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Abstract. The precipitation of brittle so-called TCP-phases is critical for the application of Re-
containing single crystal superalloys. In this work a fully multicomponent precipitation model is 
presented, which is capable of simulating the precipitation process of the TCP-phases in superalloys 
considering complex precipitation sequences with several metastable phases. The model is coupled 
to multicomponent thermodynamic CALPHAD calculations and relies on multicomponent diffusion 
models based on the TC-API interface of the software DICTRA. The required mobility database has 
been newly developed and covers all relevant alloying elements of the Ni-base superalloys including 
rhenium (Re) and ruthenium (Ru). It is well known that adding Ru strongly reduces TCP-phase 
precipitation. Based on the developed precipitation model, possible mechanisms are investigated to 
explain this effect and it is concluded that Ru mostly influences the nucleation rate by a combined 
influence on interface energy, “reverse partitioning” and γ’-phase fraction. 

Introduction 

Nickel-base superalloys are widely applied for high temperature applications, especially for turbine 
blades in the hottest sections of industrial and aero-engine gas turbines [1-2]. Reduction of fuel 
consumption and engine emissions are very important design goals today. The efficiency of the gas 
turbine is determined by the burning temperature. Obviously, the material capability of the turbine 
blades limits this temperature. Therefore improvements in creep strength through material 
development as well as single-crystalline casting and application of thermal barrier coatings 
increase the turbine efficiency [3]. Nickel-base superalloys contain typically more than eight 
alloying elements. Although they have been under investigation for decades due to the complexity 
there is still space for improvements [2,4].  
In the last decade, major improvements in creep strength could be achieved by the development of 
the 3rd and 4th generation single crystalline superalloys, which contain up to 6 wt-% Re and 6 wt-% 
Ru [1]. Rhenium is known to be a very good solid solution hardener [5], nevertheless it strongly 
increases the susceptibility to brittle topologically-close packed (TCP) phase precipitation, which 
limits the acceptable content of rhenium [6-7]. One answer to this problem was to add ruthenium in 
the 4th generation superalloys. This element very effectively reduces the TCP-phase precipitation 
and increases the creep strength [8-9]. The mechanism of this effect is still not well understood 
[5,7,8,10]. Both elements, Re as well as Ru are extremely expensive and there are doubts on the 
availability [11]. In order to optimize the alloy composition, the mechanism of the Ru-effect is 
investigated in this work with numerical methods. Modeling precipitation in superalloys is 
challenging because of the high number of alloying elements. Most of the multicomponent models 
developed in the past were applied to high temperature steels. The first, still simple models 
benefiting from the CALPHAD-method were by [12-13]. Later works by [14] were focused on 
TCP-phases in austenitic steels, but are hardly applicable to superalloys with more alloying 
elements because of the complexity of the algorithm. The phase-field method is still too challenging 
for long-term simulations of nickel-based superalloys. In the following, a model based on ideas 
from [15] will be applied. The advantage of this so-called numerical Kampmann-Wagner method is 
that it can be straightforwardly extended to multicomponent systems and that it is applicable to a 
large number of precipitates and therefore allows the calculation of complex precipitation sequences 
[14]. 
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Methods 

CALPHAD and diffusion modeling. The CALPHAD-method (Calculation of Phase Diagrams) 
allows the reliable calculation of thermodynamic properties of complex multicomponent systems 
such as compositions of phases, phase fractions and driving forces. It is based on the principle of 
Gibbs energy minimization. The CALPHAD approach has been extended to modelling 
multicomponent diffusion. In this work the TC-API programming library version 4 based on the 
software ThermoCalc version R and DICTRA version 24 (ThermoCalc, Stockholm, Sweden) is 
used. The thermodynamic database TTNi7 (ThermoTech Ltd, Surrey, UK) [16] as well as an in-
house diffusion database containing the element Ru were used. Recently, a verification of the 
database TTNi7 for Re- and Ru-containing superalloys was published by the present authors [17] 
and previous work already examined the quality for Re-containing alloys [18-19]. 
Multicomponent precipitation model. The developed precipitation model is based on the 
numerical Kampmann-Wagner method [15], which was originally developed for binary systems. It 
allows the simple calculation of precipitation sequences and is in this work extended to 
multicomponent alloys. A simple flowchart of the algorithm is presented in Fig. 1.  
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Figure 1: Schematic 
flowchart of the 
multicomponent numerical 
Kampmann-Wagner model 
implemented with MATLAB 
in this work. 
 

