insights for the innovation of novel heat-resistant steels with superior

creep strength.

Two independent precipitation paths
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1. Introduction

Ultra-supercritical (USC) power plants with improved
steam temperatures are urgently desirable for enhanc-
ing the thermal efficiencies and reducing CO; emis-
sions [1-3]. Of particular interest, 9-12 wt.% Cr
tempered martensite ferritic steels (TMFSs) are attractive
for use in the crucial structural components due to their
excellent creep strength and oxidation resistance [4-9].
However, after long-term service at high temperatures,
these steels are susceptible to form coarse intermetal-
lic compound Laves phase such as Fe;Mo, Fe, W, and
(Fe,Cr)2(Mo,W), resulting from the high concentrations
of Mo and W [10-12]. Normally, the Laves phase pre-
cipitation consumes a large amount of Mo and W in the

ferrite matrix, which reduces the solid solution strength-
ening and deteriorates the creep strength [13,14]. It
has been demonstrated that the hexagonal close-packed
(HCP) Laves phase is structurally dissimilar to the fer-
rite matrix, leading to the inhomogeneous distribution
at grain boundaries (GBs) due to a loss of coherency
[15, 16]. Meanwhile, the high migration rate of the inco-
herent interfaces also yields the rapid coarsening of the
Laves phase, which makes these steels prone to the catas-
trophic failures upon load-bearing applications [17-19].
Thereby, in the past few decades, numerous researchers
have attempted to unveil the creep-induced precipitation
mechanism of the Laves phase in TMFSs [11, 20-23].
However, due to the absence of in-situ creep experiments
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and multiscale characterization techniques, the precip-
itation mechanism of Laves phase remains not clearly
understood, thus seriously hindering their structural
applications.

In this work, the precipitation behaviors of Laves
phase in TMFSs are systematically investigated by
using interrupted creep experiments in conjunction with
advanced characterizations. More specifically, two typical
morphologies (i.e. elongated- and blocky-like) resulting
from two independent precipitation routes are captured
for the Laves phases. Both GBs and M,3C¢ are consid-
ered to play an essential role in the nucleation and growth
of Laves phase. The obtained results may provide a new
avenue for the innovation of TMFSs with enhanced creep
resistance.

2. Experimental procedure

Here we selected the 9Cr-3W-3Co steels as our exper-
iment materials, whose chemical composition is 0.08,
8.8 Cr, 3.0 Co, 2.8 W, 1.0 Cu, 0.5 Mn, 0.3 Si, 0.2V,
0.06 Nb, 0.008 N, 0.014 B and balanced by Fe (wt. %).
The as-received steel was austenitized at 1373 K for 1h
followed by air cooling, and then tempered at 1033 K
for 3h. Subsequently, a series of interrupted creep tests
with different durations (i.e. 100, 302, 1045h, 2000h,
2945, and 4132 h) were performed at 923 K and 140 MPa
using a creep machine (RDJ) with a lever arm ratio
of 50:1 [24]. The tested temperature along the gauge
length was controlled to within +2.0 °C. The creep-
deformed microstructures were captured by using scan-
ning electron microscopy (SEM, Gemini 450), transmis-
sion Kikuchi diffraction (TKD), and transmission elec-
tron microscopy (TEM, Tecnai G2 F30 and JEOL-2100F)
equipped with an energy dispersive spectrometer (EDS).
The TKD mapping was acquired employing a Gemini
450 SEM equipped with a Symmetry camera and Aztec
(Oxford Instruments) software at a current of 15 nA and
an accelerating voltage of 30kV. As shown in Supple-
mentary Figure S1, the 9Cr-3Co-3W steel demonstrates
a typical tempered martensitic microstructure together
with high-density dislocations and nanoscale precipitates
like M23 C6 and MX.

