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Graphical abstract 

 

Highlights 

 Substitution of Ni by Co at high Fe concentrations decreases the coarsening 

rate. 

 Substitution of Ni by Co at medium Fe concentrations does not impact the 

coarsening rate. 
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 Substitution of Fe by the (Ni, Co) group decreases the coarsening rate. 

 The apparent activation energy is connected to changes in the matrix 

composition. 

Abstract 

In this study, we report the experimental coarsening kinetics at 850, 900 and 950°C 

of four complex concentrated alloys in the Al–Ti–Cr–Fe–Co–Ni senary system with 

different chemical compositions but a similar γ’ (L12) volume fraction (~35% at 

950°C) in a face-centered cubic (γ, FCC) matrix. The selected alloys were specifically 

designed to investigate the influence of Fe additions and Ni–Co substitutions on 

Ostwald ripening kinetics. Atom Probe tomography (APT) was used to determine the 

compositions of the FCC and L12 phases, which agree very well with Calphad 

calculations at thermodynamic equilibrium. Thermo-kinetic modeling of L12 

precipitation was carried out using the Prisma module developed by Thermo-Calc 

and compared with experimental results. Apparent activation energies were 

determined and discussed in light of diffusion-controlled coarsening models to 

identify the key parameters affecting Ostwald ripening. We suggest that the 

abnormally high apparent activation energies results from composition-dependent 

parameters. When the latter are accounted for, the corrected activation energies for 

coarsening are in better agreement with available diffusion data. 

 

Keywords: medium-entropy superalloys; Ostwald ripening; γ/γ’ microstructures; 

high-entropy alloys; atom probe tomography 

 

 

1. Introduction 

Hardening by secondary coherent precipitates is a well-known solution to strengthen 

metallic alloys for high-temperature applications. However, the evolution of the 

precipitates size and morphology with temperature and time results in a deterioration 

of mechanical properties during service [1]. Long-term thermal stability of the 

microstructure in precipitation-hardened alloys is thus a key aspect of alloy design. 

Recently, precipitation of γ’ (L12) phase in face-centered cubic (γ, FCC) complex 

concentrated alloys (CCAs) systems has gathered increasing interest [2–6]. While it 
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is known that the FCC+L12 microstructure is thermodynamically stable in an 

extended range of chemical compositions in the Al–Ti–Cr–Fe–Co–Ni system [7], its 

thermal stability (size and morphology) during isothermal aging is still under 

investigation. Zhao et al. first reported the coarsening rate of γ’ precipitates in a 

(NiCoFeCr)94Ti2Al4 CCA with a low γ’ volume fraction (~13% at 800°C). Interestingly, 

the authors found that the coarsening rate was slower than in some Ni-based 

superalloys in the 750-825°C temperature range [8]. Such a low coarsening rate was 

attributed to a sluggish diffusion phenomena as is often claimed in the literature, 

owing to the chemical complexity of CCAs [9]. 

Since then, most of the other studies focusing on L12-strengthened CCAs showed 

that the coarsening kinetics of the γ’ phase is similar to that of Ni-based superalloys 

[8,10–12]. However, higher (apparent) activation energies have been reported 

[13,14] and were primarily assigned to sluggish diffusion without any consideration 

for other contributions that could significantly affect Ostwald ripening. Furthermore, 

He et al. have evidenced that a decrease in the γ-γ’ lattice misfit results in a decrease 

in the coarsening rate, pointing out an unexpected behavior [11]. Still, it is unclear 

whether the reduced coarsening rate is due to the change in lattice misfit or chemical 

composition, considering that the compositions of the γ and γ’ phases are also known 

to affect coarsening kinetics [15]. Therefore, the reasons for the unexpected features 

of Ostwald ripening in CCAs are still a matter of debate in the literature. 

The Al–Ti–Cr–Fe–Co–Ni senary system is particularly interesting due to its 

incorporation of the binary subsystems Al–Ni and Ti–Co, which have the capability to 

yield FCC+L12 microstructures [16,17]. Moreover, the inclusion of Cr and Fe in these 

systems proves to be highly advantageous: the former can enhance corrosion 

resistance, while the latter contributes to cost reduction. However, the development 

of Ti–Co superalloys is complicated by the occurrence of detrimental phases caused 

by minor additions of alloying elements, including Cr and Fe. [18,19]. By analyzing 

the extent of the FCC+L12 phase domain in the Al–Ti–Cr–Fe–Co–Ni senary system, 

Rieger et al. [7] made two main findings. First, the quaternary Al–Ti–Co–Ni system 

constitutes the basis for approaching the features of higher-order systems. In this 

system, the FCC+L12 two-phase domain is particularly extended due to the presence 

of a continuous L12 phase domain, which spreads from Ni3Al to Co3Ti. Second, 

significant Cr and Fe concentrations can be reached by carefully tailoring the Ni/Co 
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and Al/Ti ratios. In this complex and vast system, the coarsening behavior is still 

widely unexplored. Few studies attempted to investigate the impact of individual 

elements on Ostwald ripening. For example, Adil et al. evidenced that Ni substitutions 

by Fe are correlated to an increase in the coarsening rate [10]. In contrast, 

substituting the (Ni, Co) base with Cr has been shown to lower the coarsening rate 

[20]. However, some questions remain unanswered: (1) What is the impact of Ni–Co 

substitutions (and, by extension Al–Ti co-substitutions) on the coarsening rate? (2) 

How do Fe additions – with a constant Ni/Co – ratio affect the kinetics of Ostwald 

ripening? (3) How do these compositional variations influence the temperature 

dependence of the coarsening rate? To address these questions, we investigated the 

coarsening behavior of the L12 phase at 850, 900, and 950°C in four alloys from the 

Al–Ti–Cr–Fe–Co–Ni senary system with different chemical compositions but a similar 

L12 volume fraction (~35% at 950°C). In order to grasp the underlying role of 

chemical composition and identify the key parameters affecting Ostwald ripening, the 

experimental results are examined under the light of two different tools. The first one 

is the Prisma module developed by Thermo-Calc, which is readily available and 

without adjustable parameters. The second one is a set of analytical models, allowing 

for a finer understanding of the role of each parameter. 

2. Methods 

2.1 Experimental 

The selected alloys were specifically designed to investigate the influence of Fe 

additions and Ni–Co substitutions on Ostwald ripening kinetics using a Calphad-

based approach [7]. The four studied alloys have the following nominal compositions 

in at.%: 

 Al7.5Ti5Cr13.1Fe17.5Co4.4Ni52.5 (TA4); 

 Al5Ti7.5Cr13.1Fe17.5Co21.9Ni35 (TA5); 

 Al5.5Ti7Cr13.1Fe8.8Co25.2Ni40.4 (TA6); 

 Al4.5Ti8Cr13.1Fe8.8Co37.6Ni28 (TA7). 

