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Abstract 9 

The α - α phase separation kinetics in a commercial Fe-20 wt% Cr-6% Al oxide dispersion-strengthened PM 10 

2000TM steel has been characterized with the complementary techniques of atom probe tomography and 11 

thermoelectric power measurements during isothermal ageing at 673, 708, and 748 K for times up to 3600 12 

h. A progressive decrease in the Al content of the Cr-rich phase was observed at 708 and 748 K with 13 

increasing time, but no partitioning was observed at 673 K. The variation of the volume fraction of the α 14 

phase well inside the coarsening regime, along with the Avrami exponent of 1.2 and activation energy of 15 

264 kJ mol-1, obtained after fitting the experimental results to an Austin – Rickett type equation, indicates 16 

that phase separation in PM 2000TM is a transient coarsening process with overlapping nucleation, growth, 17 

and coarsening stages.  18 
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Introduction 23 

The Fe-Cr-Al oxide dispersion strengthened (ODS) ferritic steels are manufactured by a complex powder 24 

metallurgy route. Due to their high creep rupture strength and excellent swelling resistance, many ODS 25 

ferritic steels are under developments for several types of nuclear reactors, such as sodium fast reactors 26 

(SFR) or super critical water reactors (SCWR) [1-2]. For such applications, these alloys face severe 27 

embrittlement problems because their service temperature lies in the range of 373-823 K. In this 28 

temperature range, the response of the material to extreme conditions (high temperature, irradiation as 29 

the origin of swelling and corrosion) is partly determined by the extent of the α - α phase separation. Thus, 30 

in the last few years, the binary Fe–Cr model alloys have been the focus of significant basic research [3-8]. 31 

In the present study, atom probe tomography (APT) and thermoelectric power (TEP) measurements were 32 

used to monitor the kinetics of Cr diffusion during the α-α phase separation process. APT is a unique 33 

technique that provides highly accurate quantitative data regarding the evolution of phase composition, 34 

size, morphology, and number density, in the nm-scale size range during the α - αphase separation. TEP 35 

provides macroscopic volumetric information of the response of a material to ageing treatments and is also 36 

a powerful method to study the dissolution process of carbides in steels, as this technique is very sensitive 37 

to the amount of atoms in solid solution in iron [9-10]. Therefore, the combination of TEP and APT was 38 

used to determine not only the composition of the phases involved, but the kinetic parameters needed to 39 

characterize the α - α phase separation during ageing (isothermal heat treatment) of PM 2000TM ODS alloy. 40 

Isothermal reactions allow a detailed analysis of ’-phase precipitation kinetics from the direct fit of the 41 

data to the Johnson-Mehl-Avrami-Kolmogorov (JMAK) [11-13] and Austin-Rickett (AR) [14] relations. From 42 

these analyses, kinetic parameters, such as the so-called Avrami exponent and the activation energy, can 43 

be calculated to provide significant understanding of the nucleation and growth process of ’ precipitates.  44 

Material and experimental procedure 45 

PM 2000TM is a yttria dispersion strengthened, mechanically alloyed, ferritic alloy containing ~20 wt.% 46 

chromium and 5% aluminum for oxidation and corrosion resistance, respectively. The chemical composition 47 



of the commercial purity PM 2000TM used in this study, as determined by X-ray fluorescence, is given in 48 

Table 1. After mechanical alloying, the alloyed powder is canned, hot-extruded, and hot rolled into bar. The 49 

PM 2000TM alloy used in this study was provided by PLANSEE GmbH in the form of as-rolled tubes. The 50 

microstructure of the as-extruded and hot rolled alloy condition consists of an elongated and fibrous 51 

structure, as reported elsewhere [15], with fine (~0.5m) grains of ferrite slightly elongated in the 52 

extrusion (and rolling) direction. The alloy exhibits a weak <110> texture. Furthermore, the microstructure 53 

contains a distribution of aluminum-yttrium oxides with an average size of 20 nm [16]. Heat treatments at 54 

