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A B S T R A C T

Interdiffusion and diffusion-induced phase transformations around the γ-loop in the Fe–Cr system were inves
tigated using diffusion couples between Fe–Cr alloys (10 and 18 wt% Cr) and pure Fe at 800–1000 ◦C. New phase 
layers form when the diffusion path intersects the γ-loop. At 1000 ◦C, a ferrite layer grows into the austenitic 
Fe–10Cr side, whereas at 900 ◦C, an austenitic layer forms in the initially ferritic Fe–18Cr / Fe couple. DICTRA 
simulations accurately reproduce concentration profiles, phase distributions, and interface positions without 
adjustable parameters. Classical Wagner-type analysis quantitatively reproduces interdiffusion coefficients in 
both BCC and FCC phases based on the measured phase growth kinetics. The results provide direct experimental 
evidence of diffusion-induced α→γ transformation driven by chromium depletion and establish its role in 
accelerated oxidation of Fe–Cr alloys at 900 ◦C and above.

1. Introduction

Ferritic stainless steels (FSS) [1,2], based on the Fe–Cr system with 
typical chromium contents of 12–18 wt% (up to ~30 wt% in some 
grades), are widely used in high-temperature applications due to their 
ability to form slow-growing, electrically conductive chromia (Cr2O3) 
scales. These properties make them attractive for application in solid 
oxide fuel cells (SOFCs) [3,4] and solid oxide electrolysis cells (SOECs) 
[5,6] as interconnect materials [4], as well as in heat exchangers [7], 
automotive exhaust systems [7,8], catalytic converter substrates, and 
chemical and petrochemical processing equipment operating in corro
sive and oxidizing environments.

The oxidation resistance of Fe–Cr alloys relies on the selective 
oxidation of chromium to form a continuous Cr2O3 scale [9,10]. How
ever, this process is strongly impaired in the presence of water vapor 
[11,12]. In alloys with intermediate chromium contents (10–20 wt%), 
this often results in breakaway oxidation, characterized by the forma
tion of Fe-rich oxide scales and internal oxidation, leading to oxidation 
rates several orders of magnitude higher than in dry environments. 
Despite extensive study, the mechanisms underlying the detrimental 
influence of water vapor remain debated. Proposed explanations include 
chromium volatilization [13–15], modification of defect transport in 
Cr2O3 by hydrogen-related species [16,17], preferential adsorption of 
H₂O [11], and enhanced oxygen permeability associated with hydrogen 

[18–20]. Conflicting results indicate that the role of hydrogen and water 
vapor at intermediate temperatures around 600 ◦C is not yet fully 
resolved.

At temperatures above 850 ◦C, additional degradation phenomena 
associated with accelerated oxidation have been reported since the late 
1960s [21–23]. This Cr depletion may induce phase transformations 
from α-ferrite to γ-austenite [24–26], potentially altering Cr diffusion 
and affecting chromia scale stability. However, experimental evidence 
directly linking oxidation-induced chromium depletion to austenite 
formation remains lacking.

The Fe–Cr system [27], which forms the basis of ferritic and ferri
tic–martensitic steels, is among the most extensively studied alloy sys
tems in terms of both thermodynamics and diffusion kinetics. Phase 
equilibria [27,28] and diffusion coefficients in the individual α (BCC) 
and γ (FCC) phases have been determined in numerous experimental 
studies, including tracer diffusion [29–31] and diffusion couple in
vestigations [32,33], and are well described within CALPHAD-type as
sessments. Despite this mature understanding, available studies are 
almost exclusively limited to diffusion within single-phase regions. 
Interdiffusion across the α/γ phase boundary involving the formation of 
new phases during annealing was previously investigated in the pio
neering work of Nishizawa and Chiba [34]. The authors systematically 
studied ferrite formation in α/γ diffusion couples and during chromium 
vapor diffusion into austenitic Fe–Cr alloys at 900–1200 ◦C, providing 
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the first experimental characterization of interfacial migration and 
non-equilibrium interface compositions. However, the formation of 
γ-austenite by chromium depletion in initially ferritic alloys outside the 
γ-loop (e.g., Fe–18Cr at 900–1000 ◦C) has not been investigated 
experimentally.

This lack of experimental data is particularly critical in the context of 
the recently proposed austenitization mechanism of breakaway oxida
tion [24–26]. This mechanism implies that phase transformations such 
as α→γ may occur locally and dynamically, potentially governing 
transport processes and oxidation behavior. Consequently, separating 
environmental effects from intrinsic diffusion-controlled phase evolu
tion requires a dedicated investigation of interdiffusion across phase 
boundaries in well-defined model systems free from oxidation.

