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Abstract In Ni-base superalloys, the addition of refrac-

tory elements such as Cr, Mo, Co, W, and Re is necessary

to increase the creep resistance. Nevertheless, these ele-

ments induce the formation of different kinds of inter-

metallic phases, namely, the topologically close-packed

(TCP) phases. This work focuses on intermetallic phases

present in the second-generation single-crystal (SX) Ni-

base superalloy ERBO/1. In the as-cast condition, the

typical c/c0 structure is accompanied by undesirable inter-

metallic phases located in the interdendritic regions. The

nature of these precipitates as well as their thermal stability

between 800 and 1200 �C has been investigated by

isothermal heat treatments. The investigation techniques

include DSC, SEM, EDX, and TEM. The experimental

information is complemented by (1) comparison with a

structure map to link the local chemical composition with

phase stability, as well as (2) thermodynamic calculations

based on the CALPHAD method to determine the occur-

rence and composition of phases during solidification and

in equilibrium conditions. The TCP phases Laves, l and r
were identified in various temperature/time ranges.

Introduction

Ni-base superalloys are used for gas turbine blades that can

operate at temperatures above 1000 �C. They are produced

by combining vacuum induction melting with a Bridgman

type of solidification process and require subsequent multi-

ple step heat treatments that ensure the demanded

microstructure [1–3]. A modified Bridgman process with a

grain selector is used to exploit dendritic solidification to

produce single crystals (SX) [4–10]. Their high-temperature

strength is achieved through many years of microstructure

and chemical composition optimization [9, 11, 12]. First-

generation single-crystal superalloys contain c0 forming

elements like: Al, Ti, and Ta. In the second generation, their

high-temperature strength was significantly enhanced by

addition of refractory elements, most importantly 3 wt% of

Re. The content of Re was further increased up to 6 wt% in

the third generation [13–17]. The high concentration of

refractory elements, however, induces the formation of

topologically close-packed (TCP) phases during casting or

exposure to conditions of high temperature and stress [18].

Solidification causes segregation of the alloying elements

between dendrite cores and interdendritic areas. This kind of

segregation has harmful effects on the microstructure and

mechanical properties of the material due to the non-uniform

distribution of c0 precipitates and the formation of TCP

phases in the interdendritic regions [13–16, 19, 20]. Com-

mon TCP phases are P (orthorhombic), R (rhombohedral), l
(rhombohedral), r (tetragonal), and the Laves C14, C36

(both hexagonal), and C15 (cubic) [21]. They are typically

composed of Ni, Cr, Mo, Co, W, and Re, which are elements

effective against creep [9]. Further development of single-

crystal superalloys results in a fourth generation, which is

characterized by the addition of Ru to retard the precipitation

of TCP’s [11, 20].
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Specifically, ERBO/1 is a CMSX-4 type second genera-

tion of single-crystal superalloys. It has about 1 at.% Re to

prevent and retard the c0 coarsening via its segregation to the

c/c0 interface [22], 2 at.% W, and 0.4 at.% Mo for solid

solution strengthening. The precipitation of TCP phases is

unwanted because of the reduction of the c/c0-hardening

effect and the depletion of strengtheners in the c-matrix [23–

27]. Moreover, the precipitation of TCPs at high tempera-

tures is frequently associated with the formation of voids that

may potentially act as fracture initiation sites. Until now, the

precipitation of TCP phases during the lifetime of single-

crystal components and their mechanism is not fully under-

stood. A better understanding of the formation of TCP phases

is of great importance for the development of new single-

crystal Ni-based superalloys.

This work focuses on the characterization of the inter-

metallic phases forming in the interdendritic regions of the

as-cast Ni-base single-crystal superalloy ERBO/1 during

solidification and their structural stability during heat

treatment. Special emphasis is put on the correlation of the

experimental data, namely, chemical compositions of the

microstructural constituents with the theoretical approa-

ches. A recently derived structure map [27] that has been

designed to study TCP phases is applied. Making use of the

experimentally observed local chemical compositions, the

structure map allows anticipating the precipitation of

intermetallic phases that are verified with electron diffrac-

tion (TEM) analyses. These results are compared with

thermodynamic solidification calculations using the Scheil–

Gulliver approximation and with equilibrium calculations.