These alloys have in common that they all contain 13.1 at.% Cr and the sum of the Ti 

and Al concentrations is kept constant at 12.5 at.%. Figure 1 gives a convenient way 

to compare the compositions of the designed alloys by considering the Fe nominal 

content and the Ni–Co substitutions. Two groups are identified based on their Fe 
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content: (TA4, TA5) with 17.5 at.% Fe and (TA6, TA7) with 8.8 at.% Fe. Within these 

groups, the sum of the Ni and Co concentrations remains the same (i.e. 56.9 at.% for 

(TA4,TA5) and 65.6 at.% for (TA6,TA7)) but the Ni/Co ratio changes. To ensure a 

similar γ’ volume fraction of ~35% at 950°C in the investigated alloys, a change in 

Ni/Co ratio corresponds to a modification of the Ti/Al ratio [7]. The influence of Fe 

content on γ’ coarsening kinetics was investigated by comparing the TA5 and TA6 

alloys, for which Fe has been substituted by Ni and Co while maintaining the same 

Ni/Co ratio. Finally, the TA6 and TA7 alloys allow the exploration of compositional 

domains with high Co contents. 

 

Figure 1: Nominal alloy compositions with respect to Fe content and Ni–Co substitutions (       
         

         
) for 

[Cr]=13.1 at.% and [Al]+[Ti]=12.5 at.%. To keep the microstructure within the FCC+L12 stability domain, Ni–Co 

substitutions are related to Al–Ti substitutions. The dashed line is a schematic representation of the two-phase 

stability limit between 800°C and 1000°C. 

 

The alloys were processed, starting from pure metals with purity exceeding 99.5%, 

using induction melting under He atmosphere. The ingots were cast using gravity in a 

water-cooled Cu crucible. The samples were subjected to a first heat treatment 

above the γ’-solvus temperature in sealed silica tubes at 1150°C for 48h to ensure 

chemical homogeneity. The sealed tubes were then quenched and broken in water. 

The coarsening kinetics of the γ’ phase was investigated after aging in silica tubes at 

850, 900, and 950°C for times between 0.5 and 70h, followed by a water quench to 

retain the high-temperature microstructure. Thin foils were obtained after mechanical 

grinding followed by twin-jet electropolishing with a 10% HClO4 – 90% methanol 

solution at 20V and -35°C.  
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Additionally, the phase stability of the TA6 and TA7 alloys was investigated using 

staged annealing process in a sealed silica tube filled with argon. Alloys were first 

introduced into a furnace at 1150°C and maintained at this temperature during 48h to 

ensure chemical homogeneity. They were then cooled from 1150°C to 900°C at 

10°C/min and maintained at this temperature for 403h to achieve thermodynamic 

equilibrium before water quenching. 

Microstructural characterization was performed using a JEOL 2000EX TEM in grains 

oriented close to the [100] zone axis. The size of each precipitate was determined as 

the diameter of a disc of equivalent surface area. The surface area of precipitates 

was determined manually using a graphics tablet and the ImageJ software. An 

average number of 1000 precipitates were measured for each condition. The given 

uncertainties correspond to two times a 99% confidence interval, which was found to 

include the size variations observed on multiple thin foils. 

Atom Probe Tomography (APT) analyses were carried out using a CAMECA LEAP® 

4000HR instrument. Specimen were prepared by focused ion beam using standard 

procedures. Samples were field evaporated under ultra-high vacuum (10-11 mbar) 

with electric pulses (pulse fraction of 20%, repetition rate of 200 kHz) at a 

temperature of 50 K. Three-dimensional (3D) reconstructions were performed using 

IVAS Software and data processing was performed using the Gpm3dSoft Software. 

The chemical compositions of both FCC and L12 phases were obtained by isotopic 

deconvolution of peaks in the mass spectrum. 

X-ray diffraction (XRD) was carried out with a PANalytical XPert Pro diffractometer 

using the Co-Kα radiation at a wavelength of 0.178897 nm. Le Bail (pattern 

matching) refinement was finally used to determine lattice parameters using FullProf 

software [21]. The misfit   was calculated from lattice parameters using the 

expression                           . 

 

2.2 Theoretical background 

Coarsening in a dispersed two-phase system, also called Ostwald ripening, is a 

phenomenon that takes place near thermal equilibrium. Generally, coarsening results 

from the minimization of the sum of the interfacial and elastic strain energies [22]. 

However, when the lattice misfit between the matrix and the precipitates can be 
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neglected, the driving force for coarsening corresponds to a reduction of the total 

interfacial energy of the system and large particles grow at the expense of smaller 

ones. In the following, the presented models assume that the lattice misfit, if any, has 

a negligible influence on the γ’ coarsening kinetics. 

 

2.2.1 Analytical modeling of coarsening at a near-zero volume fraction 

During coarsening, the temporal evolution of the average diameter of precipitates (d) 

obeys a power law as given by [23]:  

     
                                                                              

where d0 is the average diameter at the onset of coarsening, K is the coarsening rate, 

t is the aging time, and n is the power-law exponent supposed to be time-

independent if no change in mechanism is considered. 

In most cases, the power-law exponent n is close to 3 and corresponds to a 

coarsening process limited by bulk diffusion in the matrix [15,24–26]. The 

experimental coarsening rate K is thus usually determined using a linear fit of d3 

against aging time. It is however worth mentioning that n can take values closer to 2 

in the case of the trans-interface diffusion-controlled coarsening mechanism 

[23,27,28].  

The analytical expression of the coarsening rate K strongly relies on the used 

assumptions. We will hereafter describe the model of Philippe and Voorhees [24] 

since it considers the matrix non-ideal character and the presence of multiple 

elements in the alloy. Assuming that the mobility matrix is diagonal, the coarsening 

rate K can be expressed as follows [24]:  

  
     

  
 

      
 
     

  
   

  
        

                                                            

where   
  

 is the molar volume of the L12 phase,   is the precipitate/matrix interfacial 

energy,   
  

 and   
 
 are the mole fractions of the ith element in the FCC and L12 

phases, respectively, N is the number of components in the alloy,     
 
   is the 
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Hessian of the matrix relative to element i, and              
   

     is the 

diffusion coefficient of element i in the FCC matrix. 

Assuming that the FCC solid solution is ideal and by considering p as the low-mobility 

species limiting the coarsening process, equation (2) can be simplified to [15,24]: 

  
     

  
       

 
     

 
 

       
  
   

 
  

    
   

  
                                                      

where      is the pre-exponential factor, and    is the activation energy for diffusion 

in the FCC matrix. The activation energy for coarsening is usually determined with a 

linear fit of ln(KT) as a function of 1/T. 

 

2.2.2 Effect of volume fraction on coarsening rate 

The model developed by Philippe and Voorhees [24] is valid for precipitate volume 

fractions approaching zero as it considers negligible interactions between particles of 

the secondary phase. However, this model does not apply to alloys with a high 

volume fraction of precipitates as the impact of particle-particle interactions can be 

significant. These interactions increase the magnitude of the coarsening rate K if the 

mechanism is controlled by bulk diffusion in the matrix [26]. In this latter case, the 

finite volume fraction does not change the exponent of the temporal power law as 

observed in model alloys [29]. Therefore, the dependence of the coarsening rate K 

with volume fraction vf can be written as: 

 

                                                                              

Where       is a monotonically increasing function of volume fraction. 

In the model developed by Glicksman et al., a diffusion screening length was 

introduced to quantify the interactions between precipitates [30]. This length is 

proportional to  
   
  for small-to-moderate values of vf [31]. In this case, the function 

      can be expressed as [29]: 
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2.2.3 Modeling of thermodynamics and kinetics of precipitation 

The thermo-kinetic modeling of precipitation was performed with the TC-Prisma 

module developed by Thermo-Calc [32] using the TCNI9 thermodynamic database 

and the MOBNI4 mobility database. The Prisma module uses the Kampmann-

Wagner numerical approach [33] to deal with the simultaneous occurrence of 

nucleation, growth and coarsening of precipitates.  

