
Introduction
     Elevating steam parameters is the
main key to enhancing the efficiency
of fossil power plants to reduce fuel
consumption and noxious emission
(Refs. 1, 2). Therefore, a lot of new
creep-resistant martensitic steels have
been developed in the frame of the Eu-
ropean Cooperation in Science and
Technology (COST) program. Among
them, FB2 steel is the most promising
candidate to be widely used in turbine
rotors operated at a temperature range
from 600º to 650ºC (Ref. 3). FB2 steel
is a forged, boron-added, and 9% Cr-
containing martensitic stainless steel
(Ref. 4). Welding is now widely applied
in manufacturing large components
operated at high temperatures to over-
come the limit of forging capacity
(Refs. 5, 6). Up to now, there is still a
limited number of reports on welded

FB2 steam turbine rotors, so it is nec-
essary to carry out experiments on
FB2 steel welding, gaining experiences
to guide the practical production.
     On the other side, the Laves phase
usually occurs in martensitic stainless
steels after long-term, high-tempera-
ture exposure (Refs. 7–9), but there is
still a limited number of reports about
the Laves phase in 9–12% Cr marten-
sitic steels in the as-received (or vir-
gin) condition (Refs. 10, 11). Among
the numerous martensitic stainless
steels, CB2 is a cast steel with a similar
chemical composition to FB2 steel,
mainly used for steam turbine compo-
nents. The occurrence of a micron
sized (Fe, Cr)2Mo-type Laves phase in
virgin CB2 steel was reported by Kasl
(Ref. 11) and Jandová (Ref. 12). How-
ever, the evolutionary behavior of the
Laves phase during welding and the
influence of the Laves phase evolu-

tionary behavior on weld joints of
9–12% Cr martensitic stainless steels
have not been clarified in published
articles.
     In the present work, some (Fe,
Cr)2Mo-type Laves phase was also
found in virgin FB2 steel, which led 
to constitutional liquation during
welding thermal cycles, suggesting a li-
quation crack tendency in the heat-
affected zone (HAZ) of FB2 steel. Then
the evolutionary mechanism of the
Laves phase during heating and cool-
ing was analyzed. This work is impor-
tant in guiding the practical produc-
tion of welded turbine rotors made of
FB2 steel.

Materials and Experiment
Procedure

     The specimens for scanning elec-
tron microscopy (SEM) observation of
the Laves phase were sampled from
virgin FB2 steel (tempered at 700ºC
for 4 h), of which the chemical compo-
sition is listed in Table 1.
     The specimens were electrolytic
etched at 5V in oxalic acid for 10 s fol-
lowing mechanical polishing. Welding
thermal cycle simulation was carried
out on dilatometer DIL 805A, and
peak temperatures (Tp) were 1150º,
1200º, 1250º, and 1350ºC with a hold-
ing time of 0.5 s. Both the heating and
cooling rates were 100ºC/s. After ther-
mal simulation, all the specimens were
electrolytic etched followed by SEM
observation. In specimens experienc-
ing peak temperatures of 1350ºC,
some eutectic structures with net-like
morphology were found, and focused
ion beam (FIB) was employed to sam-
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ple a specimen for transmission elec-
tron microscopy (TEM) observation of
the eutectic structures. Selected area
electron diffraction (SAED) was car-
ried out to identify the types of eutec-
tic constituents.
     Hot ductility tests were conducted
on a Gleeble-3500 thermal simulator,
and protected by an argon atmosphere
from oxidation of the fracture appear-
ance. The rod specimens for hot duc-
tility tests were 121.5 mm in length
and 10 mm in diameter. The peak tem-
peratures were 1350ºC (labeled 1) and
1250ºC (labeled 2), and the displace-
ment load was 0.5 mm with a velocity
of 0.1 mm/s at peak temperatures.
The fracture appearance of ruptured
specimens was observed by SEM.