Material and methodology

Material and heat treatments

The second-generation single-crystal Ni-base superalloy

ERBO/1 provided by Doncasters Precision Casting, Bochum

(Germany) is studied in the present work. The chemical

composition of ERBO/1 is listed in Table 1 and it is similar

to the well-known chemical composition of CMSX-4.

After a thorough analysis of the as-cast material,

isothermal heat treatments were carried out at different

temperatures, 800, 900, 1000, 1100, and 1200 �C, with

annealing times of 2, 4, 8, 16, 32, and 50 h, in order to

study the stability of the intermetallic phases. Heat treat-

ments were performed in a laboratory furnace in an inert

argon gas atmosphere at atmospheric pressure followed by

water quenching.

Microstructural characterization

Samples for scanning electron microscopy (SEM) analyses

were cut perpendicular to the [001]-direction, mounted in

epoxy, mechanically polished to mirror finish, and etched

(etching solution: 40 ml H2O, 20 ml HCl, 10 ml H2O2). The

microstructures were investigated using an SEM Zeiss (LEO)

1530 VP at 8.5 mm working distance and 20 kV acceleration

voltage for a secondary electron micrograph (SE) as well as

for a backscattered electron (BSE) signal. Jeol JEM-2200FS

transmission electron microscope (TEM) operated at 200 kV

and equipped with STEM high-angle annular dark field

(HAADF) detector and EDAX EDX system was applied for

phase identification in as-cast material and after annealing for

1000 �C for 32 h. TEM specimens were prepared from

regions of interest along the matrix/TCP interface using a

Jeol JEM-9320 focused ion beam system (FIB) at 30 kV.

Calorimetry

The phase transition temperatures of the as-cast material

were examined by differential scanning calorimetry (DSC)

performed on a LINSEIS instrument using specimens of

about 100 mg. The specimens were heated at 10 �C/min

under a flowing helium atmosphere to a temperature of

1450 �C. Reaction temperatures were determined from

heating curves by the tangent method [28].

Thermodynamic calculations

The CALPHAD method [29, 30], by means of the com-

mercial software Thermo-CalcTM [31] version s and data-

base TTNi7 [32], was used to predict the stability, volume

fraction, and composition of phases in ERBO/1. Calcula-

tions were performed for in equilibrium conditions and

Scheil–Gulliver solidification, which describes solute

redistribution during solidification and considers infinitely

fast diffusion in the liquid phase.

Table 1 Nominal composition of ERBO/1 in at.%. The corresponding structure map coordinates ( �N; DV= �V) according to Eqs. 1 and 2 are

shown in the last two columns

Alloying elements; content (at.%) Structure map

Ni Co Cr W Re Al Ti Ta Mo Hf �N DV= �V

ERBO/1 63.0 10.0 7.5 2.1 1.0 12.6 1.3 2.2 0.4 0.03 9.15 0.139
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Structure map

The structure map anticipates the crystal structure of a

compound system from atomic properties of the constituent

elements. The structure map employed in this work has

been recently derived for TCP phases [26]. It uses the

average valence band-filling

�N ¼
X

i

ciNi ð1Þ

and a composition-dependent relative volume difference

DV
�V

¼
X

ij

cicj
Vi � Vj

�� ��
1
2
Vi þ Vj

� � ð2Þ

as structure map coordinates for a given compound compo-

sition. Here, ci is the molar fraction, Ni the effective number

of valence electrons, and Vi the atomic volume (computed

from the metallic radii) of the alloying element i. The loca-

tion within the structure map relative to distinct regions of

TCP phase stability allows one to anticipate which TCP

phases might precipitate for the given composition. The

predictions of the structure map are also in line with state-of-

the-art density functional theory (DFT) calculations as

shown for various binary systems [33, 34]. The application of

the structure map to a system with non-homogeneous dis-

tribution of elements (like a superalloy) requires the

knowledge of the local chemical composition. In this work,

we obtain this information by experiment (‘‘Microstructural

characterization’’ section) and by solidification modeling

(‘‘Thermodynamic calculations’’ section).