The average diameter evolution was computed with the heat treatment sequence 

experienced by the alloys, i.e., annealing at 1150°C followed by water quenching. 

The cooling rate was estimated as 1350°C/min by comparison with experimental 

results. The obtained particle size distributions were then used as initial conditions for 

the coarsening heat treatments. The interfacial energy was estimated using Prisma 

by a first assessment of the present experimental results as well as the ones reported 

by Zhao et al. [8]. The energy was set to 10 mJ/m2 for all alloys and for each 

temperature as a first approximation, which is consistent with the experimental values 

reported in Ni–Al alloys and Ni-based superalloys [34,35]. 

 

3. Results 

3.1 Phase stability and composition 

In a previous study, we already reported the thermodynamic stability of the FCC and 

L12 phases in the TA4 and TA5 alloys [7]. In the present work, the phase stability at 

900°C of the TA6 and TA7 alloys was investigated after aging for 403h. The SEM 

and XRD characterizations of these alloys (Figure 2) reveal a two-phase 

microstructure with dark L12 precipitates embedded in a brighter FCC matrix. All the 

experimental data gathered on alloys after long-term annealing, including volume 

fractions and γ’ solvus temperatures, are given in supplementary material (Table S1). 
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Figure 2: SEM (backscattered electrons) and XRD characterizations of the TA6 and TA7 alloys after aging at 

900°C during 403h. 

 

APT experiments were performed on the TA5 and TA6 samples and the analysis of 

TA5 after aging at 950°C for 1.5h is given in Fig. 3. As will be shown later, the system 

already reached thermal equilibrium well before 1.5h. The L12 phase is enriched in 

Ni, Al, and Ti, and the FCC matrix has a composition close to equimolarity for Co, Cr, 

Fe, and Ni with limited Al and Ti solubilities. The equilibrium compositions calculated 

with the TCHEA3 database are displayed with horizontal dashed lines in the 

concentration profile of Fig. 3 and are in good agreement with the experimental 

concentrations with a maximum deviation of ~2 at.%. The compositions of the FCC 

matrix and L12 precipitates in the TA5 and TA6 alloys aged for 1.5h at 850 and 950°C 

are listed in Table 1. 
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Figure 3: APT analysis of the TA5 alloy after aging at 950°C for 1.5h. (left) 3D reconstruction showing the 

distribution of Ti. (right) concentration profile through the FCC/L12 interface. The corresponding volume is 

indicated by the red parallelepiped on the reconstructed volume. The dashed lines represent the equilibrium 

concentrations of the FCC and L12 phases calculated with the TCHEA3 database. 

 

Table 1: Phase compositions determined by APT for TA6 (850, 900 and 950°C) and TA5 (950°C) after aging 

during 1.5h. The given compositions (at.%) were determined by extraction of sub-volumes inside the matrix and 

precipitates. The experimental uncertainties are smaller than 0.2 at.%. 

at.% (± 0.2) 

 Al Ti Cr Fe Co Ni 

TA6 

(850°C) 

FCC 2.8 1.5 21.4 15.0 33.0 26.1 

L12 10.2 15.1 1.6 2.0 14.8 56.3 

TA6 

(900°C) 

FCC 3.5 2.0 19.7 14.3 31.9 28.6 

L12 9.8 15.5 1.7 2.2 15.0 55.7 

TA6 

(950°C) 

FCC 3.8 2.4 21.0 13.6 29.9 29.2 

L12 9.5 15.2 2.0 2.4 15.8 55.5 

TA5 

(950°C) 

FCC 4.1 3.4 19.1 23.8 23.9 25.6 

L12 7.7 16.8 1.6 4.9 16.2 52.6 

 

 

3.2 Microstructure evolution during isothermal aging  

The coarsening behavior of the L12 phase in the TA6 and TA7 alloys has been 

investigated after isothermal annealing for times ranging from 0.5h to 70h at 850, 

900, and 950°C, while that of the TA4 and TA5 alloys were studied at 950°C.  



12 
 

 

Figure 4: Coarsening of L12 precipitates at 950°C. All the samples were tilted close to the [100] zone axis before 

imaging. (a) Dark-field TEM micrograph of TA6 after solution annealing at 1150°C for 48h and water quenching. 

(b) SADP of the TA6 alloy with the presence of L12 superlattice reflections. (c) Dark-field TEM micrographs of the 

alloys aged at 950°C. The scale is the same for all micrographs. 

After solution annealing (1150°C for 48h) and water quenching, a large volume 

fraction of fine precipitates is observed in all alloys (Fig. 4a). This latter dark field 

TEM micrograph, where the precipitates are bright and the matrix darker, was 

recorded by selecting a superlattice reflection of the L12 precipitates in the selected 

area diffraction pattern (SADP) shown in Fig. 4b. Except for some carbides and/or 

sulfides (not shown here), resulting from the presence of impurities in the raw metals, 

only FCC and L12 phases were observed. The microstructural evolution of the four 

alloys upon aging at 950°C is shown in Fig. 4c. Additional TEM images for TA6 and 

TA7 that were aged at 850°C and 900°C can be found in Fig. S1 of the 

supplementary material. The distribution of precipitates is homogeneous within the 

FCC matrix and the average size of the ordered phase increases drastically with 
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aging time (Fig. 4c). The mean diameter of the L12 precipitates, obtained by TEM, 

after each heat treatment is provided in Table 2. After 70h, the initially spherical 

precipitates of the TA4 and TA5 alloys become slightly cuboidal. In contrast, this 

transition is observed after only 1.5h in TA6 and TA7. The cuboidal morphology of 

the precipitates is more pronounced in TA7 followed by TA6, TA5 and TA4, indicating 

that TA4 and TA7 exhibit the smallest and largest lattice misfits, respectively. 

Table 2: Experimental mean precipitate diameters measured by TEM after isothermal annealings at different 

temperatures for times comprised between 0.5h and 70h. The size of each precipitate was determined as the 

diameter of a disc of equivalent surface area. The given uncertainties correspond to two times a 99% confidence 

interval. 

Annealing Mean diameter (d) of precipitates (nm) 

T (°C) t (h) TA4 TA5 TA6 TA7 

reference state prior aging - - 25 ± 1 19 ± 2 

850 

0.5 - - 31 ± 1 24 ± 1 

1.5 - - 40 ± 2 28 ± 1 

4.5 - - 52 ± 2 41 ± 2 

13.5 - - 56 ± 2 50 ± 2 

70 - - 76 ± 3 81 ± 3 

900 

0.5 - - 38 ± 2 35 ± 1 

1.5 - - 53 ± 2 48 ± 2 

4.5 - - 64 ± 2 60 ± 2 

13.5 - - 83 ± 3 83 ± 4 

70 - - 148 ± 5 134 ± 5 

950 

0.5 63 ± 2 52 ± 2 51 ± 2 49 ± 2 

1.5 78 ± 3 72 ± 3 67 ± 3 65 ± 2 

4.5 121 ± 5 99 ± 4 98 ± 4 100 ± 3 

13.5 176 ± 7 - 136 ± 6 131 ± 4 

70 270 ± 12 255 ± 10 219 ± 9 225 ± 11 

 

 