673, 708 and 748 K for times ranging from 10 to 3600 hours were perfomed to track the α-α’ phase 55 

separation process. 56 

The principle of TEP is based on the Seebeck effect. If a metal sample is subjected to a temperature 57 

gradient ΔT, then a voltage difference ΔV is generated across the sample due to the Seebeck effect. For a 58 

low thermal gradient, the relationship ΔV = ΔS·ΔT holds, where the Seebeck coefficient, ΔS, is the 59 

difference between the TEP of the sample (ΔS1) and the TEP of the reference metal (ΔS0). Schematic 60 

representations of the TEP measurement apparatus are given elsewhere [17-18]. The experimental 61 

procedure of the TEP measurement is the following: the sample is pressed between two blocks of a 62 

reference metal (in this case, pure copper). One of the blocks is held at 15 °C, whereas the other is held at 63 

25 °C to obtain the ΔT. The ΔV generated is recorded instantaneously and precisely (to approximately 64 

±0.5%). The resolution is of the order of 0.001 μV/K. 65 

Atom probe tomography specimens were cut from the bulk material and electropolished with the standard 66 

double layer and micropolishing methods. For some specimens, a focused ion beam (FIB) technique was 67 

used in the final stage of specimen preparation. Atom probe analyses were performed in voltage mode in 68 

the ORNL local electrode atom probes (LEAP® 2017 and 4000X HR) manufactured by Cameca Instruments. 69 

The LEAP® was operated in voltage mode with a specimen temperature of 60K in order to mitigate the 70 

preferential field evaporation process of chromium atoms, a pulse repetition rate of 200 kHz, and a pulse 71 

fraction of 0.2. Only data sets with more than 2.5 million atoms were used to ensure that the reconstructed 72 



volume of material is sufficient to characterize the α - α phase separation. The treatment of the data is 73 

performed with standard APT analysis tools [19]. 74 

Thermodynamic model for phase separation 75 

Calculations to determine the miscibility gap and spinodal region in Fe-Cr-Al-Ti system has been performed 76 

under Computer Coupling of Phase Diagrams and Thermochemistry (CALPHAD) formulation with the 77 

commercial software MT-DATA thermodynamic database [20]. The total molar Gibbs free energy Gtot is 78 

given by: 79 

        (1) 80 

where the first two terms give the contribution from the mechanical mixture, the third term is the 81 

contribution from the free energy of mixing (ΔGmix) for an ideal solution, and the last term accounts for the 82 

magnetic contribution to the free energy. A proper description of the magnetic term, GM, has been 83 

reported by Hillert and Jarl [21] following the work of Inden [22]. In addition, in equation (1), xCr and xFe 84 

denotes the molar fraction of Cr and Fe, respectively, R denotes the gas constant and T is the absolute 85 

temperature. Likewise, ΔGmix can be described by the following equation: 86 

  ,     (2) 87 

where ΔSmix is the entropy of mixing and Gxc denotes the excess free energy, i.e., it describes the 88 

concentration dependent interactions of the free energy of mixing. The value of Gex could be expressed as a 89 

Redlich-Kister polynomial, 90 

         (3) 91 

with N being the order of the composition dependent interaction (here N = 2) and Lp(T) the pth interaction 92 

parameter between Cr and Fe. The free energy of the pure elements, GFe and GCr, as well as the values of 93 

Lp(T), are calculated with MT-DATA. The variation of ΔGmix with Cr content could be evaluated for 94 



temperatures ranging between 600 and 1000 K. The Fe-Cr miscibility gap calculated by applying the 95 

common–tangent construction to the mixing free energy (ΔGmix) obtained as described above, is shown in 96 

Figure 1(a). Any homogeneous solution cooled into the miscibility gap will tend to decompose into Fe-rich 97 

and Cr-rich regions with a net reduction in the free energy. Note that if a homogeneous solution is cooled 98 

into the region between the chemical spinodal and the miscibility gap, then large composition fluctuations 99 

are needed before phase separation can occur, i.e., a nucleation and growth regime.  100 

Recently, the reliability of the CALPHAD formulation has been questioned at temperatures below 800 K and 101 

for lean Cr contents, as it is based on experimental data above 700 K and for alloys with Cr contents >10%. 102 

However, it has been shown to appreciably underestimate the Cr solubility below this temperature [23-24]. 103 

The physical explanation for the higher solubility limit than that predicted by the standard phase diagram is 104 

the existence of a tendency for Cr atoms to produce short range order in Fe, which has been experimentally 105 

observed [25] and is also supported by density functional theory (DFT) calculations [26] that predict a 106 

negative heat of mixing below ~10% Cr. However, the standard CALPHAD parameterization does not 107 

consider this. Therefore, the Fe-Cr miscibility gap calculated in this work is compared in Figure 1(a) with the 108 

one predicted by Bonny et al. [27] following ab-initio studies and based on DFT theory. It is concluded that 109 

both miscibility gap predictions are similar in the temperature range of interest for this study. 110 