In this work, phase transformations and interdiffusion in the Fe–Cr 
system are systematically investigated using diffusion couples between 
Fe–Cr model alloys (10 and 18 wt% Cr) and pure Fe. Diffusion welded 
samples were exposed at 800, 900, and 1000 ◦C, and the resulting mi
crostructures and compositional profiles were characterized by optical 
light microscopy (LOM), scanning electron microscopy (SEM), and 
energy-dispersive X-ray spectroscopy (EDX). The experimental results 
are quantitatively compared with thermodynamic and kinetic simula
tions performed using Thermo-Calc and DICTRA as well as the classical 
Wagner theory. By isolating diffusion-driven phase transformations 
from oxidation effects, this study provides direct experimental and 
computational evidence of phase evolution across the α/γ phase 
boundary in Fe–Cr systems at high temperatures. The present approach 
enables a mechanistic assessment of phase formation induced by inter
diffusion, thereby addressing a critical knowledge gap in the experi
mental validation of phase equilibria and diffusion interactions in the 
Fe–Cr system.

2. Experimental

2.1. Materials

Binary model alloys Fe–9.98Cr and Fe–18.6Cr (wt%), the ternary 
alloy Fe–18.3Cr–1.8Mo (wt%), and pure iron were supplied by MWH 
Hauner GmbH (Röttenbach, Germany). The alloys were produced from 
pure elements (≥99.995 wt%) by vacuum arc melting. The detailed 
chemical compositions, determined by inductively coupled plasma op
tical emission spectroscopy (ICP-OES) and infrared (IR) spectroscopy for 
C, S, N, and O, are listed in Refs. [24,26]. The impurities of all kinds did 
not exceed 60 ppm.

The cast ingots, together with pure Fe, were homogenized at 1150 ◦C 
for 6 h under vacuum and subsequently hot-rolled into sheets with a 
thickness of 2.5 mm. The Fe sheet was additionally annealed under 
flowing Ar–4%H₂ at 1050 ◦C for 100 h to remove residual FeO from the 
metallic matrix. The resulting grain size in the Fe specimen was 0.6 mm. 
The average grain size of the alloys after processing was approximately 
50 µm.

Cylindrical specimens with a diameter of 21 mm were machined 
from the sheets for diffusion couple preparation and subsequently 
ground to a thickness of 2 mm. In addition, Fe–18Cr and Fe–18Cr–2Mo 
sheets were cold-rolled to a thickness of 0.6 mm for oxidation experi
ments. Rectangular specimens (20 × 10 × 0.6 mm³) were cut from these 
sheets, ground to a P1200 SiC surface finish, ultrasonically cleaned in 
acetone and ethanol, and dried in pressurized air prior to exposure.

2.2. Oxidation tests

In-situ oxidation kinetics were measured isothermally using a 
SETARAM thermobalance in a flowing Ar–4%H₂–7%H₂O gas mixture at 
900 ◦C for up to 72 h. The Ar–4%H₂ gas (Linde Gas) was humidified by 
passing it through a water bath maintained at 39.1 ◦C. The resulting 
oxygen partial pressure at 900 ◦C was approximately 1.8 × 10⁻¹ ⁶ bar, 
which is above the Fe/FeO equilibrium oxygen partial pressure (1.7 ×

10⁻¹⁷ bar), thereby allowing external oxidation of Fe. Below this 
threshold, only internal oxidation, i.e., precipitation of internal Fe–Cr 
spinel particles, is thermodynamically possible [24]. The values of pO2 
for both the Fe/FeO equilibrium and the H₂/H₂O gas mixture were 
calculated following the procedure described by Young [35], using the 
standard enthalpies and entropies of formation tabulated in [36,37].

The heating and cooling rates were 90 K⋅min⁻¹ and 10 K⋅min⁻¹ , 
respectively. The gas flow in the system was 2 L h− 1 or 0.2 cm s− 1.

2.3. Diffusion welding

Diffusion couples were prepared by diffusion welding using a 
clamping technique described in Refs. [38,39]. The bonding surfaces of 
all cylindrical specimens were ground to P4000 SiC finish and subse
quently polished with diamond pastes (Struers, Denmark) to 1 µm sur
face finish.

Two diffusion couple configurations were assembled (Fig. 1):
(i) Fe–18Cr / Fe–10Cr / Fe (DC1),
and (ii) Fe–18Cr / Fe / Fe–18Cr–2Mo (DC2).
The stacked cylinders were placed between two circular flanges 

(outer diameter 40 mm) made of austenitic 310 L steel and tightened 
using six screws to ensure good mechanical contact. The assembly was 
inserted into a quartz tube (inner diameter 43 mm) and heated under 
flowing Ar–4%H₂ (200 ml⋅min⁻¹) to 800 ◦C (DC2), 900 ◦C (DC2), or 
1000 ◦C (DC1) for 4 h. After welding, the samples were removed from 
the furnace and cooled in air.

The welded diffusion couples (total thickness ~6 mm) were 
sectioned into four symmetric parts. One section from each couple was 
metallographically examined to verify bonding quality.