Results

Observation of the Laves Phase
in Virgin FB2 Steel

     In virgin FB2 steel, some micron-
sized particles were found, as shown in
Fig. 1. All the particles were distributed
randomly and inhomogeneously, and
most parts of the matrix were free of
the particles. Based on our experience,
the particles could only be found when
the entire specimen was traversed by
SEM with about 1000 magnification.
Most of the particles were located
within austenitic grains and were much
larger than conventional precipitates,
such as M23C6 or the MX phase.
     The results of energy-dispersive 
x-ray (EDX) show the particles were
enriched in boron, oxygen, molybde-
num, vanadium, and chromium com-
pared with the nominal chemical com-
position of the FB2 steel listed in Table
1. The main alloy elements in the par-
ticles were molybdenum, chromium,
and ferrite, suggesting they may be
some kind of intermetallic compound.
In addition, the mole ratio of (Fe + Cr)
and Mo in the particles is nearly 2. All
of the characteristics mentioned were
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Table 1 — Chemical Composition of FB2 Steel (wt%)

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

        0.13                     0.05               0.40               0.15              9.3            1.5              0.2           0.05          0.02              1.0             0.01           Balance

Fig. 1 — A — The Laves phase in virgin FB2 steel observed by SEM. B — Chemical 
composition of the Laves phase obtained by EDX.

Fig. 2 — Microstructures observed by SEM in FB2 steel after thermal simulations: A —
Tp = 1150˚C; B — Tp = 1200˚C; C and D — Tp = 1250˚C; E and F — Tp = 1350˚C.
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consistent with the Laves phase in
CB2 steel reported by Kasl (Ref. 11).
Therefore, it can be speculated that
the particles observed in virgin FB2
steel were the Laves phase.

Evolution Behavior of the 
Laves Phase during the 
Welding Thermal Cycle
     The results of thermal simulation
show the Laves phase in specimens ex-

periencing peak temperatures below
1200ºC (including 1200ºC) stayed un-
changed, as shown in Fig. 2A and B,
while in specimens experiencing higher
peak temperatures (1250º and
1350ºC), some microstructures with
morphologically distinct forms instead
of the Laves phase particles were found,
as shown in Fig. 2C–F. Based on the
morphology, it can be speculated they
were eutectic structures. It is notewor-
thy that in Fig. 2C–F, the eutectic mi-
crostructure observed by SEM is just
one eutectic constituent and the other
eutectic constituent located in the in-
tervals of the eutectic microstructures
might be electrolytic etched.
     In specimens experiencing a peak
temperature of 1250ºC, the net-like
eutectic microstructures (indicated by
solid arrows) are surrounded by some
separated particles (indicated by
dashed arrows), and they all locate
within austenitic grains, while in spec-
imens experiencing a peak tempera-
ture of 1350ºC, the morphology of eu-
tectic microstructures is more typical,
and the size was much larger than that
in Fig. 2C and D. The net-like eutectic
microstructures (indicated by solid ar-
rows) locate at triple grain junctions
with “tails” along grain boundaries
(indicated by dashed arrows).
     The chemical composition of the
eutectic microstructures listed in 
Fig. 3 shows the content of Mo was
lower than that in the Laves phase,
and the contents of other elements
were similar to those of the Laves
phase. Based on the differences in
morphology and chemical composi-
tion, it can be speculated that the eu-
tectic microstructure was a new phase
rather than the Laves phase.

The Results of Hot 
Ductility Tests
     In the hot ductility tests, specimen
1 (Tp = 1350ºC) ruptured without
necking, and the peak force was
16,000 N. Specimen 2 (Tp = 1250ºC)
did not rupture with a slight necking
of about 0.4 mm. The result shows
that the zero ductility temperature
(ZDT) of FB2 steel is between 1250º
and 1350ºC.
     The fracture appearance of speci-
men 1 presents a typical liquefied
morphology, as shown in Fig. 4A. In
Fig. 4B, some microstructures exist on
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Fig. 3 — The chemical composition of eutectic microstructures obtained by EDX.