Results

Thermodynamic calculations: solidification

During solidification, a considerable segregation of alloying

elements takes place and is responsible for heterogeneities

and precipitation of TCP phases. The segregation behavior

in ERBO/1 during solidification was estimated by the

CALPHAD method using the TTNi7 database in equilib-

rium conditions and with the Scheil–Gulliver method for

solidification, which considers infinitely fast diffusion in the

liquid phase and no diffusion in the solid phase and there-

fore a solidification profile, including TCP phases, similar

to that experimentally observed can be calculated. Fig-

ure 1a, b shows the solidification path of ERBO/1 according

to the Scheil–Gulliver method. The first and dominating

phase that forms is the c-phase. The c0-phase starts to form

at 1295 �C. The maximum c0-phase fraction is obtained at

the end of the solidification, with a value of about 5.3 vol%.

Small, but considerable amounts of the intermetallic phases

B2, r, and Laves are predicted at lower temperatures. The

calculated solidus (Tsol), liquidus (Tliq), and precipitation

(Tprec) temperatures of intermetallic phases are listed in

Table 2, together with the measured calorimetric values.

Due to the low amount of intermetallic precipitates con-

tained in as-cast ERBO/1, the solvus temperatures for the

different precipitates could not be detected.

The element concentration in the liquid during solidifi-

cation is depicted in Fig. 1c, d. Taking into account a

dendritic solidification, it predicts the enrichment of Ta, Hf,

and Mo in the interdendritic region, and a slight enrichment

of Ti and Cr in the dendrite core. The calculated relative

high local concentration of the early transition metals Ta,

Hf, and Mo in the remaining liquid is responsible for the

precipitation of intermetallic phases. This is also reflected in

the structure map in Fig. 2a due to the larger metallic radii

and lower band-filling of these atoms.

The calculated chemical composition of the minor

intermetallic phases at the end of the solidification

(1104 �C) is listed in Table 3. The B2-phase shows as main

elements Ni, Al, and Ta. The r-phase contains high con-

centrations of Cr, Co, and Mo and lower but substantial

quantities of Re and W. Finally, the Laves-phase is char-

acterized by high contents of Ta and Cr.

Thermodynamic calculations: equilibrium state

The phase composition and volume fraction of ERBO/1 in

equilibrium as a function of the temperature was also con-

sidered. In contrast to the Scheil solidification, the first and

single phase that forms during equilibrium solidification is

the c-phase (Fig. 1e, f). At a temperature of 1257 �C, the c0-
phase forms through solid-state transformation followed by

the formation of the P-, l-, and r-phases, at 1163, 1121, and

848 �C, respectively. The amount of these minor inter-

metallic precipitates is not negligible and rises to 3.2 vol%

for the l-phase or 2.5 vol% for the r-phase at 500 �C. TheP-

phase seems to be only stable in a narrow temperature range

between 1164 and 1114 �C. The main transformation tem-

peratures obtained for this calculation are listed in Table 2.

The chemical composition of the minor intermetallic

phases predicted at equilibrium conditions is summarized in

Table 4. As the P-phase is only stable in a narrow temper-

ature range, its chemical composition is listed at 1121 �C.

For the case of l- and r-phases, the compositions are shown

at 600 �C. The chemical composition of the P-phase is very

similar to that of the l-phase. This is also in line with the

structure map where the stability regions of the l- and the

P-phase overlap [27]. This observation, together with the

fact that the amount of P-phase decreases with increasing l-

phase volume, suggests that the P-phase transforms into the

l-phase at approximately the same chemical composition.

The main elements in the l-phase are Co, Cr, W, Re, and

Mo. The main elements in the r-phase are Cr and Re.
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The phase fractions of the different phases predicted

under equilibrium conditions at 800, 900, 1000, 1100, and

1200 �C are listed in Table 5. These temperatures corre-

spond to the solution annealing temperatures in our

experiments. We conclude that no other phase than c and c0

is expected at temperatures above approximately 1200 �C.