Subsequently, the diffusion couples were sealed in evacuated quartz 
capsules (10⁻⁵ mbar) and annealed for 100 h at 800 ◦C (DC2), 24 h at 
900 ◦C (DC2), and 72 h at 1000 ◦C (DC1). After annealing, the samples 
were water-quenched by breaking the quartz capsules under water. A 
second set of diffusion couples was annealed under flowing Ar–4%H₂ 
using identical time–temperature conditions to enable rapid quenching. 
No significant differences were observed between samples annealed in 
vacuum and in Ar–4%H₂.

2.4. Microstructural analyses

The annealed diffusion couples were sectioned and mounted in a 
conductive phenolic resin (Polyfast, Struers, Copenhagen, Denmark). 
Prior to mounting, oxidized specimens were coated with a 5 nm Au layer 
and subsequently electroplated with Ni to preserve the oxide scale.

The mounted samples were ground with SiC papers to a P4000 sur
face finish and polished to 0.25 µm with diamond pastes. Final surface 
preparation was performed by ion milling using a Hitachi ArBlade 5000 
system.

Microstructural characterization and compositional analysis were 
carried out using a field-emission environmental scanning electron mi
croscope (FEI Quanta 200 ESEM) equipped with an energy-dispersive X- 
ray spectroscopy (EDS) system.

Fig. 1. Schematic illustration of (a) the clamping device used for diffusion 
welding of cylindrical specimens (21 mm outer diameter, 2 mm thickness), and 
the configurations of the diffusion couples: (b) Fe–18Cr / Fe–10Cr / Fe (DC1) 
and (c) Fe–18Cr / Fe / Fe–18Cr–2Mo (DC2).
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2.5. Interdiffusion simulation

Interdiffusion simulations were performed using the DICTRA [40]
software with the TCFE6 [41] thermodynamic and MOB2 [42] mobility 
databases. A double geometric grid was employed with geometric grid 
factors of 1.03 and 0.97. The computational domain was discretized 
using 100 grid nodes. The simulation domain width was 0.2 mm for the 
simulations at 800 ◦C (100 h) and 900 ◦C (24 h), and 2 mm for the 
simulation at 1000 ◦C (72 h). Stable BCC_A2 and FCC_A1 phases were 
included in the calculations. The initial time step was set to 1 × 10− 7 s. 
The initial concentration profile was defined as a step function corre
sponding to the nominal alloy compositions, with the interface located 
at the center of the simulation domain.

3. Results

3.1. Oxidation at 900 ◦C – beneficial effect of Mo

Fig. 2 shows the oxygen uptake curves for Fe–18Cr and 
Fe–18Cr–2Mo exposed to Ar–4%H₂–7%H₂O at 900 ◦C for 72 h. Under 
these conditions, where FeO is thermodynamically stable, Fe–18Cr 
exhibited breakaway oxidation, with a mass gain of 26.2 mg/cm². In 
contrast, Fe–18Cr–2Mo showed significantly lower oxygen uptake 
(1.3 mg/cm²), in good agreement with literature values for Fe–20Cr 
[43].

BSE SEM images (Fig. 3) reveal breakaway oxidation at the specimen 
edges in Fe–18Cr, whereas Fe–18Cr–2Mo exhibits protective behavior. 
High-magnification images (insets in Fig. 3) show external Cr₂O₃ scales 
forming in the specimen center. The chromia scales on both alloys have 
similar morphology and thickness (8.0 ± 0.3 µm), corresponding to the 
oxygen uptake of 1.32 mg/cm² assuming pure Cr₂O₃.

Chromium depletion profiles measured by EDX (Fig. 4) show similar 
interface Cr concentrations: 13.2 wt% for Fe–18Cr and 12.7 wt% for 
Fe–18Cr–2Mo. The profiles are well described by the classical Wagner 
model of selective oxidation [10], using experimentally determined 
parabolic rate constants and literature values of Cr diffusivity [33]. 
These results indicate that the addition of 2 wt% Mo does not signifi
cantly affect Cr diffusion in Fe–18Cr at 900 ◦C.

3.2. Interdiffusion

Fig. 5 shows a section of the Fe–Cr phase diagram highlighting the 
so-called γ-loop, i.e., the compositional region between 0 and ~14 wt% 
Cr in the temperature range 830–1375 ◦C. Within the γ-loop, Fe–Cr 

alloys exhibit an austenitic (γ) microstructure with a face-centered cubic 
(FCC) lattice, whereas outside this region they are ferritic (α) with a 
body-centered cubic (BCC) lattice.

The reference diffusion couple experiments were designed to study 
interdiffusion within single-phase regions, avoiding phase trans
formations. An austenitic diffusion couple (Fe− 10Cr/Fe, A–B in Fig. 5) 
was investigated at 1000 ◦C, and a ferritic diffusion couple (Fe− 18Cr/ 
Fe, F–G in Fig. 5) at 800 ◦C.