Fig. 4 — The fracture appearance of a ruptured specimen in hot ductility tests: A —
Macroscopic fracture appearance; B and C — microscopic fracture appearance; D —
chemical composition of eutectic microstructures in B and C obtained by EDX.
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the fracture surface, indicated by black
arrows. The microstructures distribute
along grain boundaries or at triple
grain junctions, because the trace of
grain boundaries can be seen on the
microstructures, indicated by white ar-
rows in Fig. 4B.
     The microstructures present a typi-
cal eutectic morphology, as shown in
Fig. 4C, with a similar chemical compo-
sition to that shown in Fig. 3. It can be
concluded the microstructures found
on the fracture appearance were the
same with those in thermal simulated
specimens shown in Fig. 2E and F.

Discussion
The Origin of the Laves
Phase in FB2 Steel

     In 9% Cr martensitic stainless
steels, the Laves phase usually occurs
after long-term, high-temperature ex-
posure, and it was found the Laves
phase nucleates at martensitic lath
boundaries or around M23C6 carbides,
coarsening at the expense of alloy
atoms in the matrix or M23C6 (Refs. 7,
8). Some researchers found the forma-
tion of the Laves phase at 650ºC need-
ed at least hundreds of hours (Ref. 7).
As to virgin FB2 steel, it was impossi-
ble for the Laves phase to form during
tempering due to the too short time.
     There is only one possibility left —
that the Laves phase formed in prior
processing, such as casting and forg-
ing. As mentioned in the introduction,
a similar Laves phase was also found
in virgin CB2 steel, a cast steel with
similar chemical composition to FB2.
In virgin CB2 steel, sparse, relatively
large particles of the Laves phase (Fe,
Cr2)Mo are present in interdendritic
areas (Ref. 12), indicating that the
Laves phase forms during the casting
process. Considering that the FB2
specimens observed also went through
the casting process, the Laves phase
was most likely formed in this process.
     The results of our experiment
showed the Laves phase remained sta-
ble at temperatures below 1200ºC, so
the forging process following casting
could not eliminate it. In forging, all
the dendrites recrystallized, and large
Laves particles remained within the
austenitic grains. In addition, it was
noted that the formation of the Laves
phase should be attributed to dendrit-
ic segregation in the casting process.

Constitutional Liquation
Resulting from the Eutectic
Reaction between the Laves
Phase and Austenite

     The occurrence of eutectic mi-
crostructures strongly suggests a li-
quation phenomenon in specimens ex-
periencing peak temperatures above
1250ºC (including 1250ºC), implying a
liquation crack tendency in the HAZ of
FB2 steel during welding. The results
of hot ductility tests further con-
firmed the existence of liquation crack
in FB2 steel at 1350ºC.
     A prerequisite for liquation crack in
the HAZ was the formation of discrete
liquid regions within the solid metal
experiencing enough high tempera-
tures during welding. If this liquid ex-
hibits a tendency to wet, and thereby
form a continuous or semicontinuous
thin film of liquid along grain bound-
aries, and if sufficient strains are pres-
ent in this weld region, then inter-
granular separation will occur. The ori-
gin of such liquation in the HAZ was
most often attributed to the “constitu-
tional liquation” phenomenon, which
was originally proposed by Savage and
coworkers (Ref. 13). This phenomenon
involves a eutectic reaction between a
secondary constituent phase and 
the matrix, and mostly occurs in
austenitic stainless steels such as 
Alloy 718, A-286, GH150, and so on.
During the past decades, HAZ liqua-
tion in austenitic stainless steels con-
taining Nb and Ti has been attributed
to the constitutional liquation of Nb-