Structure map and thermodynamic calculations

For each chemical composition of the different liquid and

solid phases estimated from the thermodynamic calcula-

tions (cf. ‘‘Thermodynamic calculations: equilibrium state’’

section), we also computed the values of �N and DV= �V of

Fig. 1 Thermodynamic

calculations of the alloy ERBO/

1 using the database TTNi7

(ThermoCalc). a Phase fraction

during solidification using the

Scheil-Gulliver approach.

b Detail of Figure a in the range

below 0.5 vol%. c Element

concentration in the liquid phase

during solidification estimated

with the Scheil–Gulliver

approach. d Detail of Figure c in

the range below 3 at.%.

e Equilibrium phase fraction.

f Detail of Figure e in the range

below 4 vol%
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the structure map (cf. ‘‘Structure map’’ section) according to

Eqs. 1 and 2. The locations of the different phases in the

structure map during solidification are represented in Fig. 2a,

b as a function of temperature. The predicted phases according

to the Scheil solidification are the B2, Laves, and r-phase.

Their chemical compositions are in agreement with the cor-

responding stability regions in the structure map (Fig. 2a).

The predicted phases in equilibrium, l and r also are in

agreement with the corresponding stability regions in the

structure map (Fig. 2b). The P-phase stability region is not

shown in the structure map because it is known only for a very

small region at about (7.6/0.170), see Refs. [27] and [35] for

more details. However, this approximate position in the

structure map is in good agreement with the predicted P-phase

composition. The composition change of the remaining liquid

during Scheil–Gulliver solidification (Fig. 1c, d) tends to

elements with lower band-filling and higher volume factor,

which leads the system towards the region of the TCP phase

stability (Fig. 2a). This is also noticeable but less pronounced

in the equilibrium solidification (Fig. 2b).

Table 2 Phase transformation temperatures (Tliquidus, Tsolidus, and

Tsolvus) for ERBO/1 obtained experimentally from the DSC measure-

ment of the as-cast materials as well as calculated using the

CALPHAD method and the TTNi7 database according to the

Equilibrium and Scheil–Gulliver methods

Method Tliq (�C) Tsol (�C) Tsolvus (�C)

c0 r l P Laves B2

DSC 1380 1320 – – – – – –

Equilibrium 1379.8 1332.0 1256.7 848.1 1120.7 1163.3 – –

Scheil 1379.8 1101.8* 1294.7 1162.0 – – 1108.0 1204.1

* Scheil calculated Tsol with *1 % of liquid

Fig. 2 Calculated structure maps revealing compositions of different

phases present in ERBO/1. During solidification: a using the Scheil–

Gulliver equation (shown in Fig. 1c, d). b Using the equilibrium

phase fractions (shown in Fig. 1e, f). c After casting and d after heat

treatment. Triangles indicate calculated compositions in the

solidification Scheil–Gulliver approach (Table 3). Squares indicate

calculated compositions in equilibrium conditions (Table 4). Circles

refer to element concentrations measured by TEM-EDX on as

solidified samples (see Table 6). Crosses indicate measured compo-

sitions in heat-treated samples (Table 7)
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Identification of intermetallic compounds in the as-

cast state

The structure of the as-cast ERBO/1 reveals four-fold

symmetric dendrites normal to the h001i growth direction

without casting defects such as freckle chains. The primary

dendrite arm spacing (PDA) for this material is between

400 and 500 lm [12]. The strong element segregation

between dendrite core and interdendritic regions is

responsible for heterogeneities and TCP phase precipitates.

Previous work on segregation in ERBO/1 using electron

probe microanalysis [12] demonstrates relatively high

concentration of Al, Ti, Ta, Ni, and Hf in the interdendritic

regions which rationalize the formation of intermetallic

phases. The segregation of Cr, Co, W, and Re, in contrast,

leads to high concentrations of these elements in the den-

drite core. Figure 3 shows two micrographs of the as-cast

ERBO/1 where two kinds of intermetallic precipitates are

visible. The intermetallic phases are present only in the

interdendritic regions. TEM examination of this region

confirmed the presence of the typical c/c0 microstructure

and showed two different particles adjacent to each other.