Interdiffusion involving phase transformations was studied using 
diffusion couple Fe− 18Cr/Fe (D–E in Fig. 5) at 900 ◦C and Fe− 18Cr/ 
Fe− 10Cr (B–C in Fig. 5) at 1000 ◦C. At 900 ◦C, both end members of this 
couple (pure Fe and Fe–18Cr) are ferritic at 900 ◦C. However, the 
diffusion path intersects the γ-phase field, leading to the formation of an 
FCC (austenitic) region within the interdiffusion zone.

At 1000 ◦C, diffusion couple Fe− 18Cr/Fe− 10Cr (B–C in Fig. 5) in
tersects the γ-loop only once, forming a BCC layer that grows toward the 
Fe–10Cr side along the Cr concentration gradient.

3.2.1. Single-phase diffusion at 800 and 1000 ◦C
The BSE SEM image in Fig. 6a shows the interdiffusion zone in the 

Fe–18Cr / Fe diffusion couple after annealing for 100 h at 800 ◦C. Both 
end members, Fe–18Cr and pure Fe, are ferritic (BCC) at 800 ◦C (see 
Fig. 5); therefore, no phase transformation occurs in the interdiffusion 
zone. The Cr concentration profile (Fig. 6b) exhibits a classical Boltz
mann error-function-type distribution. The experimental measurements 
are in very good agreement with the DICTRA simulation.

In contrast, the interdiffusion zone in the austenitic diffusion couple 
Fe–10Cr / Fe (see SEM image in Fig. 7a), annealed for 72 h at 1000 ◦C, 
differs from that of the ferritic diffusion couple at 800 ◦C (Fig. 6a). The 
Fe–10Cr side of the diffusion couple exhibits a fine-grained micro
structure, resulting in a brighter BSE contrast compared to the Fe side. 
Both end members lie within the γ-loop and are therefore austenitic 
(FCC) at 1000 ◦C; however, they transform back to ferrite (BCC) upon 
cooling to room temperature. The Cr concentration profile in Fig. 7b 
follows an error-function-type distribution and agrees very well with the 
DICTRA simulation for the FCC phase. This indicates that the phase 
transformation in Fe–10Cr occurs during cooling.

3.2.2. Ferrite growth at 1000 ◦C
The interdiffusion zone at 1000 ◦C may differ if the diffusion path 

intersects the phase boundary of the γ-loop (Fe− 18Cr/Fe− 10Cr couple, 
B–C in Fig. 5). Fig. 8a shows a BSE SEM micrograph of the interdiffusion 
zone in the Fe–18Cr / Fe–10Cr diffusion couple. Similar to the Fe–10Cr / 
Fe diffusion couple (Fig. 7a), the Fe–10Cr side transforms into fine- 
grained ferrite upon cooling. The main feature of this ferrite–austenite 
diffusion couple is the formation of a new layer growing into the 
austenitic Fe–10Cr side. The thickness of this layer after 72 h at 1000 ◦C 
is 87 µm.

The Cr concentration profile (Fig. 8b) deviates from the classical 
homogenization distribution expected for single-phase diffusion. 
Instead, the Cr profile exhibits a step-function-like behavior, with a 
sharp drop in Cr concentration at the newly formed interface from 13.5 
to 10 wt%. The measured Cr concentration profile is in very good 
agreement with the DICTRA simulation, which accurately predicts the 
position of the new interface. Furthermore, the simulated concentration 
profile closely resembles the experimentally measured profiles reported 
by Nishizawa and Chiba [34] for α/γ diffusion couples, providing 
additional validation of the present modeling approach.

3.2.3. Austenite formation at 900 ◦C
The most interesting diffusion couple in the context of this study is 

Fe–18Cr / Fe. Similar to 800 ◦C, both end members, Fe–18Cr and pure 
Fe, are ferritic (BCC) at 900 ◦C (couple D–E, Fig. 5). However, the 
diffusion path between 0 and 18 wt% Cr at 900 ◦C intersects the γ-loop 
twice. This implies that this diffusion couple can reproduce the chro
mium depletion that develops in Fe–18Cr during oxidation (Fig. 4), but 

Fig. 2. Weight change curves for Fe–18Cr and Fe–18Cr− 2Mo exposed for 72 h 
to Ar− 4%H2− 7%H2O at 900 ◦C in thermobalance.
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under oxidation-free conditions. This enables the isolated investigation 
of diffusion-induced phase transformations without the complicating 
effects of oxidation.