3. Results

To start with, we carefully characterized the microstruc-
tural evolution of the 9Cr-3Co-3W steel during creep
process with different durations. We observed the Laves
phase precipitation with two different morphologies,
consistent with the reports of Cui et al. [11] and Isik
et al. [23]. Our experimental observations present that
such two different morphologies are primarily attributed
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to the two independent paths of Laves phase precipita-
tion (Figure 1). One is the elongated-shaped Laves phase
formed by isolated nucleation and coalescence at the GBs
(Figure 1(a—c)). A typical example is shown in Figure
1(a). The small elongated Laves phases are nucleated in
the early creep and then grow along the GBs (Figure
1(b)) followed by a coalescence with the neighboring
particles (Figure 1(c)). Another path is assisted by the
pre-precipitated M3Cg, as illustrated in Figure 1(d-f).
Firstly, the small blocky-shaped Laves phases nucleate
at the My3Cg/ferrite interface (Figure 1(d)). Afterwards,
they grow simultaneously with the neighboring M;3Cs
(Figure 1(e-f)), and eventually evolve into the blocky-like
morphology. Particularly, we characterized the M3Cs-
assisted Laves phase precipitation utilizing the high-
resolution TEM. The combined SAED and EDS analyses
confirm that the Laves phase and M,3C¢ are coexistent
in Supplementary Figure S2, where the particles A and
B are identified as Laves phase while the particles C
and D are deduced to be M»3C¢ due to compositional
enrichment in Cr and C. The interfaces between these
particles are indicated by the red dashed lines. Our high-
resolution characterization again proves that the blocky-
shaped Laves phase could nucleate and grow adjacent to
the M»3Cs.

Identifying the crystallographic relationship between
Laves phase and neighboring particles is key to under-
stand the mechanism of Laves phase precipitation. Figure
2 shows a TKD mapping of the Laves phase nucleated
adjacent to My3Cs during creep for 1045h, where the
M;3Cg and Laves phase are indicated by green and blue
in Figure 2(a). The inverse pole figure (IPF) map of
the Laves phase and Mj3C¢ is shown in Figure 2(b),
and the color key for orientation is revealed in Figure
2(c). The pole figures (PFs) of Laves phase, M33Cg,
and ferrite exhibit that the any two of them obey
an orientation relationship (OR), i.e. Oam//(1013)1, and
[113]m//[2111])1, (110)m//(111)g and [111]pm//[110],
(110)g//(0001)r, and [111]§//[1120]r. The M, L, and F are
separately denoted as M»3Cg, Laves, and ferrite. Further-
more, we also analyzed the crystallographic relationship
of the elongated-like Laves phase and neighboring ferrite
grains from the TKD data. As shown in Supplemen-
tary Figure S3, the enlarged IPF presents the elongated-
like Laves phase along ferrite GBs, which exhibits an
OR of (110)//(1013); and [113]¢//[2111]; with one
neighboring ferrite grain and an irrational OR with
another one, consistent with the previous report [25].
Moreover, another two new ORs of [113]//[1210];, and
(110)g//(1013)y, [113]g//[0110]; and (110)§//(2110)y,
were determined from independent analysis on the iso-
lated Laves phases, as seen in Supplementary Figures S4
and S5. It therefore suggests that there could be various
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Figure 1. Two independent paths and associated morphologies of Laves phase during creep process. (a—c) Elongated-shaped Laves
phase formed by the isolated nucleation and coalescence. (d-f) Blocky-shaped Laves phase formed adjacent to the M»3Ce.

ORs between the Laves phase and ferrite matrix, which
agrees with the previous reports [25-30]. The ORs that
have been already reported and those determined from
the current study are summarized in Table 1.