The experimental particle size distributions (PSDs) obtained from TEM investigations 

are shown as bar charts in Fig. 5 and compared to those calculated within the scope 

of the LSW (Lifshitz-Slyozov-Wagner) model (dashed lines) and simulated with TC-

Prisma (solid lines). The former is based on a mean-field approach considering a 

dilute alloy without interaction between particles (i.e., the volume fraction of 

precipitates approaches zero [25]) while the latter rely on the Kampmann-Wagner 
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Numerical approach as described in Section 2.2.3. The simulated results take into 

account the interactions between particles through the volume fraction. The PSDs 

simulated with TC-Prisma are more symmetric than the LSW ones, which is expected 

considering the interactions between particles resulting from a finite volume fraction 

of precipitates [36]. Generally, the experimental PSDs are similar to the TC-Prisma 

simulations (Fig. 5) and the apparent self-similarity of all experimental distributions for 

different aging times suggests that coarsening is the main process controlling the 

size distribution of the precipitates.  
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Figure 5: Temporal evolutions of particle size distributions (PSDs) of the Al7.5Ti5Cr13.1Fe17.5Co4.4Ni52.5 (TA4), Al5Ti7.5Cr13.1Fe17.5Co21.9Ni35 (TA5), Al5.5Ti7Cr13.1Fe8.8Co25.2Ni40.4 

(TA6) and Al4.5Ti8Cr13.1Fe8.8Co37.6Ni28 (TA7) alloys at 950°C. Here, the precipitate sizes are normalized by the mean size (Table 2) to ease the comparison between different 

alloys and aging times. The number of analyzed precipitates is framed as an inset in each PSD. The experimental bar charts are systematically compared to PSDs that were 

computed using the LSW theory (dashed lines) or simulated by thermo-kinetic modeling using the Thermo-Calc Prisma module (solid lines). 
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3.3 Precipitation simulations using TC-Prisma 

After solution annealing, the evolution of the L12 volume fraction during cooling at 

different rates was assessed with TC-Prisma (Fig. 6a). After water quenching from 

1150°C, corresponding to cooling within 50s, the TC-Prisma simulations suggest that 

~47% volume fraction of L12 phase has precipitated in the FCC matrix (green curve 

in Fig. 7a). This finding is corroborated by our experimental observations, with the 

presence of a large L12 volume fraction after quenching (Fig. 4a).  

From these simulations, we established the isothermal TTT diagram displayed in 

Fig. 6b. The latter indicates that 99% of the equilibrium L12 volume fraction is formed 

within ~100s for temperatures ranging from 850°C to 950°C (Fig. 6b for the TA4 

alloy). Therefore, the equilibrium L12 volume fraction is reached very quickly during 

isothermal aging and the increase in size observed experimentally during aging is 

mainly related to coarsening (during which the L12 volume fraction remains nearly 

constant). 

 

Figure 6: Simulation of L12 precipitation in the TA4 alloy. (a) Evolution of the L12 volume fraction 

during cooling from 1150°C to room temperature in 1s, 5s, 15s, 30s, 50s and 720s. The experimental 

quenching rate was estimated as 1350°C/min, corresponding to a cooling time of 50s (green curve). 
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(b) Calculated isothermal TTT diagram showing the start (1%), mean (50%), and end (99%) of L12 

precipitation. 

 

Using the results of the 50s simulation as inputs, we subsequently simulated the 

evolutions of L12 volume fraction upon isothermal aging at different temperatures. 

The evolutions of the experimental and simulated average diameters with annealing 

time are shown in Fig. 7. Overall, the experimental data are well reproduced by TC-

Prisma simulations except for TA6 at 850°C and TA5 at 950°C for intermediate aging 

times. TA6 and TA7 exhibit a very similar coarsening behavior at the three 

investigated temperatures. At 950°C (Fig. 7b), TA4 is predicted to have larger 

precipitates than the other alloys, which is also supported by the experimental 

results. 

 

Figure 7: Comparison of the temporal evolutions of the average precipitate diameter predicted by TC-

Prisma (lines) and experimental values (symbols). (a) TA6 and TA7 at 850°C and 900°C. (b) TA4, 

TA5, TA6 and TA7 at 950°C. 
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3.4 Coarsening kinetics at different temperatures 

As coarsening is the primary operating mechanism during aging, the power-law 

exponent can be determined by fitting equation (1) to the experimental values shown 

in Fig. 8. The obtained n-values are reported in Fig. 8 for each alloy and annealing 

temperature. 

 

Figure 8: Power-law fits (lines) of experimental data (symbols) with respect to equation 1. (a) TA6 and 

TA7 at 850°C and 900°C. (b) TA4, TA5, TA6 and TA7 at 950°C. The refined n-values are provided in 

the legend. 

Given experimental and fitting uncertainties, n is close to 3 at the exception of TA6 at 

850°C, regardless of alloy composition and aging temperature. Therefore, the trans-

interface diffusion-controlled coarsening mechanism can already be ruled out since 

none of the power-law exponents are close to 2. Overall, we can reasonably assume 

that n = 3, corresponding to a coarsening process limited by bulk diffusion in the FCC 

matrix. Double logarithmic plots of d3 versus aging time in Fig. 9 thus yield straight 

lines (generally for t > 1h when d3 >> d0
3) with a slope of one and ordinates at t = 1h 

related to the coarsening rates (K in equation (1)), e.g. at t = 1h, d3 = 3.2 × 105 nm3, 

corresponding to K = 8.9 × 10-26 m3/s. In terms of coarsening resistance, TA6 and 
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TA7 behave similarly at all temperatures and perform better than TA4 and TA5 at 

950°C. 

 

Figure 9: Power-law fits (lines) of experimental data (symbols) with respect to equation 1 and using n 

= 3. (a) TA6 and TA7 at 850°C and 900°C. (b) TA4, TA5, TA6 and TA7 at 950°C. 

  

The analysis of three temperatures for TA6 and TA7 allows the determination of the 

apparent activation energy for coarsening. By fitting a straight line through the ln(KT)-

versus-1/T data in Fig. 10, the apparent activation energies are similar for both alloys 

with QTA6 = 352 ± 29 kJ/mol and QTA7 = 360 ± 9 kJ/mol.  
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Figure 10: Arrhenius plot and determination of the activation energy for L12 coarsening in TA6 and 

TA7. 

 

4. Discussion 

4.1 Comparison between experimental and calculated results 

4.1.1 Chemical composition 

Chemical compositions of both FCC and L12 phases in TA5 (950°C / 1.5h) and TA6 

(850, 900, 950°C / 1.5h) have been determined experimentally with APT. The 

obtained results are compared with equilibrium compositions calculated using the 

TCHEA3 database in Fig. 11. 

 

Figure 11: Comparison of the chemical compositions obtained with APT and equilibrium values 

computed with the TCHEA3 database for TA5 and TA6 at annealed at various temperatures. Open 
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and filled symbols refer to L12 and FCC concentrations, respectively. The dashed line with a slope of 

one and going through the origin represents the equality of computed and experimental values. 

Computed and experimental compositions are in good agreement and the maximum 

deviation is not greater than 2 at.%. Equilibrium chemical compositions computed 

with the TCHEA3 database thus represent a very good approximation of 

experimental compositions during coarsening.  

4.1.2 Volume fractions 

Volume fractions are difficult to measure accurately using TEM in alloys with 

moderate to high volume fractions. However, assuming that both phases have similar 

molar volumes, the chemical compositions measured by APT can provide an 

approximate volume fraction of precipitates using a lever rule (Table 3). 