 
The basic principle of this model is to separate all precipitates into a limited number of precipitate 
classes. In each class, a defined number of precipitates is stored. All precipitates in one class have 
identical size and chemical composition, because they are nucleated at the same time. In each 
timestep, at first the current nucleation rate is evaluated and if required, a new precipitate class is 
created. In a second step, the growth of all already existing precipitate classes is calculated with a 
multicomponent growth law. Details about this can be found in a forthcoming publication. 
Nucleation model. The classical nucleation model was applied for calculating nucleation. Although 
the model has to cope with multicomponent nucleation, there still is no generally applicable 
multicomponent nucleation theory available yet. Despite that fact, most models in the literature 
were developed successfully by applying the classical nucleation law for multicomponent systems. 
In most cases the Gibbs free enthalpy ∆Gv of the precipitate is calculated using the CALPHAD-
method [14,20]. The classical nucleation law is based on the overall Gibbs free energy ∆G of the 
precipitate, which consists of the chemical driving force ∆Gv, the interface energy γi of all interfaces 
i and the misfit stress enthalpy ∆GS: 

· · ·v i i s het

i

G V G A V G fγ∆ = − ∆ + + ∆∑    (1) 

V is the precipitate volume and fhet is a factor considering the reduced misfit stress for 
heterogeneous nucleation. Application of this equation gives the following relation for the free 
enthalpy ∆G

* of a nucleate with the critical size: 
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The overall nucleation rate dN/dt of the precipitate at time t can finally be obtained with N(t) being 
the number of nucleates, k the Boltzmann constant, N0 the density of nucleation sites, ω the 
frequency factor and ∆Gt the activation energy for Brownian motion [20]: 
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This equation is applicable to multicomponent systems if the concentration-dependent activation 

energy * )( iG c∆  is calculated using the CALPHAD-method. 

Growth model. A multicomponent growth model is presented based on the work from [21]. The 
state of the interface is determined on the one hand by the thermodynamic equilibrium described 

with the chemical potentials of precipitate i

Pµ  and the matrix at the interface i

Iµ :  
i i

P Iµ µ=   (4) 

On the other hand, flux balance is valid for all elements i. The flux balance equation can be 
expressed for each element by:  
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The growth rate is given by v, the diffusion mobility by Mi, the precipitate radius by r and the 

chemical potential of the matrix phase by i

Mµ . In Eq. 5 iξ  is the proportionality constant connecting 

the precipitate radius to the size of the depleted zone in the matrix, i.e. i id rξ= . The non-linear 

equation system of Eq. 4-5 has to be solved for each timestep to obtain the growth rate and interface 
concentrations. Details can be found in [21] and a forthcoming publication. TCP-phases typically 
show a plate-like morphology, appearing needle-like in cross-sections. The precipitation model up 
to now only considers a spherical precipitate morphology. Based on the work by [22], a shape 
factor )(F φ is introduced in Eq. 5, which converts the spherical growth rate to that of a cylindrical 

precipitate with the aspect ratio ( )/ 2·l rφ =  and precipitate length l and radius r: 

( ) 0.6640.976·F φ φ −=   (6) 

The matrix is depleted or enriched by the precipitation. Thus, the driving force for precipitation is 
reduced until equilibrium is reached. Our model performs a steady update of the matrix 

concentration i

Mc . The initial matrix concentration is 0
ic  and the precipitate fraction of j is j

PV . 
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All chosen parameters for the precipitation model in this work are summarized in Table 1. 