The BSE SEM micrograph in Fig. 9a shows a new phase formed be
tween Fe–18Cr and Fe after annealing for 24 h at 900 ◦C. The layer 
thickness is 11 µm. Similar to the previous examples, the DICTRA 
simulation accurately predicts the Cr concentration profile (Fig. 9b) as 
well as the position of the new interface in the calculated spatial phase 
distribution (see Fig. 10). Interestingly, the present results also 
demonstrate small deviations of the experimentally measured Cr con
centrations at the α/γ phase boundaries from the equilibrium values. 
Similar deviations were previously reported by Nishizawa and Chiba 
[34] for Fe–Cr α/γ diffusion couples, who interpreted these observations 
as evidence that the moving α/γ interface is not in local equilibrium, but 
instead exhibits a finite interfacial resistance to atomic transfer associ
ated with limited interface mobility. The origin of these deviations from 
the equilibrium values remains unclear and is beyond the scope of the 
present study.

3.2.4. Visualization of austenite and effect of Mo
A new layer in the Fe–18Cr / Fe diffusion couple (Fig. 9a and 

Fig. 10b) forms as a result of austenitization. This will be discussed in 
more detail in the following section. EBSD analysis (not shown here) 
revealed that the entire diffusion couple is ferritic (BCC), indicating that 
the austenite transforms back to ferrite upon cooling. Presumably, the 
compositions of the austenite at the boundaries of the newly formed 
layer are very close to the corresponding α/γ phase boundaries (see 
Fig. 5 and Fig. 9b), enabling rapid transformation to BCC, unlike in the 
Fe–10Cr case at 1000 ◦C. Thus, compositions further away from the 
boundaries of the γ-loop are required to clearly visualize austenitization 
in this diffusion couple.

This can be achieved by a two-step annealing treatment. First, the 
Fe–18Cr / Fe diffusion couple is annealed for 100 h at 800 ◦C, resulting 
in a homogeneous Cr distribution across the diffusion couple, as 
demonstrated in Fig. 6. In the second step, the temperature is immedi
ately increased from 800 to 900 ◦C, and the diffusion couple is water- 
quenched after 1 h at 900 ◦C.

Fig. 11a shows a BSE SEM image of the interdiffusion zone in the 
Fe–18Cr / Fe diffusion couple after two-step annealing. The entire 
interdiffusion zone consists of fine, needle-like grains, indicating rapid 
transformation from FCC to BCC upon cooling. Interestingly, the addi
tion of 2 wt% Mo (Fig. 11b) completely suppresses this transformation, 
indicating that the Fe–18Cr–2Mo / Fe diffusion couple remains fully 
ferritic (BCC) across the entire interdiffusion zone. In addition to the 
thermodynamic stabilization of ferrite, partitioning of Mo at the 
migrating α/γ interface may reduce interface mobility through a solute- 
drag effect [44,45]. The present experiments do not permit a quantita
tive assessment of this mechanism, and its contribution remains to be 
clarified in future studies.

Fig. 3. BSE SEM images of cross-sectioned Fe–18Cr (a) and Fe–18Cr− 2Mo (b) after 72 h exposure at 900 ◦C in Ar− 4%H2− 7%H2O (above the FeO equilibrium). The 
overview micrographs show the edges of the 0.6 mm thick specimens, whereas the high-magnification insets display the Cr2O3 scales formed at the specimen center.

Fig. 4. Chromium depletion profiles beneath the external Cr2O3 scale in 
Fe–18Cr (full rhombs) and Fe–18Cr–2Mo (empty circles) after 72 h exposure in 
Ar–4%H₂–7%H₂O at 900 ◦C, as measured by EDS. The solid line represents the 
calculated Cr depletion profile using the classical Wagner model [18]. The 
parabolic rate constant was determined experimentally from the Cr2O3 scale 
thickness measured in the SEM images. The interdiffusion coefficient of Cr was 
taken from Ref. [18].

Fig. 5. Fragment of the binary Fe–Cr phase diagram showing the γ-loop, 
calculated using Thermo-Calc with the TCFE6 thermodynamic database. Points 
A–G represent the end-member compositions of the diffusion couples.
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Fig. 6. (a) BSE SEM micrograph of the interdiffusion zone in the ferritic Fe–18Cr / Fe diffusion couple (F–G, see Fig. 5) after 100 h at 800 ◦C. (b) Cr concentration 
profile measured with EDX and compared with a DICTRA simulation.

Fig. 7. (a) BSE SEM micrograph of the interdiffusion zone in the austenitic Fe–10Cr / Fe diffusion couple (A–B, see Fig. 5) after 72 h at 1000 ◦C. (b) Cr concentration 
profile measured with EDX and compared with a DICTRA simulation.