Table 3: Volume fraction of L12 precipitates for the samples annealed for 1.5h, calculated for each 
element using experimental compositions of the phases determined by APT. Also shown are the 
average L12 volume fractions as well as those computed using Thermo-Calc. 

       L12 volume fractions 

 
Al Ti Cr Fe Co Ni Average TCHEA3 

TA6 (850°C) 36% 40% 42% 48% 37% 47% 43% 45% 

TA6 (900°C) 32% 37% 37% 45% 33% 44% 40% 42% 

TA6 (950°C) 30% 36% 42% 43% 26% 43% 38% 38% 

TA5 (950°C) 25% 31% 34% 33% 26% 35% 32% 35% 

 

Table 3 shows that the volume fractions calculated with the TCHEA3 database are in 

good agreement with the experimental values determined by APT. 

4.1.3 Potential effect of composition on interfacial energy 

As shown previously, TC-Prisma simulations, which neglect any effect of lattice misfit 

on the L12 coarsening kinetics, can reasonably describe the PSD evolution with time 

and temperature (Fig. 5). The shape of the PSDs shows that Ostwald ripening is 

occurring with a negligible amount of coalescence between precipitates, which is 

known to widen the PSDs and introduce a positive skewness [37,38]. The deviations 

observed between the simulations and experimental results can be explained, at 

least partially, by the chosen value of the interfacial energy  , which was taken as 10 

mJ/m2 for all simulations. It is well known that   changes with temperature and 

composition [35,39,40], thus affecting the coarsening rate K (eq. 2). The interfacial 

energy is usually calculated from experimental coarsening data, assuming ideal 
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behavior of the solid solution. However, calculating the interfacial energy that way 

can lead to overestimated values, as pointed out by Calderon et al. [15]. 

The interfacial energy is a key input parameter of all thermo-kinetic calculations. In 

other words, one needs predictive tools to estimate the interfacial energy. The 

analysis by nearest neighbors and the broken bond model are often used to calculate 

its magnitude [35] but can lead to contradictory results [34].  

In their study, Fahrmann and Metzler used TC-Prisma with different interfacial energy 

values to match their experimental results [41]. In our case, the coarsening rates 

(Kmodel) were simulated assuming    10 mJ/m2. Considering that K is directly 

proportional to   (equation 2), the latter could be corrected to better fit our 

experimental results (Kexp in Table 4). 

 

Table 4: Experimental and computed (   10 mJj/m
2
) coarsening rates at 950°C. The corrected 

interfacial energies are calculated from the comparison with experimental results, according to 
equation 2. 

Alloy 
Kmodel 

(× 10-27 m3/s) 
Kexp 

(× 10-27 m3/s) 
Ratio 

Corrected   
(mJ/m2) 

TA4 63.8 89.0 1.39 13.9 

TA5 33.2 62.4 1.88 18.8 

TA6 37.9 47.7 1.26 12.6 

TA7 37.9 48.7 1.28 12.8 

 

Within this approximation and by considering the experimental errors, the alloys have 

interfacial energies comprised between 10 and 20 mJ/m2 (Table 4). These values are 

in the lower end of standard Ni-based superalloys [35]. 

Liu et al. showed, using first-principles calculations, that the substitution of Al by Ti in 

Ni3Al is correlated with a higher interfacial energy [39], which is consistent with 

experimental literature data on superalloys [35,42]. The higher Ti/Al ratio in the L12 

phase of TA5 compared to TA6 (Table 1) might thus be responsible for the higher 

interfacial energy of the former, resulting in a higher coarsening rate. However, it is 

not clear whether this result can be extended to more complex alloys, such as that of 

the present study. Systematic studies like the one conducted by Liu et al. [39] are 

thus needed in the complex compositional space of multicomponent alloys in order to 

provide a definitive answer. 
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4.2 Influence of misfit on coarsening 

All models presented in section 2.2 assume that the driving force for coarsening 

corresponds to the minimization of interfacial energy. However, in stressed systems, 

the minimization of elastic energy due to a difference in lattice parameters between 

matrix and precipitates can act as an additional driving force, thus altering the 

amplitude of the power law [43–45]. The effect of lattice misfit on coarsening kinetics 

of L12 precipitates in a FCC matrix is complex. When the lattice mismatch is small, 

the elastic stresses should not alter the value of the coarsening rate constant [15]. Li 

et al. identified a misfit threshold of ~0.4% in Ni-based superalloys, above which the 

lattice misfit starts to significantly affect the coarsening behavior [35]. The origin of 

such behavior could be related to the effect of coherency strains on interfacial 

energy, which would influence the driving force for coarsening. In L12-strengthened 

CCAs, He et al. have evidenced that an increase in lattice misfit results in an 

increase of the coarsening kinetics [11]. A similar trend was already observed by 

Conley et al. in the Ni–Al–Mo system [46]. However, there is no definitive proof that 

the difference in coarsening rate is caused by the change in lattice misfit since the 

slight change in chemical composition to obtain it can have a significant impact on 

the interfacial energy (section 4.1.3). 

The morphological characteristics of misfitting precipitates are governed by the 

interplay between interfacial energy and the minimization of strain energies arising 

from lattice mismatch between the precipitate and the matrix. In the absence of 

elastic stress, the equilibrium shape of a particle is primarily determined by the 

interfacial energy, resulting in a spherical morphology. However, with the progression 

of precipitate coarsening, the relative influence of elastic energy on the overall 

energy increases, impacting the equilibrium shape [47]. Due to the elastic anisotropy 

of FCC solid solutions, the particles will develop regions of high curvature along the 

elastically hard <110> directions and regions of low curvature along the <100> 

directions. Consequently, one anticipates a gradual transition from a spherical 

morphology to a cubic one as the particle size increases, with a transition occurring 

for lower sizes in the case of higher misfits. From the TEM analyses of the 

precipitates in Fig. 4, TA6 and TA7 are expected to have higher misfits than TA4 and 

TA5 since the L12 precipitates exhibit a more pronounced cubic morphology.  
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Experimental values determined by XRD at room temperature confirm this tendency 

after 403-h anneals at 900°C (Table 5), i.e., the coherency across the FCC/L12 

interfaces results in compressive and tensile stresses in the L12 and FCC phases, 

respectively, the magnitude of which increases in the order TA4 < TA5 < TA6 < TA7. 

Recently, Llewelyn et al. showed that, the misfit is expected to decrease with 

increasing temperatures in (Ni, Co)-based superalloys, which share many common 

features with the present alloys [48]. The misfit during coarsening is thus expected to 

be lower than that measured at room temperature. 

As the hydrostatic compressive stresses within the L12 precipitates increases with 

increasing the interfacial energy through the Gibbs-Thomson effect and that the 

lattice misfit introduces additional compressive stresses at the interface, one may 

anticipate that the latter contributes to accelerate the coarsening kinetics (as was 

evidenced by He et al. [11]). Since our results show the opposite trend (the 

coarsening kinetics in our TA alloys decreases with increasing lattice misfit), we 

consider that the lattice misfit does not significantly contribute to the coarsening 

kinetics and that other factors govern the coarsening kinetics, as will be addressed in 

section 4.5. 