The TEM selected area diffraction (SAD) patterns reveal

that the brightest precipitate corresponds to the l-phase and

the darker to a Laves-phase. Chemical compositions

obtained by EDX at the TEM of the characterized precip-

itates as well as of the c and c0-phases located at their side

are compiled in Table 6. The respective �N and DV= �V
values are depicted as circles in the structure map of

Fig. 2c. The good agreement of experiment and structure

map is apparent as the measured composition of the

observed l-phase (purple circle) is inside the correspond-

ing stability region in the structure map. The position for

the measured Laves-phase (green circle) is located in the

structure map outside and to the right of its corresponding

stability region, i.e., it is shifted to higher band-filling.

Together with the results of our heat treatments (‘‘Structure

map and thermodynamic calculations’’ section) we suspect

that some of the TCP precipitates are in fact metastable.

The position of the interdendritic c-matrix (yellow circle) is

close to the r-phase window, whereas the position of the

interdendritic c0-phase (gray circle) is inside its corre-

sponding stability region.

The results of the TEM characterization of the as-cast

ERBO/1 microstructure significantly differ from the

solidification calculations. Comparing the values of the

chemical composition shown in Tables 3 and 6, it is clear

that our thermodynamic solidification calculations predict

another kind of intermetallic phase and different chemical

compositions. The experimental results as well as the

Scheil–Gulliver calculations agree in the prediction of the

Table 5 Calculated phase fractions of the different phases in equi-

librium at 800, 900, 1000, 1100, and 1200 �C

Temperature (�C) Phases; volume fraction (vol%)

c c0 r l

800 27.70 68.63 0.37 3.30

900 32.07 64.90 – 3.03

1000 39.23 58.57 – 2.20

1100 52.46 46.53 – 1.01

1200 77.69 22.31 – –

The values are determined using the lever rule equation within the

CALPHAD method and the TTNi7 database

Table 3 Calculated chemical

composition of B2, r and Laves

phases at 1104 �C according to

Scheil–Gulliver calculations

Fraction of alloying element (at.%) Structure map

Ni Co Cr W Re Al Ti Ta Mo Hf �N DV= �V

B2 50.4 4.9 1.7 *0 *0 32.2 1.2 9.4 0.1 0.1 9.01 0.216

r 11.0 18.6 59.1 2.6 2.8 0.5 0 0 5.4 0 7.04 0.084

Laves 28.9 14.9 26.1 3.1 0.1 0 0.9 25.5 0.5 *0 7.33 0.204

The corresponding structure map coordinates ( �N; DV= �V) according to Eqs. 1 and 2 are shown in the last

two columns

Table 4 Calculated chemical

composition of the P-phase at

1121 �C and the l- and r-

phases at 800 �C according to

equilibrium calculations

Phase Fraction of alloying element (at.%) Structure map

Ni Co Cr W Re Al Ti Ta Mo Hf �N DV= �V

P (1121 �C) 16.6 11.6 18.1 24.6 25.7 0 0 0 3.4 0 7.27 0.164

l (800 �C) 16.4 16.8 15.2 25.6 20.5 0 0 *0 5.5 0 7.37 0.169

r (800 �C) 7.1 9.5 41.8 13.5 25.9 *0 0 0 2.2 0 6.83 0.141

The corresponding structure map coordinates ( �N; DV= �V) according to Eqs. 1 and 2 are shown in the last

two columns
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Laves-phase. However, the experimentally observed l-

phase is not predicted by this method. The equilibrium

calculation predicts the formation of the l-phase at tem-

peratures below 1121 �C. The Laves-phase observed in as-

cast ERBO/1 contains high amounts of Ni and Hf while the

Scheil calculation shows high amounts of Cr, Ta, and Co.

The l-phase observed in as-cast ERBO/1 exhibits high

amounts of Cr, Co, W, Re, and Mo that agree with the

prediction of our equilibrium calculations. As-cast ERBO/1

shows no r-phase, although both thermodynamic calcula-

tions predict this phase. In addition, the P-phase or B2-

phase as predicted by the simulations was not found in the

experiment. The chemical composition of the precipitates

predicted by Scheil–Gulliver calculations (Table 3) are

compared with the experimental results (Table 6) by means

of the structure map in Fig. 3c.