To probe the effect of GB character on Laves phase
precipitation, the size evolutions of the Laves phase at
different GBs are quantified. For each scenario, about 50
Laves phase particles were measured. The size distribu-
tions of the isolated Laves phase and those adjacent to
M;3Cg at different boundaries with increasing creep time
are shown in Supplementary Figure S6. It reveals that
the size distribution of the Laves phase is quite inhomo-
geneous even with a prolonged creep, and the average
size of the Laves phase next to M»3Cg is generally larger
than that of the isolated for each creep condition, sug-
gesting that the site for Laves phase precipitation plays
a big role in its growth behavior. Furthermore, regard-
less of the formation site next to M»3Cg and isolated,
the fraction of the Laves phase particles located at the
high-angle GBs (HAGBsS) is higher than those at the low-
angle GBs (LAGBs), which implies that HAGBs serve as
a preferential nucleation site for Laves phase precipita-
tion. The high-angle GBs (HAGBs) and low-angle GBs
(LAGBs) are defined by the misorientation of 6 > 15°
and 2° < 6 < 15° [31]. Generally, HAGBs provide a fast
diffusion path for solute atoms, and accordingly acceler-
ate the precipitation kinetics.

4. Discussion

4.1. Heterogeneous nucleation mechanism of Laves
phase

The experimental observations (Figures 1 and 2, Supple-
mentary Figures S2-S5) have demonstrated that creep

induces two preferential nucleation sites of Laves phase
in TMFSs, i.e. (i) next to My3Cg, and (ii) at the GBs.
According to the heterogeneous nucleation theory [32,
33], two important terms, namely chemical driving force
and interfacial energy, are often considered to illustrate
the precipitation behaviors of new phase. The chemi-
cal driving force is generally related to the chemistry
of nucleation site. For the isolated Laves phase, the ele-
mental concentration profiles across the GB before Laves
phase nucleation are measured as shown in Figure 3(a
and b). Clearly, various alloying elements like Cr, Mn,
Si, and W segregate at the GB. Subsequently, the effects
of these alloying elements on Laves phase nucleation are
examined in terms of the phase stability by using Ther-
moCalc software. As shown in Figure 3(c-e), less W is
required for the Laves phase formation when the bulk Si,
Cr, and Mn concentrations increase. In other words, the
chemical driving force for Laves phase nucleation raises
with presence of more alloying elements (e.g. Cr, Mn,
and Si) even the W content is maintained. Therefore,
the multi-element segregation at the GBs may provide
a chemical advantage for the nucleation of the isolated
Laves phase.

As for the Laves phase next to M33Cg, Supplemen-
tary Figure S2 has shown that M,3Cg are rich in Cr with
a small amount of W. These elements act as composi-
tion suppliers during the formation of Laves phase and
thereby promote the nucleation. Moreover, the M»3C¢
that are widely distributed along the GBs will accentu-
ate the favorable condition for Laves phase formation, i.e.
at these sites both multi-element segregation at the GBs
and supplier of Laves phase formers are achieved, which
could be responsible for the obtained larger numbers of
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Figure 2. The crystallographic characteristics among Laves phase, M3 Cg and ferrite. (a) Phase map showing the M,3Cg and Laves phase
indicated by green and blue, respectively. (b) IPF map along axis X, where the Laves phase adjacent to the M3Cg is highlighted by the
red arrows. (c) Color legends of M»3Cg, ferrite, and Laves phase. (d) PFs for Laves phase, M3Cg, and ferrite showing three types of ORs of

(110)m//(1013), and [113]m//[217171L, (110)m//(11 )¢ and [1111m//[110]k, (110)//(0001), and [1711¢//[1120],.

Table 1. Summary of reported ORs between ferrite and Laves phase.

OR Methods Type References
! (1120¢//11210],, [1111//0110], (110)¢//(0007), TEM Isolated 27]
2 [1701¢//100011, [1131¢//[1120], (332)¢//(1700),
3 BT/ (211)//(0001), TEM Isolated [30]
4 [011]¢//12110], [T111¢//[0170] (211)//(0001),
5 [1111//11120], (110)¢//(0001), TEM Isolated [29]
6 [1011¢//[0110], (111)e//(1070), TEM Isolated [28]
7 [113]¢//1212), (10)e//(027), TEM Isolated [25]
8 [113]¢//[070], (110)e//(103),
9 [1131¢//[031 (110)//(013),
10 [1131//13311, (TT0)e//(103),
1 . (131121 (10)e//(0T13), TEM Isolated [26]
12 [1131¢//121171L,[113]//11270], (110)§//(1013), TKD Isolated Our study
13 [1131¢//[0170], (110)e//2110), TEM Isolated
14 [1113//01120], (110)¢//(0001), TKD Nearby