Table 5: Experimental lattice parameters and misfits of the alloys determined with XRD at room 
temperature after heat treatment at 900°C during 403h. The uncertainty on the given misfit values is 
estimated to be lower than 30%. 

  aFCC (nm) aL12 (nm) misfit (%) 

TA4 0.3588 0.3602 0.37% 

TA5 0.3589 0.3606 0.54% 

TA6 0.3578 0.3600 0.61% 

TA7 0.3577 0.3600 0.64% 

 

Table 6: Activation energy for coarsening (Q), coarsening rate (determined with precipitate diameters) 
Kd, aging temperature T, volume fraction Vf and volume-fraction-corrected coarsening rates (Kd (Vf = 
0)) using the model of Glicksmann et al. [30]. The volume fractions given for the alloys of this study 

were calculated using the TCHEA3 database. 
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Alloy 
Q 

(kJ/mol) 
Kd (m

3
/s) T (°C) Vf (%) Kd (Vf = 0) Ref. 

Al7.5Ti5Cr13.1Fe17.5Co4.4Ni52.5 (TA4)   8.9 × 10
-26

 950 30 3.5 × 10
-26

 This work 

Al5Ti7.5Cr13.1Fe17.5Co21.9Ni35 (TA5) 

 
  6.2 × 10

-26
 950 35 2.4 × 10

-26
 This work 

Al5.5Ti7Cr13.1Fe8.8Co25.2Ni40.4 (TA6) 352 2.0 × 10
-27

 850 45 7.0 × 10
-28

 This work 

  
1.3 × 10

-26
 900 42 4.6 × 10

-27
 

 

    4.8 × 10
-26

 950 38 1.8 × 10
-26

 

 Al4.5Ti8Cr13.1Fe8.8Co37.6Ni28 (TA7) 360 2.3 × 10
-27

 850 43 8.2 × 10
-28

 This work 

 
 

1.1 × 10
-26

 900 39 4.0 × 10
-27

 

 
    4.9 × 10

-26
 950 34 1.9 × 10

-26
 

 
Al13.6Ni86.4 278 1.0 × 10

-29
 600 - - [49] 

 
 

1.1 × 10
-27

 725 - - 

 

 
 

4.6 × 10
-27

 775 - - 

 

 
 

9.3 × 10
-27

 800 - - 

 
    2.3 × 10

-26
 825 - - 

 Al9.7Cr17.6Ni72.7 336 4.9 × 10
-28

 750 40 1.8 × 10
-28

 [50] 

 
 

3.4 × 10
-27

 800 35 1.3 × 10
-27

 

 
    1.5 × 10

-26
 850 23 6.5 × 10

-27
 

 Al10Co80W10 295 5.6 × 10
-28

 800 - - [51] 

    1.1 × 10
-26

 900 - - 

 
Inconel 939 266 2.7 × 10

-28
 750 - - [52] 

 
 

1.7 × 10
-27

 810 - - 

 

 
 

4.2 × 10
-27

 870 - - 

 
    2.4 × 10

-26
 930 - - 

 CMSX-4 272 3.1 × 10
-27

 850 - - [53] 

 
 

9.9 × 10
-27

 900 - - 

 

 
 

2.0 × 10
-26

 925 - - 

 

 
 

3.2 × 10
-26

 950 - - 

 Al8Ti2.6Cr13.6Co20.1Ni51Mo3.2Ta1.3  
1.2 × 10

-26
 900 38 4.4 × 10

-27
 [34] 

Al6.7Ti2.5Cr17.8Co20.1Ni48.4Mo3.1Ta1.3  
9.9 × 10

-27
 900 35 3.8 × 10

-27
 

 
Al4Ti2Cr23.5Fe23.5Co23.5Ni23.5 276 4.8 × 10

-29
 750 25.5 2.0 × 10

-29
 [8] 

 
 

8.7 × 10
-29

 775 17.5 4.1 × 10
-29

 

 

 
 

1.8 × 10
-28

 800 12.7 9.1 × 10
-29

 

 
    4.1 × 10

-28
 825 10.1 2.2 × 10

-28
 

 Al0.1Ti0.2CrFeCoNi2   2.0 × 10
-28

 800 18.6 9.2 × 10
-29

 [11] 

Al0.15Ti0.15CrFeCoNi2  
1.5 × 10

-28
 800 15.1 7.3 × 10

-29
 

 
Al0.2Ti0.1CrFeCoNi2   1.5 × 10

-28
 800 12.9 7.6 × 10

-29
 

 Al9.9Ti3.5Cr5.9Co37.6Ni35.4Mo4.9Ta2.8 360 1.7 × 10
-26

 900 - - [13] 

 
 

1.1 × 10
-25

 950 - - 

 
    3.1 × 10

-25
 1000 - - 

 Al7.8Ti7.2Cr12.2Fe0Co20.6Ni52.2   2.3 × 10
-26

 900 65 - [10] 

Al7.8Ti7.2Cr12.2Fe5Co20.6Ni47.2  
2.7 × 10

-26
 900 60 - 

 
Al7.8Ti7.2Cr12.2Fe11.5Co20.6Ni40.7   3.6 × 10

-26
 900 60 - 
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4.3 Comparison with alloys reported in the literature 

To compare the results found in the literature with those of the current study, the 

coarsening rates from the literature were corrected using the following relationships: 

        and    
 
  
    , where Kd, Kr, and Ka are the coarsening rates 

measured with the diameter, radius of rounded precipitates, and edge length of cubic 

precipitates, respectively. It is however worth noting that the apparent activation 

energy for coarsening does not depend on the measurement method. Coarsening 

data for binary and ternary alloys, superalloys, and CCAs are summarized in Table 6. 

To allow a fair comparison between the results reported in the literature, the 

equivalent coarsening rate at zero-volume fraction (Kd (Vf = 0)) is calculated using 

equation (5) in Table 6. Here, binary and ternary alloys are found to have higher 

coarsening rates than complex concentrated alloys. For instance, at 850°C, TA6 and 

TA7 exhibit Kd (Vf = 0)-values almost an order of magnitude lower than those of the 

ternary Al9.7Cr17.6Ni72.7 alloy. However, it should be noted that the coarsening rates of 

CCAs are comparable to those of Ni-based and (Ni,Co)-based superalloys, even in 

the absence of refractory elements, which can considerably improve the coarsening 

resistance [54]. 

The study conducted by Meher et al. [34] is of particular interest, since the chemical 

compositions of their alloys (Al8Ti2.6Cr13.6Co20.1Ni51Mo3.2Ta1.3 and 

Al6.7Ti2.5Cr17.8Co20.1Ni48.4Mo3.1Ta1.3 in Table 6) are comparable to that of TA6 

(Al5.5Ti7Cr13.1Fe8.8Co25.2Ni40.4). Surprisingly these three alloys exhibit similar 

coarsening rates at 900°C despite the absence of refractory elements in the present 

studies. This result illustrates that the control of CCAs’ composition may help to 

reduce the cost and density of alloys without any loss in coarsening resistance. 