Table 1: Full list of model parameters used for the precipitation simulations in this work. 
Fig. N0 [m

-3
] γ [Jm

-2
] Gt [kJ mol

-1
] Ф [-] εεεε[%] G [GPa] fhet [-] alloy 

3 1·1013 0.05 255 1 3.6 70 0.2 Ni-12Cr-16W (at-%) 
4 1·1015 0.05 255 200 3.6 70 0.2 ASTRA1-10 

Results 

Reverse partitioning effect. “Reverse partitioning” describes the observation that adding 
ruthenium pushes more rhenium into the γ’-phase. This reduces the Re-concentration in the matrix 

phase. In other words, the partitioning coefficient /
Rek γ γ ′ shall be reduced by adding Ru. Re is the most 

important TCP-phase forming element. It has been controversially debated for a long time, whether 
this effect is responsible for the TCP-phase fraction reduction in 4th generation superalloys. 
Nevertheless beside many works claiming the existence of this effect (for example [8,23]), it could 
not be found in many other alloys (for example [10]). In the following a thermodynamic study with 
ThermoCalc is presented, which investigates the combined influence of Ru and other alloying 
element on the partitioning coefficient of Re (see Fig. 2).  
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Figure 2: Calculated γ/γ’-partitioning coefficient of Re in 
alloys based on the superalloys ASTRA1-1x (6.0Al-8.7Co-
5.1Cr-1.0Mo-3.1Re-xRu-6.6Ta-6.1W-Ni, wt-%) in 
dependence of the Ru- and the Cr-, Mo-, Ta- and W-content. 
All elements have a large influence on the γ/γ’-partitioning 
coefficient of Re. The element Cr determines, if “reverse 
partitioning” is present. This is recognized from negative 
slopes of the curves. The comparison to experimental results 
shows, that the calculated values are about a factor of 3 
higher than the measured, but the relative changes are valid 
anyway. 

 
The slope of the curves in Fig. 2 shows whether there is a “reverse partitioning” effect. A negative 
slope (for example for 0 wt-% Cr) in Fig. 2 is equivalent to “reverse partitioning”. In fact, Fig. 2 
clearly shows that not only Ru changes the partitioning behavior of Re, but that many other alloying 
elements determine the absolute value and if there is “reverse partitioning” or not. “Reverse 
partitioning” is obviously induced only for small Cr-concentrations. Overall, W, Mo, Cr and Ta all 
significantly change the partitioning coefficient of Re. The values in Fig. 2 should not be taken as 
fully quantitative, because the present authors showed in [17] that the γ’-concentration of Re 
calculated with TTNi7 typically has a systematic shift. Nevertheless, we are convinced that the 
relative changes are modeled correctly. 
 
Precipitation model. At first the developed precipitation model is applied to a simple Ni-Cr-W-
model alloy in order to check the basic model physics in a ternary (i.e. already multicomponent) 
system.  
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Figure 3: Precipitation sequence of the σ- and the µ-phase in the Ni-12Cr-16W (at-%) model alloy at 1050 °C. The σ-
phase is dissolved after some time. (a) Volume fractions of the precipitates, (b) concentrations of W in matrix cM and 

interface cI in dependence of time. 

 
 
In the further sections as well as in a forthcoming publication, it will be shown that the model is 
fully capable of simulating real superalloys. Fig. 3a presents the precipitate phase fraction in the 
model alloy Ni-12Cr-16W (at-%) assuming only the σ- and the µ-phase being present. The σ-phase 
is precipitating as the first – obviously metastable – phase and it is dissolved later, when the stable 
µ-phase starts to precipitate. After about 10 000 hours, equilibrium with a volume fraction 
consistent to ThermoCalc calculations is reached. Fig. 3b shows the related concentrations. As soon 
as a significant phase fraction of precipitates is formed, the matrix starts to get depleted.  
According to Eq. 5, a phase will grow until the matrix concentration drops below the interface 
concentration - then it will be dissolved. Fig. 3b shows this behavior for the σ-phase. When the 
system finally reaches equilibrium, the matrix concentration has reached a stable balance. 
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Numerical study on the influence of ruthenium. In the following, different possible mechanisms 
for the Ru-effect on TCP-phases will be discussed based on the developed model. It is most often 

attributed to either a change in the γ’-phase fraction fγ ′  or the γ/γ’-partitioning ratio /
Rek γ γ ′ on 

addition of Ru [7]. The Re-matrix concentration Recγ , which is needed in the precipitation 

simulations (and all other concentrations), can be calculated using the Blavette-equation from the 