. _ B M23Ce

15 [1101//121771, (113)e//(1013),
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Figure 3. Multi-element segregation and thermodynamic calculations of the creep-deformed samples. (a) Typical bright-field TEM
graph, (b) corresponding elemental composition line scans of the 9Cr-3W-3Co steel at 923 K and 140 MPa for 1045 h, showing the multi-
element segregation (i.e. Cr, Mn, Si, and W) takes place at GBs before Laves phase nucleation. The influence of alloying elements on the
stability of Laves phase at 923 K: (c) Si, (d) Cr, and (e) Mn. Notably, a line from the upper left to the lower right of the figure separates two
fields. The field on the left of the line represents a three-phase region, with ferrite, MX and M33Cg, and on the right is a four-phase region,

with ferrite, MX, M23Cg and Laves phase.

the Laves phase next to M;3Cg when compared with the
isolated counterpart (Supplementary Figure S6).
Interfacial energy is another critical factor for the
Laves phase nucleation. It should be noted that regard-
less of the morphologies, those particles are all prefer-
ential to precipitate at the GBs because of the reduced
nucleation barrier by replacing the original GB area.
Here we focus on the change of interfacial energy of
Laves phase/M33Cs and ferrite/M;3Cs. According to
the experimentally obtained ORs, the interplanar dis-
tances of (111)g, (1013);, and (110)y are determined
tobedi_11 = ~0.1651nm, djg—13 = ~0.2168 nm and
di1o = ~0.7524 nm, respectively. The lattice misfit for
ferrite and My3Cg is 20.05%, while that for M,3Cg and
Laves phase is 21.05%. Obviously, the lattice misfit of
M;3Cg and Laves phase is slightly larger than that of fer-
rite and M33Cs, which suggests that the Laves phase is
not prone to nucleate nearby the M,3Cg. Therefore, crys-
tallographic constrains might not be the main factor for
the heterogeneous nucleation of Laves phase. As above
discussed, the interface energy from lattice misfit is insuf-
ficient to explain the experimental results. Other factors
such as chemical contribution to the interfacial energy

arising from the composition difference of two phases
could also be considered, which requires more theoretical
studies such as by first-principles calculations.

Aside from the aforementioned heterogeneous precip-
itation, it has been reported that the Laves phase can also
be formed in the vicinity of Cu-rich phase (CRP) [9, 34],
To further unravel the role of CRP in Laves phase precip-
itation for the 9Cr-3W-3Co steel, we analyzed the effect
of Cu precipitation on the stability of Laves phase at 650
°C. Both phase map and formation energy result (Sup-
plementary Figure S7) suggest that Cu is energetically
unfavorable in the Laves phase. Furthermore, the evo-
lution of Cu content in Laves phase with creep time is
measured carefully as seen in Supplementary Figure S8.
It reveals that Cu content decreases from 0.16 £ 0.02 at.
% t0 0.01 & 0.02 at. % with increasing the creep time from
1045 h to 2945 h, which again proves that Cu destabilizes
the Fe, W Laves phase, in consistent with our thermo-
dynamic calculation. Accordingly, we suggest that the
chemical driving force for Laves phase nucleation is not
a key reason for the Laves phase formation neighbor-
ing the CRP. Instead, replacement of the CRP/Fe-matrix
interface by the CRP/Laves phase interface with a lower
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Figure 4. Plots of r* vs. t (a) and r? vs. t (b) of Laves phases at two formation paths (Laves phase next to My3Cg and isolated Laves phase)
during creep process. Note that the fitting parameters R? are also given.

interfacial energy might play a big role, which requires
more theoretical basis in the near future.