Fig. 3 Microstructural analyses of the as-cast ERBO/1. Intermetallic

phases precipitated in interdendritic regions as observed by SEM

a BSE detector and b SE detector. c STEM HAADF micrograph of

the interfacial region between l and Laves-phase; d–g characteristic

selected area diffraction patterns (SAD) taken from the individual

phases

Table 6 Measured chemical

composition of alloying

elements [in at.%] obtained via

TEM/EDX analysis of TEM the

as-cast ERBO/1 alloy

Fraction of alloying element (at.%) Structure map

Ni Co Cr W Re Al Ti Ta Mo Hf �N DV= �V

Laves 71.6 10.7 2.3 0 0 1.0 0.8 2.1 0.4 11.1 8.96 0.168

l 22.6 17.7 26.0 12.5 8.5 0.4 0.3 3.6 8.0 0.5 7.48 0.170

c 47.7 17.0 26.5 1.3 0.9 3.5 0.6 0.3 1.9 0.2 8.52 0.089

c0 74.1 7.9 2.7 0.4 0 7.9 2.8 2.0 0.3 1.9 9.32 0.126

The corresponding structure map coordinates ( �N; DV= �V) according to Eqs. 1 and 2 are shown in the last

two columns
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Thermal stability of intermetallic compounds

The applied heat treatments result in the dissolution of the

precipitates in as-cast ERBO/1 and in the precipitation of

new phases. Figure 4 summarizes the evolution of the

intermetallic precipitates as a function of the heat treatment

temperature and annealing time. Laves and l-phase precip-

itates (line-pattern area) are observed during heat treatments

at 800, 900, 1000, 1100 �C for the whole range of annealing

times up to 50 h as well as at 1200 �C for annealing times up

to 8 h. The total amount of Laves and l-phase seems to be

approximately constant during the heat treatments up to

900 �C and similar to the amount in the as-cast ERBO/1. The

size and number of these precipitates decrease after

annealing at temperatures above 1000 �C. Both, Laves and

l-phase detected in the as-cast state (Fig. 3) were also

observed in the whole range of applied heat treatment. From

our experiments, it is not clear if the particles dissolved

independently or if they transform into one another.

For heat treatment at 800 �C with annealing times up to

16 h, we observe the two initial phases Laves and l
(Fig. 5a, b). Longer annealing times, however, lead to the

additional precipitation of a needle-shaped phase at the

interdendritic regions, identified as the r-phase (gray solid

area in Fig. 4). This phase is always present in the heat

treatments at 900 or 1000 �C regardless of the annealing

time. Figure 5c and d shows thin needles of the r-phase

after 4 h at 1000 �C. The number and size of these needle-

shaped precipitates increases with increasing annealing

time, adopting a Widmanstätten structure [25] as can be

observed, e.g., in the SE micrographs taken after 16 h

(Fig. 5e, f) or after 32 h at 1000 �C (Fig. 5g–j). Figure 6

shows a TEM analysis of ERBO/1 after 32 h at 1000 �C
with precipitates of the r- and l-phase.

The r-phase forms initially in the {111} c habit planes

as can be observed in Fig. 5e or more clearly in Fig. 5i.

The formation of the r-phase is accompanied by a local

enrichment of Cr and Mo in the c-matrix at the interden-

dritic areas, as measured by TEM (Table 6). At 1100 �C
the r-phase seems to be not stable: precipitates were found

only after short heat treatments while they disappeared

after 50 h annealing time. At 1200 �C, we find no precip-

itates of the r-phase at all, regardless of the annealing time.

Figure 4 shows that the heating rate to 1200 �C in the

solution annealing heat treatment is sufficiently fast to

avoid the precipitation of the r-phase. A short annealing

time at 1200 �C or above, leads to a complete dissolution

of the intermetallic Laves and l-phase precipitates.

The chemical compositions of the precipitates as mea-

sured by EDS are compiled in Table 7 and compared to the

structure map in Fig. 2d at the respective values of �N and

DV= �V . A group of precipitates identified as Laves-phase is

located inside its corresponding stability region of the

structure map. In addition, there are several measured

particles with compositions that correspond to structure

map positions slightly outside the boundaries of the Laves-

phase stability region. Particles identified as l-phase are

situated inside the l-phase stability region. The l-phase

stability region overlaps with the region of Laves stability

in the structure map. For this reason, the observation of

both phases during heat treatment (Fig. 4) can be

rationalized by coexistence at very similar chemical

composition.