γ’-phase fraction fγ ′  and the γ/γ’-partitioning ratio '/i i ick cγ γ= : 

( )Re

Re

·
· 1
Re

Re k
f

c
c

k f

γ

γ γ ′′

=
+ −

  (8) 

The nominal Re-concentration is given by cRe. γ’-phase fraction and γ/γ’-partitioning ratio can be 
determined from CALPHAD-calculations. In this section they will be changed artificially in order to 
explore their influence on TCP-phase precipitation. The CALPHAD-γ’-phase fraction was reduced 
by 5 mol-% and the γ/γ’-partitioning ratio of Re to one third. The resulting hypothetical Re-content 
in the matrix was then calculated with Eq. 8 and included in the precipitation simulations. 
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Figure 4: Numerical study on the separate influence of γ/γ'-partitioning ratio and γ'-phase fraction on the σ-phase in the 
alloy ASTRA1-10. (a) Driving force, (b) TTT-diagram for 0.5 vol-% σ-phase precipitation.  The composition of 

ASTRA1-10 is given in the description of Fig. 2. 

 
The results in Fig. 4a clearly show that the driving force for TCP-phase precipitation is reduced by 
both changes. Based on literature data, we assume that the chosen parameter changes represent the 
maximum possible effect of Ru. From Fig. 4b it becomes clear that consequently the TTT-diagram 
for the TCP-precipitation is moved towards lower temperatures and longer times. 

Discussion 
The results presented in the previous section show that the “reverse partitioning” effect can occur in 
superalloys, but the situation is much more complex than considered before. A “reverse 
partitioning” effect could only be found in the calculations if the concentration of Cr was low. This 
is in agreement with [24] being the first work to experimentally show that a low Cr-content is a 
prerequisite for observing the “reverse partitioning” effect in the alloys they investigated. This result 
and the fact that Mo, Ta and Ti also change the γ/γ’-partitioning ratio, explain the large variety of 
results in literature which were obtained for very different alloys. [7] discusses possible reasons for 
the impact of Ru on the nucleation rate of the TCP-phase precipitation. Ru might influence the γ’-
phase fraction, the γ/γ’-partitioning (“reverse partitioning”) and the interface energy between matrix 
and precipitate. The theoretical study in this work indicates that the γ’-phase fraction as well as the 
γ/γ’-partitioning have an influence on the TCP-phase precipitation process - if they are influenced 
by Ru. Nevertheless, the simulated effect is too small to be the only reason for the Ru-influence. 
The assumed changes of the two properties in the simulations are estimated to be the upper limit of 
a possible Ru-influence. Additionally, it is still under dispute whether Ru really influences the γ’-
phase fraction or the γ/γ’-partitioning ratio. For example, [7] found a reduction of the γ’-phase 
fraction by Ru, while [5,25] could not find any in other alloys. It was shown in the previous section 
that the “reverse partitioning” effect is alloy dependent and this probably also holds for the γ’-phase 
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fraction. Further research, which could not be presented here, indicates that Ru has only a small 
influence on the diffusion controlled growth step. Due to that, we propose that there is a further 
influence of Ru, which is postulated to be an increase in the interface energy between matrix and 
TCP-precipitate in Ru-containing alloys. 

Conclusions 
In this work a fully multicomponent precipitation model capable of simulating the complex 
precipitation process of TCP-phases in superalloys including precipitation sequences was 
developed. It was shown from thermodynamic studies that the so-called “reverse partitioning” 
depends on the concentration of other alloying elements, especially Cr, Mo, Ta and W. The γ’-phase 
fraction and “reverse partitioning” have an influence on precipitation, but only the postulation of an 
influence of Ru on the matrix / precipitate interface energy can explain the huge effect of Ru.  
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