Fig. 8. (a) BSE SEM micrograph of the interdiffusion zone in the Fe–18Cr / Fe–10Cr diffusion couple (B–C, see Fig. 5) after 72 h at 1000 ◦C. (b) Cr concentration 
profile measured with EDX and compared with DICTRA-simulated Cr profile. White dashed lines indicate a newly formed layer in the interdiffusion zone.
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4. Discussion

4.1. Oxidation and austenitization

The addition of only 2 wt% Mo to Fe–18Cr leads to a dramatic 
improvement in oxidation resistance (Fig. 2 and Fig. 3). This pro
nounced effect is not readily explained by classical concepts of selective 
oxidation theory introduced by Wagner [10], since Mo has a negligible 
influence on the key transport properties governing oxidation. Both 
Fe–18Cr and Fe–18Cr–2Mo form Cr2O3 scales of comparable thickness 
(Fig. 3), indicating similar oxidation kinetics and, consequently, com
parable chromium consumption rates. Consistently, the subsurface Cr 
depletion profiles (Fig. 4) are only marginally affected by the addition of 
Mo.

These observations indicate that the role of Mo is primarily ther
modynamic rather than kinetic. Fig. 12 shows a calculated section of the 
Fe–Cr–Mo system, comparing the γ-loop in the binary Fe–Cr system with 
that in the presence of 2 wt% Mo. As a ferrite stabilizer [46], Mo 
significantly contracts the γ-loop, so that at 900 ◦C the entire composi
tional range remains ferritic in Fe–18Cr–2Mo. In contrast, the binary 
Fe–18Cr alloy undergoes an α-to-γ transformation upon Cr depletion to 
approximately 12.7 wt%, which closely corresponds to the experimen
tally measured Cr concentration at the oxide-metal interface (Fig. 4).

During oxidation, Cr depletion is spatially non-uniform in rectan
gular specimens. It is enhanced at specimen edges and corners due to 
geometrical effects [47,48]. As a result, local compositions at these lo
cations can enter the γ-phase field, promoting austenite formation. 
Notably, these regions coincide with the sites where breakaway oxida
tion is initiated (Fig. 3), suggesting a direct link between austenitization 
and the onset of non-protective breakaway oxidation.

The hypothesis that austenite formation triggers breakaway oxida
tion in Fe–Cr alloys has been discussed in literature since the late 1960s; 
however, direct experimental evidence has remained elusive. This is 
primarily due to two factors. First, the newly formed austenite is highly 
susceptible to rapid internal oxidation [25], leading to its immediate 
consumption. Since the diffusivity of Cr in FCC is approximately two 
orders of magnitude lower than in BCC (Table 1), chromium transport to 
the oxide-alloy interface becomes severely restricted. As a result, the 
alloy surface becomes critically depleted in chromium and can no longer 
sustain the growth of a protective Cr₂O₃ scale, resulting in rapid internal 
oxidation followed by the formation of Fe-rich oxides. Second, any 
remaining austenite transforms back to ferrite upon cooling, rendering 
post-mortem detection difficult.

Previous studies have therefore relied primarily on indirect evidence. 
Alloying Fe–Cr model alloys with 2–5 wt% Mo has been shown to 

Fig. 9. (a) BSE SEM micrograph of the interdiffusion zone in the Fe–18Cr / Fe diffusion couple (D–E, see Fig. 5) after 24 h at 900 ◦C. (b) Cr concentration profile 
measured with EDX and compared with DICTRA-simulated Cr profile. White dashed lines indicate a newly formed layer in the interdiffusion zone.

Fig. 10. DICTRA simulations of a new phase formation in diffusion couples (a) 
Fe–18Cr / Fe–10Cr (B–C in Fig. 5) after 72 h at 1000 ◦C, and (b) Fe–18Cr / Fe 
(D–E in Fig. 5) after 24 h at 900 ◦C. Simulations were performed using the 
TCFE6 [41] and MOB2 [42] databases.
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suppress breakaway oxidation and promote the formation of protective 
Cr2O3 scales [24], consistent with the stabilization of the BCC phase 
[46]. In commercial ferritic stainless steels (e.g., Crofer 22 APU), 
austenitization-affected zones (AAZs) have been identified after pro
longed oxidation, exhibiting fine-grained ferritic microstructures 
indicative of prior γ-phase formation [49]. More recently, in-situ 
high-temperature XRD experiments [50] have directly demonstrated 
transient α-to-γ transformations in Cr-depleted powder particles of 
Crofer 22 APU during oxidation, followed by rapid formation of Fe-rich 
oxides.

In this context, the present results (Fig. 9 and Fig. 11) provide direct 
experimental evidence of austenite formation in binary Fe–Cr alloys 

under well-controlled, oxidation-free conditions. The needle-like 
microstructure observed after quenching (Fig. 11a) is characteristic of 
rapid γ-to-α transformation and closely resembles the reported AAZ 
microstructures [49,50], supporting the interpretation that austenite 
forms in the Fe–18Cr / Fe diffusion couple during annealing at 900 ◦C. 
Importantly, the diffusion couple approach enables the isolation of 
diffusion-driven phase transformations from concurrent oxidation pro
cesses, thereby overcoming the limitations of the oxidation experiments.