rich Nb(C, N) carbonitrides (Refs.
14–16), Ti-rich TiC carbides, and the
Laves phase (Refs. 17, 18).
     In the present study, results of the
thermal simulation with different
peak temperatures suggest that con-
stitutional liquation of the Laves
phase in virgin FB2 steel accounts for
the liquation phenomenon. The heat-
ing rate of the welding thermal simula-
tion was nonequilibrium, which
caused rapid decomposition of the
Laves phase. This decomposition high-
ly enriched the region adjacent to the
dissolving Laves particles in solutes
such as Cr and Mo. The equilibrium
phase for this high-solute composition
was a liquid that surrounded the dis-
solving Laves particles. The liquid re-
gion remained until the Laves particles
dissolved completely.
     It was noted that the Ac3 of FB2
steel at a heating rate of 100ºC/s
measured previously was about 960ºC,
so the matrix had all transformed into
austenite at peak temperatures of
thermal simulation. Therefore, the
constitutional liquation in the heating
process of thermal simulation resulted
from the eutectic reaction between the
Laves phase and austenite.
     In specimens experiencing a peak
temperature of 1250ºC, every eutectic
structure was separated, and the size
was similar to that of the Laves phase
in virgin FB2 steel, as shown in Fig.
2A–D. This phenomenon can be ex-
plained by the poor flowing ability of
liquid at 1250ºC. In the present work,
the Laves phase remained stable at
1200ºC, and when the peak tempera-
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Fig. 5 — Equilibrium phase diagram of the eutectic constituent obtained by JMatPro®.
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ture arrived at 1250ºC, every separat-
ed particle of the Laves phase dis-
solved and formed some separated liq-
uid cells owing to the eutectic reaction
between the Laves phase and austen-
ite (or the matrix). At this tempera-
ture, the mobility of the liquid was
very limited, so every liquid cell stayed
where the Laves particle originally was
instead of flowing and merging to-
gether. In cooling, every separated liq-
uid cell transformed into a solid phase,
as shown in Fig. 2C and D. While in
specimens experiencing a peak tem-
perature of 1350ºC, the mobility of
liquid was greatly promoted by the
higher temperature, which means that
the liquid could flow in long distances
and combine together.
     In addition, the growth of
austenitic grains promoted the im-
pingement of grain boundaries with
the liquid regions, so most liquid dis-
tributed along grain boundaries or at
triple grain junctions, as shown in Fig.
2E and F.
     Based on the liquation mechanism
discussed, the results of hot ductility
tests can be explained. In these, the
displacement load was applied to the
specimens at peak temperatures of
1250º and 1350ºC.
     At 1250ºC, the limited mobility of
liquid retarded wetting grain bound-
aries, so the grain boundaries’

strength was not impaired. As a result,
the specimen exhibited some plasticity
at 1250ºC. In specimens experiencing
peak temperatures of 1350ºC, some
grain boundaries were wet by the liq-
uid and lost strength. When the load
was applied, the areas losing grain
boundary strength acted as crack initi-
ation, thereby intergranular fracture
occurred without any plasticity.
     Owing to distribution characteris-
tics of the Laves phase, it was men-
tioned in the “observation of Laves
phase in virgin FB2 steel” section,
most of the grain boundary area re-
mained free of liquid to maintain
some strength, so the specimen at
1350ºC exhibited some load-bearing
capacity.

The Evolutionary Behavior of
Liquid during Cooling

     It has been mentioned in the section
titled “evolution behavior of the Laves
phase during the welding thermal cy-
cle,” the eutectic microstructure ob-
served by SEM in Fig. 2C–F is just one
of the eutectic constituents, and the
other eutectic constituent in the inter-
vals might be etched. Both the mor-
phology and chemical composition of
the eutectic constituent were different
from those of the Laves phase in virgin
FB2 steel, suggesting the eutectic con-