 

B0.1Al6Ti6Cr15Fe13Co30Ni29.9 378 2.8 × 10
-28

 800 - - [14] 

 
 

1.1 × 10
-26

 900 - - 

 
    1.8 × 10

-25
 1000 - - 
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4.4 Effect of Fe content and Ni/Co ratio on coarsening kinetics in CCAs 

In the present study, the effect of Fe content on coarsening kinetics can be assessed 

by comparing the K-values of TA5 and TA6, the Ni/Co ratio being similar in the two 

grades. Here, our results clearly provide evidence that an increase in Fe content is 

correlated with an increase in the coarsening rate at 950°C, in line with results 

reported in the literature [10,55]. On the other hand, the impact of Ni –Co 

substitutions – which are here accompanied by Al–Ti substitutions to keep the alloy 

microstructure within the stable FCC+L12 domain [7] – is noticeable at higher Fe 

content. Therefore, a significant decrease in the coarsening rate is found between 

TA4 and TA5 at 950°C, with [Fe] = 17.5 at.%, and for which Ni is highly substituted to 

Co. The same tendency is, however, not observed in TA6 and TA7 with [Fe] = 8.8 at. 

%, the coarsening rates of these two alloys being similar.  

 

4.5 Correction of the apparent activation energies for the L12 coarsening 

kinetics 

The activation energies (Q) for diffusion of elements in similar FCC-structured 

systems are given in Table 7. The apparent Q-value for coarsening in TA6 and TA7 

(~360 kJ/mol) is 12-57% higher than those of bulk diffusion (~230-320 kJ/mol). Other 

authors have also reported surprisingly high apparent activation energies for 

coarsening in CCAs (Table 6).  

Table 7: Activation energies for bulk diffusion of different species in Ni and various CCAs. 

Species Alloy Measure Q (kJ/mol) Ref. 

Cr (NiCoFeCr)92Al8 tracer 283 [56] 

Fe (NiCoFeCr)92Al8 tracer 280 
 Co (NiCoFeCr)92Al8 tracer 229 
 Ni (NiCoFeCr)92Al8 tracer 227 
 Cr NiCoFeCr tracer 323 [57] 

Fe NiCoFeCr tracer 303 
 Co NiCoFeCr tracer 240 
 Ni NiCoFeCr tracer 253 
 Cr Ni-22Cr tracer 279 [58] 

Ti Ni interdiffusion 275 [59] 

Cr Ni interdiffusion 289 
 Co Ni interdiffusion 282 
 Al Ni interdiffusion 268 [60] 
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Yang et al. suggested that their high apparent activation energy for coarsening 

results from a sluggish-diffusion behavior in the FCC matrix [14]. However, we rather 

believe that this high value results from the estimation of Q for coarsening using an 

Arrhenius-type fit. Indeed, the temperature dependence of the coarsening rate K can 

be written as: 

  
  
 
    

  

  
                                                                   

where K0 is a term usually considered to be temperature-independent, T is the 

temperature, Q is the apparent activation energy for coarsening, and R is the gas 

constant. The fit of equation 6 to coarsening kinetics data only yields the "true" 

activation energy when K0 remains temperature-independent in the investigated 

temperature range. As the latter is usually not fulfilled in practice, the apparent 

activation energies must be corrected. Even in the most straightforward cases, 

considering an ideal solid solution with low volume fractions of precipitates and the 

existence of a single rate-limiting species p, K0 is obtained by combining equations 

(3) and (6) as: 

   
     

  
       

 
     

 
 

      
  
   

 
  

                                                          

If the temperature dependence of K0 is weak, then the activation energy for 

coarsening Q will be close to the activation energy for diffusion of species p (Qp). It is 

clear from equation (7) that, even in the simple case presented here, K0 can have a 

strong temperature dependence.  

The assessment of the existence of a rate-limiting species can be helpful in 

understanding the impact of nominal composition changes on coarsening rates. In 

the coarsening process, the rate-limiting element p is the one that minimizes the 

product of the diffusion coefficient    with a composition-dependent term    

   
      

  

   
 
   

   
 (equation 3).  The values of these terms are given in Table 8 for the TA5 and 

TA6 alloys at 950°C. To the author’s knowledge, no experimental data for diffusion 

are available for FCC solid solutions in the senary Al–Ti–Cr–Fe–Co–Ni system for 

temperatures close to 950°C. Chen et al. have determined diffusion coefficients at 

1200°C in alloys with compositions close to the FCC matrix of TA5 using the inverse 
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numerical method [61]. However, the temperature dependence was not studied. 

Hence we used the diffusion coefficients determined by Dąbrowa et al. in Al–Cr–Fe–

Co–Ni alloys [56]. These values should be taken with care as they do not incorporate 

the diffusivities of Al and Ti. Nonetheless, they allow a comparison of the impact of 

Cr, Fe, Co, and Ni on the coarsening rate in both alloys. Of these four elements, Ni 

has the lowest       product, which is almost one order of magnitude lower than 

that of the second lowest, obtained for Cr (Table 8). 

Table 8: Matrix and precipitate concentrations determined with APT measurements for the TA5 alloy 
after the 950°C/1.5h heat treatment and diffusion coefficient extrapolated from Ref. [56]. 

    
  (at. %)   

 
 (at. %)       (m

2
/s)       

TA5 
(950°C) 

Al 4.1 7.7 30.3 - - 
Ti 3.4 16.8 1.8 - - 
Cr 19.1 1.6 5.0 1.6 × 10

-16
 7.9 × 10

-16
 

Fe 23.8 4.9 5.1 1.4 × 10
-16

 7.3 × 10
-16

 
Co 23.9 16.2 30.7 1.5 × 10

-16
 4.7 × 10

-15
 

Ni 25.6 52.6 2.6 3.8 × 10
-17

 9.9 × 10
-17

 

TA6 
(950°C) 

Al 3.8 9.5 11.3 - - 
Ti 2.4 15.2 1.4 - - 
Cr 21.0 2.0 4.4 1.6 × 10

-16
 7.0 × 10

-16
 

Fe 13.6 2.4 9.4 1.4 × 10
-16

 1.3 × 10
-15

 
Co 29.9 15.8 10.5 1.5 × 10

-16
 1.6 × 10

-15
 

Ni 29.2 55.5 3.0 3.8 × 10
-17

 1.1 × 10
-16

 

 

The impact of Al on the coarsening rate in the TA5 alloy should be limited since 

XAl = 30.3 is very high compared to those of the other elements (Table 8). 

Concerning Ti, Chen et al. [61] showed that Ti and Ni have similar diffusion 

coefficients at 1200°C. Overall, it seems that both Ni and Ti could be rate-limiting 

species in the coarsening process of the L12 phase, originating from both a low 

diffusion coefficient in the FCC matrix and a large difference in concentration 

between the FCC matrix and precipitates. The same analysis can be carried out for 

the other alloys using the calculated chemical compositions given by the TCHEA3 

database. This analysis leads to the same conclusion for TA4 and TA7, with XTi being 

even smaller at lower temperatures. 

To correct the apparent activation energies for coarsening, all parameters leading 

to a variation of K0 with temperature must be considered individually. In order to do 

so, the different contributions to   
        

      were estimated (see equation 7) and are 

listed in Table 9. For instance, the contribution of the L12 volume fraction to this ratio 

is estimated from equations 4 and 5 and is expressed as     
  
          

  
         

 with      
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        . The impact of volume fraction could very well be neglected since it has 

been shown that in the presence of coherency stress, the coarsening rate remains 

constant for intermediate volume fractions (20-50%) [44,62], which is our case. 