Finally, the measured thickness of the newly formed layer (Fig. 9a) 
provides a quantitative measure for estimating the interdiffusion coef
ficient in this phase, offering an additional means of phase identification 
and validation of the transformation pathway.

4.2. Modeling interdiffusion and phase transformations

The interdiffusion behavior in the Fe–Cr system can be rationalized 
using both classical analytical approaches [51] and CALPHAD-based 
numerical simulations, e.g., DICTRA [40]. The single-phase calcula
tions (Fig. 6 and Fig. 7) serve primarily to validate the experimental 
conditions as they reproduce the expected error-type concentration 
profiles.

The analytical descriptions of phase growth in diffusion systems 
originate from the classical work of Carl Wagner [52], who developed a 
model for solid-state reactions such as oxidation, sulfidation, and halo
genation. The approach introduced the parabolic rate constant, kp, a key 
parameter relating the thickness of a growing phase to time: 

X2 = 2kpt (1) 

where X is the thickness of the product layer (m), t is time (s), and kp is 
the parabolic rate constant (m2 s− 1).

Wagner expressed kp as the integral over the chemical potential 
gradient across the growing phase. For oxide scales, this can be written 
in terms of the oxygen partial pressure: 

Fig. 11. BSE SEM micrographs of the interdiffusion zone in (a) Fe–18Cr / Fe and (b) Fe–18Cr–2Mo / Fe diffusion couples after two-step annealing: 100 h at 800 ◦C 
immediately followed by 1 h at 900 ◦C.

Fig. 12. Fragment of the binary Fe–Cr phase diagram illustrating the effect of 
alloying Fe–Cr with 2 wt% Mo on the γ-loop (black dashed lines), calculated 
using Thermo-Calc with the TCFE9 database.

Table 1 
Interdiffusion coefficients, D̃Fe− Cr, for BCC and FCC phases, determined from interdiffusion profiles using the Boltzmann solution for single-phase diffusion and from 
experimentally measured phase growth kinetics in diffusion couples intersecting the γ-loop via Eq. (3). The obtained values are compared with literature data [33].

Diffusion couple phase T [◦C] t [h] X [μm] kp [m2s− 1] D̃Fe− Cr [m2s− 1] Experiment D̃Fe− Cr [m2s− 1] Literature

no phase formation

Fe–18Cr / Fe BCC 800 100 - - (6.62 ± 0.24) 
× 10− 16 9.0 × 10− 16

Fe–10Cr / Fe FCC 1000 72 - - (2.3 ± 0.2) 
× 10− 16 2.8 × 10− 16

phase formation

Fe–18Cr / Fe FCC 900 24 11.2 ± 0.4
(7.3 ± 0.5) 
× 10− 16

(1.24 ± 0.05) 
× 10− 17 3.6 × 10− 17

Fe–18Cr / Fe–10Cr BCC 1000 72 87 ± 0.9
(1.46 ± 0.03) 
× 10− 14

(1.44 ± 0.04) 
× 10− 14 1.4 × 10− 14
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kp =

∫ pG/O
O2

pM/O
O2

D̃ d ln pO2 (2) 

where pM/O
O2 

and pG/O
O2 

denote the oxygen partial pressures at metal-oxide 
and gas-oxide interfaces, respectively, and D̃ is the effective interdiffu
sion coefficient, incorporating both defect transport and thermodynamic 
driving force [52].

This formalism was later extended by Wagner [53] to multiphase 
binary diffusion couples, enabling the determination of the interdiffu
sion coefficients in the newly formed phases directly from measurable 
quantities such as layer thickness.

For a diffusion couple forming a new phase (e.g. Fig. 8 and Fig. 9), 
the interdiffusion coefficient of the growing phase can be expressed as: 

D̃ =
1
2t

(
dNCr

dx

)− 1[

(1 − Y)
∫ x

− ∞
Ydx+Y

∫ +∞

x
(1 − Y)dx

]

(3) 

where x is the space coordinate (m), NCr is mole fraction of Cr, and Y is 
the normalized composition variable [54] defined as 

Y =
NCr − N− ∞

Cr
N+∞

Cr − N− ∞
Cr

(4) 

Here, N− ∞
Cr and N+∞

Cr represent the compositions of the end members of 
the diffusion couple in terms of mole fraction.

Eq. (3) was applied to determine the interdiffusion coefficient in the 
BCC phase at 1000 ◦C (Fig. 8) and the FCC phase at 900 ◦C (Fig. 9), using 
experimentally measured layer thickness (see Table 1), annealing times, 
and concentration gradients from EDX profiles. The calculated values of 
D̃Fe− Cr are in excellent agreement with the literature data [33], yielding 

(1.44 ± 0.04) × 10− 14 m2s− 1 for BCC at 1000 ◦C and (1.24 ± 0.05) ×
10− 17 m2s− 1 for FCC at 900 ◦C.