The extension to the quaternary Fe-Cr-Al-Ti system containing 11 at.% Al and 0.5 at.% Ti is also shown in 111 

Figure 1 (b). These Al and Ti additions decrease the critical temperature, TCr, from 898 K to 885 K and shift 112 

the miscibility gap and spinodal region to lower chromium levels. The compositions of the equilibrium  113 

and  phases at 673, 708, and 748 K calculated for the ternary Fe-Cr-Al system (indicated as full circles in 114 

Figure 1 (b)) are given in Table 2. The yttria addition was ignored in these calculations. It is known that the 115 

formation of mixed Y-Al-Ti oxides will deplete the matrix of yttrium and some solute additions [28]. From 116 

the partitioning coefficient (kAl = [Al]α / [Al]α) shown in Table 2, these calculations indicate that Al should 117 

partition strongly to the Fe-rich  phase. The addition of up to 11 at.% Al also suppresses the competing, 118 

but extremely sluggish, precipitation of the  phase [29].  119 



The vertical dashed line in Figure 1 (b) corresponds to the chemical composition of the PM 2000TM alloy. It 120 

is clear that PM 2000TM falls inside the miscibility gap, but outside the spinodal region, at 748 K for each of 121 

the thermodynamic calculations. As the chromium content of the alloy is close to the miscibility gap at this 122 

ageing temperature, a sufficiently low volume fraction of the chromium-enriched  phase should form that 123 

will be below the percolation limit. Therefore, isolated particles of the  phase should form rather than the 124 

interconnected network structure observed in higher chromium alloys [30]. This calculation suggests that 125 

the phase separation should proceed by nucleation and growth rather than a spinodal mechanism. 126 

Atom probe tomography results 127 

The as-received alloy was investigated by APT in order to check the randomness of the spatial distribution 128 

of Cr atoms and to measure the exact solute concentration before any ageing treatment. In the as-received 129 

material, a homogeneous distribution of Cr was observed in the atom maps. The measured chromium 130 

concentration, after correction for the overlapping 54Fe/54Cr isobars, in the overall analyzed volume was 131 

18.5 ± 0.2 at. %. A value of 2 = 276.9 with 24 degrees of freedom was found in the Cr distribution of the 132 

concentrations of 100 ion blocks1.  133 

The fine-scale microstructures that developed for selected ageing times at 708 K are shown by the Cr, Al, 134 

and Ti atom maps in Figure 2. Clear indications for phase separation into Cr-enriched  and Cr- depleted  135 

regions are evident after ageing for 100 h.  The phase separation is of a finer scale and is less well 136 

developed at lower ageing temperatures. Due to the relatively high number density of Cr-enriched regions 137 

and the limited field of view of the LEAP, it was necessary to limit the thickness of the atom maps to clearly 138 

distinguish the different regions. Consequentially, the full extent of all the  regions may not be contained 139 

within these 4-nm-thick atom maps and should not be used to estimate the size of the phase regions. The 140 

Cr-enriched  regions were found to be depleted in Al in agreement with the thermodynamic predictions. 141 

The atom maps also reveal the presence of a Ti- and Al-enriched phase. At 748 K ageing temperature, this 142 

phase is present at a significantly lower number density compared to the Cr-enriched  phase, but its 143 

                                                           
1
 The chi-square distribution (also chi-squared or χ²-distribution) with k degrees of freedom is the distribution of a sum 

of the squares of k independent standard normal random variables, according to Engineering Statistics Handbook of 
US National Institute of Standards (NIST - 2006). 



number density increases at lower ageing temperatures (708 and 673 K). More details of this additional 144 

phase separation and its interaction with the  phase will be reported separately. In spite of the processing 145 

route of this mechanical alloyed ODS material, which is likely to introduce some inhomogeneities in the 146 

microstructure, the  and ’ phase separation was found to be uniform. In contrast to other mechanically 147 

alloyed ODS alloys such as MA957, 9 Cr, 12YWT, and 14YWT [31-32], no evidence of fine scale (2-4-nm 148 

diameter) Ti-, Y-, and O-enriched nanoclusters was found.  149 

The size and morphology of the Cr-enriched  regions is more clearly shown in the isoconcentration 150 

surfaces for the microstructures formed after ageing for 500 and 3600 h at temperatures of 673, 708, and 151 