stituent is a new phase and another
type of eutectic reaction might occur
during cooling.
     To clarify the type of the eutectic
constituent, thermodynamic software
JMatPro® was employed to get all the
possible phases in equilibrium condi-
tion based on the chemical composi-
tion listed in Fig. 3. Although welding
is a nonequilibrium process, and the
results obtained by JMatPro® were
speculative, they can provide some in-
formation for reference.
     The equilibrium phase diagram of
the eutectic constituent is shown in
Fig. 5. It was evident there are two ma-
jor phases at room temperature; one is
ferrite and the other is the Chi phase.
The existence of ferrite in the eutectic
constituent can be excluded because
ferrite is not corrosion resistant. So
the Chi phase is most likely the eutec-
tic constituent.
     The Chi phase is an intermetallic
compound containing primarily Fe, Cr,
and Mo. It is a body-centered-cubic
phase (-Mn structure) with a lattice
parameter of a0 = 0.892 nm (Ref. 19).
The Chi phase is often found in
austenitic and ferritic stainless steels
containing Mo (Refs. 20, 21). Kautz
and Gerlach have reported finding the
Chi phase as a eutectic constituent in
Type 316 stainless steel, which was
heated to 1380ºC and then water
quenched (Ref. 22). Cieslak and Ritter
also found the Chi phase as a eutectic
constituent along solidification grain
boundaries in CF-8M welds, and they
pointed out that the kinetics of the
Chi phase formation are greatly en-
hanced by the presence of Mo, but the
mechanism of eutectic reaction was
not clarified in his work (Ref. 23). In
Cieslak and Ritter’s research, the eu-
tectic Chi phase occurred along the hot
crack in welds (Ref. 23).
     The chemical compositions of the
Chi phase obtained by Cieslak (Ref.
23) and Weiss (Ref. 24) are the same
as that obtained in the present work
to a large extent. All three chemical
compositions are summarized in Table
2. Based on morphology and chemical
composition already discussed, it is
preliminarily speculated that the eu-
tectic constituent observed by SEM is
the Chi phase. The speculation is fur-
ther supported by the results of TEM
analysis.
     The TEM specimen shown in 
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Table 2 — Chemical Composition of the Chi Phase Obtained by Two Other Authors and 
in the Present Work (wt%)

                                                                Material                                Fe             Cr            Mo        Ni

    Cieslak (Ref. 23)            CF8M austenitic stainless steel            45             26             20         4
     Weiss (Ref. 24)               316 austenitic stainless steel              52             21             22         5
Eutectic constituent         FB2 martensitic stainless steel          51–54      23–25      18–24      0
 in the present work

Fig. 6 — The results of TEM analysis of the eutectic microstructures: A — Bright field
image; B — SAED results of the different areas in A.
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Fig. 6A was sampled by FIB, and in the
bright field image, the eutectic con-
stituent observed by SEM can also be
seen clearly, indicated by white arrows.
Because the specimen was not etched,
the other eutectic constituent in inter-
vals can also be seen, indicated by
black arrows. The four SAED patterns
in Fig. 6B labeled 1–4 correspond to
the areas in Fig. 6A labeled by 1–4, 
respectively.
     The results of SAED indicate that
the eutectic constituent observed by
SEM had a body-centered-cubic (BCC)
structure, consistent with the Chi
phase, and the lattice parameter of the
eutectic constituent was 0.906 nm
(see the appendix for the calculating
process), close to that of the Chi
phase. The other eutectic constituent
also had a BCC structure, and the lat-
tice parameter was 0.271 nm.
     It’s acknowledged that martensite
has a body-centered-tetragonal (BCT)
structure, of which the lattice parame-
ter ‘a’ is equal to ‘b,’ but is not equal to
‘c’ because of the distortion during
martensitic transformation. However,
the lattice parameter ‘a’ is almost
equal to ‘c,’ so the diffraction patterns
of martensite are almost the same as
those of BCC, such as ferrite.
     In addition, the lattice parameter of
martensite was almost equal to that of
ferrite at 0.2866 nm. Based on the
structure and lattice parameter, the
other eutectic constituent can be pre-
liminarily judged as martensite. Con-
sidering that martensite was trans-
formed from austenite, the eutectic re-
action in cooling was most likely to be
L → Chi +  (Fe).