4.2. Growth kinetics of Laves phase at two
formation paths

The growth kinetics of Laves phase can be described by
the following equation [35, 36]:

r(®)" — r(to)" = k(t — to) (1)

where r(t) is the average volume-equivalent radius at the
creep duration ¢, r(t) is the average radius at the onset
of growth, t is the creep duration, k is the constant of
growth rate, and n is the temporal exponent. n = 4 and 2
represent that the growth kinetics is governed by the GB
diffusion and by the trans-interface diffusion-controlled
model (TIDC), respectively [37, 38]. To determine the
operative growth mechanism for the Laves phase with
two morphologies, the linear fit to the data points of
r* vs. t and 7% vs. t during creep process is made, as
shown in Figure 4. Here we only consider the Laves
phase particles located at the HAGBs. It indicates that
the square law shows a better linear fit (R> = 0.975) for
the Laves phase next to the M,3Cg, while both the fourth
law (R? = 0.969) and square law (R? = 0.977) fit very
well for the isolated Laves phase. Therefore, the growth
of the Laves phase next to the M,3Cg is supposed to be
controlled by the TIDC mechanism. Though the growth
mechanism of the isolated Laves phase remains unclear,
it is probably controlled by the GB diffusion mecha-
nism. Because the GB provides a fast diffusion channel
of solutes compared with those in the bulk.

4.3. Heterogeneous precipitation-governed two
morphologies of Laves phase

Based on our experiments and theoretical analysis, the
possible mechanisms of the Laves phase with two mor-
phologies are summarized in Figure 5. Two independent
paths for the Laves phase precipitated adjacent to M23Cg
and alone at the GBs are emphasized. At the nucleation
stage, both types of Laves phase tend to precipitate at
the GBs and intergranular M»3Cg because of the chemi-
cal advantages (i.e. multi-element segregation and M,3C¢
serving as suppliers of W and Cr). After finish of nucle-
ation, these precipitates start to grow along the GBs. For
the isolated precipitates, the segregated W solutes will
feed their growth via GB diffusion and eventually result
in an elongated morphology. As for those adjacent to
M33Cs, the M»3Cg could continuously provide W solute
and assists the growth of Laves phase by the TIDC mech-
anism, thereby leading to a blocky shape. It has been
recognized that the W atoms can significantly stabilize
the M3Cg [39]. Accordingly, the loss of W atoms will also
promote the growth of M33Cg in turn.

Generally, Laves phase with severe brittleness causes
local stress concentration upon creep deformation and
thus accelerates the creep failures. In the current study,
both morphologies of Laves phase are expected to be
detrimental to the creep strength of steels, particularly for
those neighboring the M,3Cg due to their rapid coarsen-
ing rate, leading to the premature occurrence of accel-
erated creep stage. Since GBs and M;3C¢ have proven
to assist the Laves phase precipitation, a new metallurgy
strategy that tailors the GB character (or reduces the frac-
tion of HAGBs) and suppresses the intergranular precip-
itation of M»3Cg is urgently required. Alternatively, the
MX carbonitride does not help Laves phase precipitation
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and shows an excellent thermal stability, which could be a
promising strengthening candidate for the improvement
of long-term creep strength. To better understand the
precipitation mechanism of Laves phase for further alloy
design, more efforts on the theoretical calculations for
the interfacial energies (particularly from the chemical
contributions) and modelling for the Laves phase growth
adjacent to M»3Cg are needed.

5. Conclusions

Through the interrupted creep tests and multi-aspect
characterization techniques, we report two typical mor-
phologies (elongated- and blocky-shaped) of Laves phase
in TMESs, resulting from the two independent precipi-
tation routes (at the GBs and neighboring the M»3Cg).
The multi-element segregation (Cr, Mn, Si, and W) at
the GBs and M,3Cg as suppliers of Laves phase form-
ers are the key factors for the heterogeneous precipi-
tation of Laves phase. The subsequent growth mecha-
nisms play a key role in the morphology of Laves phase.
This work improves the understanding of creep-induced
Laves phase precipitation and might provide an effi-
cient design route of novel TMFSs with superior creep
strength.
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