Our thermodynamic calculations (Table 5), are in good

agreement with the observation that annealing times longer

than 8 h at 1200 �C lead to the dissolution of intermetallic

precipitates, remaining only the c/c0-phases. In addition, for

the longest heat treatment at 1100 �C, we found small

amounts of the Laves/l-phase but no r-phase precipitates.

The heat treatments at temperatures between 800 and

1000 �C were probably too short (50 h) to reach thermo-

dynamic equilibrium.

Another factor that can influence the thermal stability of

the TCP phases is the heat treatment condition. During

solution annealing the TCP phases formed in the solidifi-

cation process are dissolved and the partitioning coeffi-

cients of the different elements between dendritic and

interdendritic regions get closer to 1. Therefore, the ten-

dency to form TCP phases from the as-cast condition

should be higher, since there are pre-existing TCP phases

and additionally elements like Re, W, Ti, and Ta are strong

segregated [35], making more favorable the precipitation

and growth of intermetallic phases. According to previous

works on long-term aging of conventional heat-treated

CMSX-4 [36], l is the single intermetallic phase which is

formed, where the precipitation of this phase at 1100 �C

Fig. 4 Evolution of intermetallic precipitates in ERBO/1 after

different heat treatments (temperatures range from 800 to 1200 �C
and annealing times from 2 h to 50 h)
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Fig. 5 SEM (SE) micrographs

showing intermetallic

precipitates in the interdendritic

areas after different heat

treatments of ERBO/1. a,

b 800 �C, 16 h; c, d 1000 �C,

4 h; e, f 1000 �C, 16 h, g–

j 1000 �C, 32 h. White lines

mark different areas found on

the individual particles. White,

solid line arrows indicate thin

needles of the r-phase. The

numbering refers to the

chemical composition measured

by the SEM EDS (Table 7)
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starts at 10 h, according to the TTT diagram. In contrast, in

our work not only l but also r and Laves were identified in

the same time and temperature ranges.

In addition, investigations in superalloy RR2071 after

conventional heat treatment and long-term exposure [7,

37], show the formation of P, l, r, and R phases at

temperatures below 1150 �C, where r preferentially pre-

cipitates in the dendrite cores, and in general the density of

the TCP precipitation decreases in the interdendritic areas.

Other works on with CMSX-10 [38] show the formation of

Re-rich TCP phases in the dendrite cores. The alloy

RR2071 has a composition similar to that of CMSX-4 but

Fig. 6 TEM analysis of precipitations in ERBO/1 after 1000 �C,

32 h heat treatment. a STEM HAADF micrograph with an EDS inset

showing the distributions of Re and Ta; b HRTEM micrograph of the

needle-like r-phase precipitate and c corresponding FFT; d and

e characteristic SAD patterns taken from r and l-phase, respectively.

The numbering refers to the chemical composition measured by TEM

EDS (Table 7)

Table 7 Measured chemical composition [in at.%] of intermetallic precipitates found after heat treatments (Figs. 9, 10, 11, and 12) obtained via

SEM/EDX analysis. The corresponding structure map coordinates ( �N; DV= �V) according to Eqs. 1 and 2 are given in the last two columns