     Based on this analysis, the mor-
phology difference of eutectic mi-
crostructures in Fig. 2C–F can be ex-
plained. As to the specimen experienc-
ing a peak temperature of 1250ºC, it
was mentioned in the constitutional li-
quation resulting from the eutectic re-
action between the Laves phase and
austenite section, the interface be-
tween the Laves particles and matrix
dissolved first, as shown in Fig. 7B.
     The chemical composition of the
liquid deviated from the eutectic com-
position, biased toward austenite, be-
cause the solute (Cr and Mo atoms)
was diluted by the matrix. Subse-
quently, the rest of the Laves particles
dissolved, as shown in Fig. 7C.
     Because there was no direct contact
between the central part of the Laves
phase and matrix, and because the
mobility of Cr and Mo atoms was lim-
ited, the solute in the central part
could not be diluted adequately like
that at the interface. Thereby, the
chemical composition of liquid in the
central part was biased toward the
Laves phase enriched in Mo and Cr.
During cooling, austenite precipitated
from liquid at the interface as the pre-
dominant phase and merged with the
matrix, leaving a very small amount of
Chi phase alone, which formed di-
vorced eutectic.
     The divorced eutectic is indicated
by dashed arrows in Fig. 2C and D.
While in the central part, the amount
of liquid was larger than that at the in-
terface, so the Chi phase and  (Fe)
could precipitate alternatively, form-
ing net-like symbiotic eutectic, labeled
by solid arrows in Fig. 2C and D.

     The divorced and symbiotic eutectic
is illustrated in Fig. 7D.
     In the case of the specimen cooled
from 1350ºC, solute atoms diffused
adequately in the liquid because of
the higher temperature. At grain
boundaries, the liquid film was thin
and  (Fe) precipitated from the liquid
film and merged with the matrix,
forming tail-like divorced eutectic,
which is labeled by dashed arrows in
Fig. 2E and F. The amount of liquid at
triple grain junctions was larger, so 
(Fe) and the Chi phase could precipi-
tate alternatively, forming symbiotic
eutectic, which is labeled by solid ar-
rows in Fig. 2E and F. The grain
boundaries surrounded by the eutec-
tic structures became “ghost bound-
aries,” of which the strength was im-
paired and crack initiation would pre-
fer to take place at this site.

Conclusions
     In the present work, constitutional
liquation resulting from the eutectic
reaction between the Laves phase and
 (Fe) was found, suggesting a liqua-
tion crack tendency in FB2 steel dur-
ing welding. Then the origin and evo-
lutionary behaviors of the Laves
phase in the welding thermal cycle
were analyzed. There are four conclu-
sions obtained as follows:
     1) The large particles of the Laves
phase in virgin FB2 steel formed in
the casting process, which was attrib-
uted to dendritic segregation.
     2) The fast heating rate of welding
led to constitutional liquation in ar-
eas where the temperature was above
1250ºC (including 1250ºC), and the
eutectic reaction between the Laves
phase and  (Fe) should account for
the constitutional liquation.
     3) The areas where constitutional li-
quation occurred would act as crack ini-
tiation when some load was present at
1350ºC, leading to intergranular frac-
ture. At 1250ºC, the limited mobility re-
tarded liquid wetting grain boundaries,
so hot plasticity was present.
     4) The Chi phase was found as a
eutectic constituent during cooling.
The mobility of atoms and liquid in-
fluenced the final morphology of eu-
tectic microstructures, and divorced
eutectic as well as symbiotic eutectic
were observed in specimens experi-
encing different peak temperatures.
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Fig. 7 — Schematic of the Laves phase evolution during welding, Tp = 1250˚C: A — Before
heating; B — the interface between the Laves phase and   (Fe) melted first during heat
ing; C — the central part of the Laves phase melted subsequently; D — during cooling,
the Chi phase and austenite precipitated from the liquid.
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     From Fig. 6B (number 1), we can
get the interplanar distance in the
three directions. Now, as an example,
take the interplanar distance of (–1,
2, –1) d(–1, 2,–1).
     It is easy to get the length from the
central spot to this spot (–1, 2, –1) 
R(–1, 2, –1) = 2.7034 1/nm on the recipro-
cal space.
     Then the interplanar distance
d(–1, 2, –1) = 1/R(–1, 2, –1) = 0.3699 nm.
     The relationship between the lat-
tice parameter a0 and interplanar dis-
tance d satisfies the equation below

where (h, k, l) is the corresponding in-
dices of the crystal face.
     In this way, it is easy to get the lat-
tice parameter a0.

     In the same way, we can get the lat-
tice parameter in Fig. 6B (numbers 2
through 4).

d = a0 / h2 + k2 + l2

a0 = d h2 + k2 + l2

=0.3699 (=1)2 +22 +(=1)2

=0.906 nm
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