At 1000 ◦C, D̃Fe− Cr is very close to the parabolic rate constant kp, 
which can be attributed to the relatively shallow concentration gradient 
across the BCC layer (Fig. 8), in contrast to the steeper Cr concentration 
gradient observed in the FCC layer at 900 ◦C (Fig. 9).

The successful application of Wagner’s approach has two important 
implications. First, the calculated value of D̃Fe− Cr for the layer formed at 
900 ◦C provides indirect confirmation that the growing phase is 
austenitic, even though it transforms to ferrite upon cooling and cannot 
be directly identified post-mortem. Second, the excellent agreement be
tween experimental results and DICTRA simulations demonstrates that 
the homogenization model [55] implemented in DICTRA as well as the 
thermodynamic and mobility databases reliably predict both phase 
growth kinetics (interface positions, Fig. 10) and concentration profiles 
in multiphase Fe–Cr diffusion systems (Fig. 8b and Fig. 9b).

4.3. Martensite or Widmanstätten ferrite in Fe–10Cr?

An important observation requiring further discussion is the char
acteristic needle-like microstructure formed in Fe–10Cr diffusion cou
ples after quenching from 1000 ◦C (Fig. 7a and Fig. 8a). Similar 
morphologies have been reported for Fe–10Cr alloys quenched from 
1050 ◦C and were identified as Widmanstätten ferrite. Bee and Honey
combe [56] demonstrated that, in low-carbon Fe–10Cr alloys, the 
decomposition of austenite above 600 ◦C produces equiaxed and Wid
manstätten ferrite, whereas martensitic transformation occurs only 
below 500 ◦C.

Comparable needle-like microstructures have also been observed in 
austenitization-affected zones (AAZs) formed in thin foils of commercial 
ferritic stainless steel Crofer 22 APU (Fe–23Cr) after prolonged oxida
tion [49,50]. Such features can be easily misinterpreted as martensite, 
since martensitic transformation is commonly expected upon cooling of 
steels with compositions within or near the γ-loop (Fig. 5). However, the 
formation of martensite requires both sufficient carbon content and high 

cooling rates. In the present model alloys, the carbon content is 
extremely low, and the cooling rates during quenching are relatively 
moderate. For comparison, martensitic microstructures in iron-based 
alloys typically require significantly higher carbon contents and rapid 
cooling rates (e.g., 30–300 K s⁻¹ in commercially pure iron containing 
>0.03 wt% C) [35].

The brighter contrast observed in BSE SEM images of the AAZ is often 
attributed to a high density of defects and lattice distortions associated 
with fine, highly misoriented grains [57]. However, such contrast alone 
is insufficient to identify martensite. Color etching of the quenched 
diffusion couples using Kalling’s reagent (CuCl₂ + HCl) revealed no 
characteristic martensitic features [11]. Furthermore, EBSD and 
TEM/SAED analyses reported in Refs. [49,50] confirm that the 
needle-like grains in the AAZ are ferritic (BCC).

It is therefore concluded that the FCC phase present in Fe–10Cr at 
1000 ◦C transforms predominantly into Widmanstätten ferrite during 
cooling. In contrast, the thin FCC layer formed in the Fe–18Cr / Fe 
diffusion couple at 900 ◦C (Fig. 9a and Fig. 10b) transforms rapidly back 
to BCC ferrite upon quenching, consistent with its composition being 
close to the α/γ phase boundaries.

5. Conclusions

This work provides direct experimental and computational evidence 
of diffusion-induced phase transformations across the α/γ boundary in 
Fe–Cr alloys above 830 ◦C and clarifies their implications for high- 
temperature oxidation behavior: 

• Diffusion-induced phase transformations in Fe–Cr diffusion couples 
occur when the diffusion path intersects the γ-loop, temperature and 
composition.

• DICTRA simulations accurately reproduce concentration profiles, 
phase distributions, and interface positions, demonstrating the pre
dictive capability of CALPHAD-based thermodynamic and kinetic 
descriptions of the Fe–Cr system.

• Wagner's classical analysis yielded interdiffusion coefficients of 
(1.24 ± 0.05) × 10− 17 m2s− 1 for the FCC phase at 900 ◦C and (1.44 

± 0.04) × 10− 14 m2s− 1 for the BCC phase at 1000 ◦C, in excellent 
agreement with literature values and DICTRA simulations.

• Austenite formation in Fe–Cr alloys during high-temperature 
oxidation is driven by chromium depletion under diffusion- 
controlled conditions, as independently demonstrated in oxidation- 
free diffusion couples.

• Alloying with Mo (and potentially other ferrite stabilizers) sup
presses austenitization by stabilizing ferrite (BCC), preventing the 
formation of FCC at 900 ◦C and thereby inhibiting breakaway 
oxidation.
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