Precipitate number Fraction of alloying element (at.%) Structure map

Ni Co Cr W Re Al Ti Ta Mo Hf Phase �N DV= �V

#1 (Fig. 5a) 62.7 9.9 2.8 0.2 0 3.2 1.0 2.4 0 17.9 Laves/no TCP 8.49 0.240

#2 (Fig. 5a) 21.1 12.8 39.9 7.6 7.5 2.5 0.5 0.9 6.2 1.0 l/laves 7.34 0.149

#3 (Fig. 5a) 58.5 10.2 6.5 16.2 0.6 3.3 1.1 2.6 0.6 16.2 Laves 7.75 0.272

#4 (Fig. 5b) 62.9 9.4 2.8 0.2 0 3.6 1.0 2.3 0 17.9 Laves/no TCP 8.50 0.241

#5 (Fig. 5b) 27.8 14.2 24.3 9.9 7.7 4.7 0.9 3.5 6.0 1.0 l/laves 7.68 0.180

#6 (Fig. 5c) 7.8 3.8 2.8 0.4 0.3 2.5 14.3 3.7 19.8 44.7 Laves 5.28 0.252

#7 (Fig. 5c) 21.0 14.6 24.2 14.5 11.5 3.4 0.6 3.7 5.8 0.7 l/laves 7.43 0.183

#8 (Fig. 5c) 65.2 8.9 2.0 0.1 0 2.1 1.0 2.0 0 18.6 Laves/no TCP 8.53 0.237

#9 (Fig. 5d) 17.2 12.8 18.1 10.0 7.1 2.7 2.6 2.7 10.8 15.9 Laves 6.83 0.270

#10 (Fig. 5e) 20.0 16.5 46.5 5.2 4.1 1.6 0.5 0.2 5.4 0.1 Laves 7.37 0.115

#11 (Fig. 5f) 11.3 2.7 3.3 0.1 0 2.3 61.8 10.2 0.2 8.2 Laves 5.10 0.168

#12 (Fig. 5f) 7.6 0.5 1.6 0 0 2.6 56.7 8.5 0 22.6 Laves 4.72 0.163

#13 (Fig. 5j) 19.5 6.3 8.1 0.2 0 3.9 1.8 28.1 0.4 31.8 Laves 6.13 0.304

#14 (Fig. 5j) 20.3 14.9 40.7 5.4 7.1 1.6 0.5 4.0 4.8 0.8 l/laves 7.31 0.149

#15 (Fig. 6a) 15.0 15.2 38.6 10.2 14.5 0.0 0.1 0.9 5.5 0.1 r 7.18 0.145

#16 (Fig. 6a) 17.3 16.3 44.8 6.1 7.7 0.4 0.2 0.5 5.9 0.2 r 7.28 0.145

#17 (Fig. 6a) 17.2 17.0 45.7 6.2 7.4 0.0 0.2 0.5 5.6 0.2 r 7.26 0.123

#18 (Fig. 6a) 16.9 16.6 44.6 6.9 7.6 0.0 0.1 0.6 6.4 0.1 r 7.25 0.124

#19 (Fig. 6a) 5.5 2.1 1.1 0.1 0.0 0.0 14.4 15.0 9.3 52.6 l 4.79 0.203
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higher Mo content, and the CMSX-10 has a higher Re

content. Re and Mo are a strong r-phase former, and

therefore it can be expected that the TCP precipitation is

stronger in the dendrite cores. In contrast, in our work, the

TCP phases are formed preferentially in the interdendritic

areas. The ERBO/1 alloy has 3 wt% of Re, almost no Mo

and significantly higher amount of Co (10 wt%, 3 times

more than the CMSX-10). In summary, the alloy chemistry

and the heat treatment state influence the element parti-

tioning, the driving force for the precipitation of the TCP

phases, and therefore their thermal stability and the loca-

tion of the precipitation.

Conclusions

The microstructural stability of the ERBO/1A after during

isothermal heat treatments carried out at 800, 900, 1000,

1100, and 1200 �C, with annealing times of 2, 4, 8, 16, 32,

and 50 h have been characterized by electron microscopy

and thermodynamic calculations based on the Calphad

method. The following conclusions can be drawn from this

work:

– As-cast ERBO/1A shows small amounts of l- and

Laves- phases in the interdendritic regions of the c/c0

microstructure. These precipitates are generated due to

the strong segregation of certain elements as Al, Ta, Ti,

and Hf to the interdendritic areas.

– Heat treatment at 1000 �C results in formation of

needle-shape r-phase precipitates.

– Heat treatment at 1200 �C dissolves the Laves, l-, and

r-phase.

– According to the structure map analysis the observed

precipitates exhibit crystal structures that in most of the

cases correspond to thermodynamic equilibrium for the

respective local chemical compositions. The experi-

mentally observed coexistence of l- and Laves-phases

can be attributed to overlapping stability regions in the

structure map.

– The TTNi7 thermodynamic database does not predict

the presence of all observed intermetallic phases under

as-cast (Scheil–Gulliver) and isothermal treatments

(equilibrium) but help to interpret the experimental

results.
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