However, since it is not clear whether the lattice mismatch has a significant influence 

on coarsening, the analysis will be carried out with the case that favors a decrease of 

the activation energy. The temperature-dependence of the Hessian of the matrix can 

be readily neglected: the reader is referred to the supplementary material for more 

details. As the investigated temperature interval is narrow, the contribution of thermal 

expansion is very small and   
  

(950°C)/   
  

(850°C) ≈ 1. As a first approximation, the 

interfacial energy evolution with temperature was taken as equal to that reported for 

the binary Ni–Al system [40], leading to σ(950°C)/σ(850°C) ≈ 0.9. The ratio   
      

  
      of the ith element was computed using Thermo-Calc and the corresponding 

values are listed in Table 9. Here, the ratio of the composition dependent parameters 

for the rate-limiting diffusing element Ti is significant (1.79 <    
         

      < 2.79), 

thus revealing that the temperature dependence of Ti partitioning between the FCC 

and L12 phases strongly affects the temperature dependence of K0 in equation 7, 

which in turn results in overestimated apparent activation energies by ~22% for 

coarsening (Fig. 12). 

 

Table 9: Ratios of the parameters affecting the temperature dependence of K0. In other words, the 

  
     /  

      ratio is proportional to the following ratios. 

 

TA4 
(calculated

) 

TA5 
(calculated

) 

TA7 
(calculated

) 

TA6 
(calculated

) 
TA6 (APT) 

    0.914 0.931 0.925 0.945 0.952 

  
  

(950°C)/   
  

(850°C) ≃1 

σ(950°C)/σ(850°C) < 1 (≃0.9) 

Hessian ratio 1 (ideal solid solution) 

   
         

      2.21 2.53 2.39 2.37 2.26 

   
         

      2.79 2.55 2.02 2.32 1.79 

   
         

      1.21 1.23 1.27 1.20 1.03 

   
         

      1.24 1.30 1.43 1.27 1.24 

   
         

      1.24 1.15 1.16 1.20 1.58 

   
         

      1.64 1.81 1.66 1.59 1.42 

 

In other words, considering that Ti is the rate-limiting species in TA6, the correction of 

its apparent activation energy for L12 coarsening (352 ± 29 kJ/mol) yields an 
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approximate value of the activation energy for diffusion of 306 ± 23 kJ/mol and 

282 ± 19 kJ/mol using the APT data and the Ti concentrations in the FCC and L12 

phases computed using Thermo-Calc, respectively. These latter two values do not 

significantly differ from each other’s and the average is well within the limits expected 

for bulk diffusion (Table 7). 

To conclude, the high apparent activation energy for coarsening in TA6 and TA7 

results from a high partitioning of Ti to the L12 precipitates. This phenomenon is 

promoted by increases in Fe and Cr concentrations, which tend to lower the Ti 

solubility in the FCC matrix [7] and increase its temperature dependence. 

 

4.6 Physical meaning of the apparent activation energy for coarsening 

The analyses presented in section 4.5 show that the comparison of activation energy 

for coarsening with that for diffusion is not straightforward. For instance, the 

temperature dependence of several parameters must be accounted for to correct the 

apparent activation energy for coarsening (Q) and retrieve the activation energy for 

diffusion. Therefore, the sluggish-diffusion argument that was often claimed in the 

literature to rationalize the abnormally high Q-values in CCAs are irrelevant and 

should not be used as a blanket statement. It is underlined that the sluggish-diffusion 

was also questioned in single-phased HEA [63,64]. Furthermore, the Q-values should 

not be used to determine the rate-limiting species if a thorough analysis of the 

parameters relevant to coarsening is not made. In our senary alloys from the Al–Ti–

Cr–Fe–Co–Ni system, we identified that the temperature dependence of the FCC and 

L12 compositions is the main reason for the abnormally high Q-values. However, the 

limiting point of this correction is the use of reliable thermodynamic databases to 

compute the volume fraction of phases and their compositions. 

 

5. Conclusions 

The coarsening kinetics of L12 precipitates were investigated in four model alloys to 

highlight the role of chemical composition: Al7.5Ti5Cr13.1Fe17.5Co4.4Ni52.5 (TA4), 

Al5Ti7.5Cr13.1Fe17.5Co21.9Ni35 (TA5), Al5.5Ti7Cr13.1Fe8.8Co25.2Ni40.4 (TA6), and 

Al4.5Ti8Cr13.1Fe8.8Co37.6Ni28 (TA7). Our findings can be summarized as follows: 
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1. Thermodynamic calculations with the TCNI9 and TCHEA3 thermodynamic 

databases are in reasonable agreement with APT measurements of the FCC 

and L12 compositions, indicating that the former is appropriate for thermo-

kinetic modelling. 

2. The mean size of L12 precipitates increases with time following a power law 

with a time exponent of 3 in the investigated temperature range (850-950°C), 

indicating that bulk diffusion in the FCC matrix is the rate-controlling 

phenomenon that governs the coarsening kinetics of the L12 precipitates in all 

alloys. 

3. Thermo-kinetic modeling using the TC-Prisma module, the TCNI9 

thermodynamic database, and MOBNI4 mobility database reproduce the 

experimental results reasonably well with an interfacial energy taken as 

10 mJ/m2. This agreement suggests that the coarsening kinetics in CCAs is 

not sluggish as often claimed in the literature. 

4. The TA6 and TA7 alloys with 8.8 at.% Fe exhibit lower coarsening rates at 

950°C than the TA4 and TA5 alloys with a higher Fe concentration of 17.5 

at.%. This effect may result from several contributions: a decrease of the 

lattice misfit combined with an increase of the interfacial energy between the 

FCC and L12 phases. Another possibility is that the interdiffusion coefficient of 

the CCA increases with Fe additions, but further work is still required to 

investigate this hypothesis. 

5. The TA6 and TA7 alloys have similar coarsening rates between 850 and 

950°C, suggesting that Co–Ni and Ti–Al substitutions do not influence the 

coarsening behavior in the considered concentration range, namely 

intermediate Ni/Co ratio, 13.1 at.% Cr and 8.8 at.% Fe. 

6. The coarsening rate of TA4 is higher than that of TA5 at 950°C suggesting 

that the substitution of Ni by Co and Al by Ti lowers the coarsening rate of L12 

precipitates in the corresponding concentration range, namely high Ni/Co ratio, 

13.1 at.% Cr and 17.5 at.% Fe. 

7. If we assume that all four alloys have the same rate-limiting species, as 

suggested by the present analysis, the differences in coarsening rates could 

be the result of a higher partitioning coefficient of Ti and/or Ni in the presence 

of Cr and/or Fe in CCAs. 
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8. The coarsening rates of the best-performing alloys (i.e., TA6 and TA7) are 

similar to those of Ni-based superalloys. 

9. The apparent activation energies for coarsening were determined to be 

abnormally high in TA6 and TA7: QTA6 = 352 ± 29 kJ/mol and QTA7 = 360 ± 9 

kJ/mol. When the temperature dependences of the FCC and L12 compositions 

are accounted for, the corrected activation energies for coarsening are 

comprised between 280 and 300 kJ/mol, which are in much better agreement 

with the activation energies for diffusion of Ni and Ti in the CCAs, which 

diffusion is suspected to be rate controlling. 

Our experimental results suggest that thermo-kinetic tools such as Prisma are 

very effective and could be used to design alloys. The use of this tool in addition 

to analytical models offers a complementary approach, allowing to obtain a good 

compromise between thermodynamic stability, low coarsening rates and costs by 

tailoring the chemical composition. However, further work is required to evaluate 

the influence of chemical composition on the interfacial energy between matrix 

and precipitates and interdiffusion coefficients in the matrix, which are key to the 

coarsening process. 
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