748 K, as shown in Figure 3. At the longer ageing times, the spheroidal  particles observed at 748 K are 152 

clearly isolated and do not form a percolated microstructure. The morphology of these  particles is similar 153 

to that observed previously in Fe-19% Cr binary alloys and distinctly different from the interconnected 154 

network structures observed in higher chromium content (24-45%) binary alloys [27]. At the lower ageing 155 

temperatures of 673 and 708 K, the morphology of the Cr-enriched α’ phase after 3600 h is of a finer scale 156 

and forms an interconnected network after much longer ageing times than that observed at 748 K, as 157 

shown in Figure 3.  158 

The phase compositions were evaluated with the use of the proximity histogram [33], as implemented in 159 

the Imago Visualization and Analysis Software (IVAS). In this method, a chromium isoconcentration surface 160 

is constructed at a chromium level that defines the  and  regions. A 30% Cr isoconcentration surface was 161 

selected in this work. A histogram of the concentrations of all the solute atoms at specific distances from 162 

this surface are then calculated. The process may be performed on individual particles or averaged over 163 

several or all of the particles. The resulting proximity histograms for Cr and Al for alloys aged at 673, 708, 164 

and 748 K for 100, 1000, and 3600 h, are shown in Figure 4. The resulting compositions of the  and  165 

phases obtained by the use of proximity histograms are summarized in Table 3.  166 

It is clear from the atom maps (Figure 2) and proximity histograms (Figure 4) that the Al strongly partitions 167 

to the Fe-rich  phase in agreement with the thermodynamic predictions shown in Table 2. The Al 168 

partitioning factor (kAl) increases since the early stages of phase separation at 748 K, whereas strong 169 



partitioning in the α phase is only observed after 3600 h at 708 K and is negligible for 673 K, as shown in 170 

Figure 4 and Table 3. Moreover, the Al and Cr partitioning that governs the α - α phase separation process 171 

are coupled, as shown in Figure 5, where the evolution of kAl with composition amplitude of Cr (ΔCCr) is 172 

represented. Even after ageing for 3600 h, the measured partitioning factor of 4.3 was significantly lower 173 

than the predicted equilibrium level of 14.7. This difference may arise because the alloy had not attained 174 

the equilibrium state with respect to Al within this time. The Ti was also found to partition to the Fe-rich  175 

phase. The kinetics of the phase separation data, presented as the variation of ΔCCr with ageing time, is 176 

shown in Figure 5.  177 

The chromium level in the center of  regions progressively increases with ageing time, as shown in Figure 178 

4. In addition, the chromium levels are significantly higher for the ageing temperature of 748 K than at 708 179 

and 673 K. Therefore, the observation that the concentration of α phase is not constant is a clear 180 

indication that phase separation cannot be described simply by either classical nucleation and growth nor 181 

spinodal decomposition processes. Moreover, as the chromium level in the  regions does not appear to 182 

have attained a steady state value after the longest ageing time of 3600 h, the alloy can still be considered 183 

to be in the phase separation regime rather than the true coarsening regime. However, the kinetics of the 184 

phase separation data (Figure 5) can be fitted to a power-law with a time exponent varying according to  185 

t1/3, which agrees with the Lifshitz-Slyozov-Wagner (LSW) theory [34-35] for coarsening of precipitates. 186 

Therefore, the system appears to be in a transient coarsening regime, which is consistent with the results 187 

that the volume fraction increases with time even after the coarsening regime is achieved and the 188 

equilibrium Cr-concentration of the α phase is not yet attained (Table 3).  189 

This transient coarsening regime during α - α phase separation was first pointed out by Novy et. al. [7] and 190 

is explained by an overlap between nucleation, growth, and coarsening processes, as proposed by Robson 191 

[36]. If the initial supersaturation is large enough, a significant nucleation rate is retained even when a 192 

substantial amount of the solute has been removed from the matrix, leading to an increase of the critical 193 

stable particle size. Consequently, all particles with a size under this critical value will dissolve. Then, 194 

whereas some α precipitates are yet appearing, the coarsen of large particles and dissolution of small 195 



particles lead to a reduction in number density. This is consistent with these experimental results since 196 

after 100 h the Cr-concentration in the α phase (matrix) is still close to the nominal value of 16.6 at.% (see 197 

Table 3) offering the possibility for nucleation to occur.  198 

 199 

Thermo electrical power measurements 200 

Physical background of the TEP measurement 201 

The TEP measurement (ΔS) evolution with ageing times for 708, 723, and 748 K, are shown in Figure 6. The 202 

evolution of TEP with ageing time is governed by two effects [37]. The first effect is attributed to the 203 

gradual decrease of the solute content as precipitation proceeds. This is determined by the specific TEP of 204 

the solute atom in the matrix (chromium in iron for this alloy). This contribution is generally divided into 205 

two terms: a diffusion component and a phonon drag component, where the first term is usually taken as a 206 

linear function of temperature and includes the solute content and the second term depends on the 207 

electron and phonon scattering processes. Solute atoms can have a positive or negative influence on the 208 

TEP of the matrix. In particular, it is known that solutes decrease the TEP of iron [35]. The second effect is 209 

ascribed to the intrinsic effect of the precipitates formed during aging, which depends on the volume 210 

fraction, type, size, and morphology of the precipitates [38]. It has been reported that a low volume 211 

fraction (below 10%) of coarse, incoherent precipitates has a negligible influence on the TEP, whereas 212 

coherent and semi-coherent precipitates, such as the α phase, may have a strong intrinsic effect on the 213 

TEP of the alloy. This result has been explained in terms of Bragg scattering of electrons by coherent 214 

particles [39]. 215 

Kinetic model 216 

The analysis of reactions which proceed via nucleation and growth, such as α – α’ phase separation is 217 

commonly performed by means of JMAK and AR relations [40]. As these relationships are used in the 218 

present analysis, a brief description of these models is given here focusing on kinetic parameters. The JMAK 219 

model makes use of the so-called ‘extended volume’ concept where the individual nuclei grow without any 220 



limitation of space. For diffusion-controlled precipitation, the volume V of the region transformed at time t, 221 

which nucleated at an earlier time t0, is defined as the volume of an imaginary fully depleted area around a 222 

precipitate needed to give a precipitate size equal to the real case with a diffusion zone. The volume V is 223 

written as: 224 

            (4) 225 

where G(t – t0) is the growth rate, A and m are constants related to the initial dimensionality of the growth 226 

and the mode of transformation, respectively. From equation (4), the extended volume of the precipitates, 227 

which nucleated during the time interval (τ, τ+dt) is written as: 228 

 ,         (5) 229 

where A is a constant, I(τ) is the nucleation rate, and V0 is the initial volume. Integrating equation (5) over 230 

the time, introducing the expression fext = Vext / V0, and assuming that both the nucleation and growth 231 

processes are thermally activated (such that an Arrhenius-type relation for both nucleation I(τ) and growth 232 

rate G(t-τ) can be considered) yields  233 

  ,        (6) 234 

where A1 is a constant, n is a constant referred as Avrami exponent, and k(T) is a temperature-dependent 235 

factor, which is usually taken as: 236 

 ,          (7) 237 

where R is the gas constant, k0 is a constant, and Q is the activation energy associated to growth process in 238 

J mol-1. However, only those parts of the change in extended volume that lie in untransformed regions of 239 

the parent phase can contribute to the change in the real volume. If nucleation occurs randomly in the 240 

parent material, then the probability that any change in the extended volume lies in untransformed parent 241 



phase is proportional to the fraction of untransformed material at that instant. It follows that the real 242 

change in volume in the time interval (τ,τ+dt)  243 

 ,           (8) 244 

which assumes that f = V / V0 is equivalent to , and after integration results in  245 

 .           (9) 246 

The Avrami exponent n can be expressed as n = a × b + c [41-42] where the parameters a, b and c are 247 

related to the nucleation and growth processes as follows. The parameter a is the dimensionality of the 248 

growth (1, 2 or 3). The parameter b is related to the type of growth, which takes the value of one for 249 

interface-controlled growth and 1/2 for diffusion controlled growth. The parameter c is related to the type 250 

of nucleation rate. In isothermal paths, it takes a value of zero for site saturation (nuclei are present before 251 

the start of the transformation), a value of one for continuous nucleation (constant nucleation rate), a 252 

value between zero and one for decreasing nucleation rate, and greater than one for autocatalytic 253 

nucleation processes where the presence of nuclei enhances the formation of new nuclei.  254 

The AR equation is a phenomenological equation that has been used successfully to predict the nitride 255 

precipitation process in an Fe-2 at. % Al system [41]. In the AR equation, the transformed fraction f(t) as a 256 

function of time t is written as 257 

 .           (10) 258 

The fraction precipitated f(t) could be related with the TEP values presented in Figure 6 by defining the 259 

ratio: 260 
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where St is the relative power measurement obtained for a time t, Sf and Si are the relative power 262 

measurement obtained at the stabilization level shown in Figure 6, and the initial stage, respectively. The ln 263 

ln[1/(1-Y)] and ln[Y/(1-Y)] versus ageing time, which results from combining equation (9) and (10) with 264 

equation (11), are shown in Figure 7. The initial value (t = 0 h) of ΔS was -12.17 μV K-1. The data points are 265 

fitted by straight lines, which indicate the correlation factor R2. It is clear that the data are better fitted to 266 

the AR equation than to a JMAK-type equation. For this reason, it was decided to perform the analysis of 267 

k(T) under AR equation results. The slope of these lines represents the coefficient n given in equation (10). 268 

The values of n and ln k(T) derived from Figure 7 are listed in Table 4. 269 

These fits indicate an average value of n = 1.2, which is close to the ideal 1.5 value that in accordance with 270 

Starink [40], describes a three-dimensional, homogeneous nucleation with a very low nucleation rate. 271 

Therefore, the α - α phase separation process in PM 2000 could be described as particles growing in three 272 

dimensions starting from small sizes, with a growth rate controlled by volume diffusion (of Cr) and a 273 

decreasing nucleation rate. This conclusion is consistent with the APT results presented above, which 274 

indicate a transient coarsening mechanism, i.e., an overlap between nucleation, growth, and coarsening 275 

occurs because of the very low α - α interfacial energy and substantial supersaturation of Cr in the matrix. 276 

The apparent activation energy (Q) deduced from TEP variations can be derived from the ln k(T) vs 1/T plot 277 

of values listed in Table 4, and are presented in Figure 8. It can be concluded from Figure 8 that the Q value 278 

for α - α phase separation in PM 2000 is 264 kJ mol-1. This value is quite consistent with the activation 279 

energy for self-diffusion of Cr in -Fe, which is 248 kJ mol-1 [43].  280 

A comparison between the predicted volume fraction and the APT data for α phase is shown in Figure 9. 281 

The experimental data for volume fraction of the α′ phase were evaluated from the ratio of the 282 

experimental composition amplitude (ΔCCr) listed in Table 3 and the concentration amplitude indicated by 283 

the phase diagram (ΔCgap) calculated in Figure 1(b), i.e., ΔCCr / ΔCgap. The predicted volume fraction was 284 

derived from equation (10) and the parameters considered in calculations are n=1.2, k0 = exp(27.20), and 285 

Q=264 kJ mol-1. It is clear there is good agreement between TEP measurements (Y) and the APT data 286 

(ΔCCr/ΔCGap). 287 



 288 

Conclusions 289 

1. The miscibility gap for Fe-Cr-Al system has been obtained by applying the common–tangent 290 

construction to the mixing free energy (ΔGmix) calculated under CALPHAD approximation with the help 291 

of MTDATA thermodynamic database. The composition of the PM 2000TM ODS alloy is well inside the 292 

miscibility gap at the temperatures studied, suggesting that the α - α phase separation process is 293 

governed by nucleation and growth processes. 294 

2. The atom probe tomography results revealed that the concentration amplitude of the  regions 295 

increases with ageing time, indicating the phase separation cannot be described simply by either 296 

classical nucleation and growth nor spinodal decomposition. After ageing for 100 h or longer, the 297 

spheroidal  particles are isolated and do not form a percolated microstructure. From analysis of the 298 

APT data, the compositional amplitude (ΔCCr) was found to increase with a time exponent of 0.32, 299 

which is consistent with the LSW theory for coarsening of precipitates. 300 

3. APT proximity histogram analysis revealed significant partitioning of the aluminum to the Fe-rich  301 

phase during isothermal ageing at 708 and 748 K for times between 10 and 3600 h, but Al partitioning 302 

is negligible at 673 K. This experimental result is consistent with the expected trend from theoretical 303 

predictions. Although the Al depletion occurs more rapidly at 748 K than at 708 K, the calculated 304 

partitioning rate is far higher than that measured, even after 3600 h, which suggests that equilibrium 305 

levels have not been attained. 306 

4. The combined results from APT and TEP measurements suggest that the α - α phase separation 307 

corresponds to a transient coarsening process where nucleation of particles, growth, and coarsening 308 

are overlapping. This assumption is confirmed by the observation that the volume fraction increases 309 

with time even after the coarsening regime is achieved.  310 

5. The fit of TEP measurements to an Austin – Rickett type equation determined an Avrami exponent of n 311 

= 1.2, which corresponds to particles growing in three dimensions starting from small sizes, with a 312 

growth rate controlled by Cr volume diffusion and with a decreasing nucleation rate. A value of 313 



activation energy for α - α phase separation in PM 2000TM of 264 kJ mol-1 was obtained, which is 314 

consistent with a value of 248 kJ mol-1 for self-diffusion of Cr in -Fe. 315 
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Figures 

 

Figure 1. Miscibility gap calculated for (a) Fe-Cr system and (b) Fe-Cr-Al system. A comparison with the 

phase diagram calculated according to Bonny et al. (after [25]) also shown. 

Figure 2. 4-nm-thick atom maps for selected times during ageing at 708 K (volume of 4×20×40 nm3). 

Figure 3. 30% Cr isoconcentration surfaces for 500 and 3600 h during ageing at 748, 708, and 673 K. 

Figure 4. Proximity histogram of all α-α regions in PM 2000TM aged at 748, 708, and 673 K for 3600, 1000, 

and 100 h. The partitioning of Cr to the Fe-rich α phase and depletion of Al is shown. 

Figure 5. The α-α phase separation during ageing at 748, 708, and 673 K: (a) Al partitioning coefficient 

evolution and (b) α precipitation kinetics in recrystallized samples. 

Figure 6. TEP measurement evolution during isothermal ageing treatments in PM 2000TM at 673, 708, and 

748 K. 

Figure 7. (a) ln ln[1/(1-Y)] as a function of ageing time (JMAK equation) and (b) ln [Y/(1-Y)] as a function of 

ageing time at temperatures of 708, 723, and 748 K. Correlation factor R2 is shown. 

Figure 8. lnK vs 1/T plot derived from AR equation for TEP data measured at 708, 723, and 748 K. 

Figure 9. Comparison between 3DAP data and JMAK (equation (9)) and AR (equation (10)) models for 

material aged at (a) 748 K, (b) 708 K, and (c) 673 K. 
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Figure 1. Miscibility gap calculated for (a) Fe-Cr system and (b) Fe-Cr-Al system. A comparison with the 

phase diagram calculated according to Bonny et al. (after [25]) also shown. 
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Figure 2. 4-nm-thick atom maps for selected times during ageing at 708 K (volume of 4×20×40 nm3). 
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Figure 3. 30% Cr isoconcentration surfaces for 500 and 3600 h during ageing at 748, 708 and 673 K. 

  



 

Figure 4. Proximity histogram of all α-α regions in PM 2000 aged at 748, 708 and 673 K for 3600, 1000 and 

100 h. The partitioning of Cr to the Fe-rich α phase and depletion of Al is shown. 
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Figure 5. The α-α phase separation during ageing at 748, 708 and 673 K: (a) Al partitioning coefficient 

evolution, and (b) α precipitation kinetics in recrystallized samples. 
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Figure 6. TEP measurements evolution during isothermal ageing treatments in PM 2000 at 673, 708 and 

748 K. 
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Figure 7. (a) ln ln[1/(1-Y)] as a function of ageing time (JMAK equation) and (b) ln [Y/(1-Y)] as a function of 

ageing time at temperatures of 708, 723 and 748 K. Correlation factor R2 is shown. 
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Figure 8. LnK vs 1/T plot derived from AR equation on TEP data measured at 708, 723 and 748 K. 
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Figure 9. Comparison between 3DAP data and JMAK (equation (9)) and AR (equation (10)) models for 

material aged at (a) 748 K, (b) 708 K, and (c) 673 K. 
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