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A B S T R A C T   

Microstructure design of new high-performance alloys requires the combination of multiple hardening mecha
nisms. This study explores combining nanograins with spinodal decomposition strengthening in an Fe-51.4Cr (at. 
%) alloy. High-pressure torsion (HPT) produced a nanostructure with a 51 nm grain size. Atom probe tomog
raphy analysis of deformed and annealed samples revealed spinodal decomposition after one hour of annealing. 
HPT accelerated decomposition kinetics is due to the high vacancy concentration. Microhardness remained 
stable due to spinodal hardening, despite a decrease in the Hall-Petch strengthening contribution. However, 
fracture toughness decreased.   

The necessity of reducing carbon dioxide emissions in the trans
portation industry has led to an increasing requirement for alloys 
exhibiting enhanced properties and performances. In order to achieve an 
enhanced yield strength, microstructural design represents a pivotal tool 
in this process. The microstructures of the materials are therefore 
designed to produce high hardening in each dislocation-stopping 
mechanism (such as solid solution, dislocation forest, second phases, 
grain boundaries [1,2]) or to achieve the best balance between them 
[3–5]. 

Metallic nanostructures, produced by sputter deposition or severe 
plastic deformation (SPD), exhibit high strengthening by the Hall-Petch 
effect when the grain size is in the order of tens of nanometers up to 
hundreds of nanometers [4,5]. The nanostructured materials, with a 
high grain boundary density, may facilitate heterogeneous precipitation 
[6,7], which has the effect of disfavoring hardening. This is due to the 
fact that ineffective precipitation and the removal of solid solution ele
ments occur. Moreover, the accelerated kinetics of the precipitation 
process renders precipitation hardening unstable at elevated tempera
tures [7]. 

In the present study, an additional non-precipitation hardening 
mechanism is pursued in addition to a high Hall-Petch hardening to 
enhance the mechanical properties. It has been demonstrated that spi
nodal decomposition can act as a hardening mechanism [8]. According 

to the elastic field theory, the lattice misfit and the modulus difference 
are the causes of this hardening [9]. Spinodal decomposition occurs 
spontaneously, without the need for a thermodynamic barrier, and 
without the involvement of a classical nucleation mechanism. As a 
consequence, this hardening mechanism might be less negatively 
affected by the nanostructure than the precipitation hardening. Finally, 
the nanograin structure combined with the spinodal decomposition 
hardening could result in an effective increase of the effective me
chanical properties and, therefore, in the structure lightening. 

However, previous studies have not demonstrated a positive inter
action between spinodal decomposition and nanostructures. For 
instance, grain boundary segregation impeded decomposition in a Pt-Au 
system [10], while "Schwarz crystals" were proposed to impede 
decomposition in an Al-Zn alloy [11]. 

The Fe-Cr system is a promising candidate due to its large miscibility 
gap, which is conducive to spinodal decomposition, and its well- 
established nuclear applications. 

To explore the possibility of simultaneous strengthening by Hall- 
Petch and spinodal decomposition, a Fe-51.4Cr (at.%) alloy was cho
sen. This material was previously studied [12] in a coarse-grained state 
with long annealing. Those states serve as reference here. To investigate 
the interaction between spinodal decomposition and a nanostructure, 
SPD via high-pressure torsion (HPT) was applied prior to aging heat 
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treatments at 525 ◦C for varying durations. 
The HPT process was conducted at a pressure of 6 GPa with a 

deformation rate of 1 revolution per minute and a total of 10 revolutions 
at room temperature. The grain size in the obtained samples was char
acterized using transmission Kikuchi diffraction (TKD) in a Helios 5UX 
microscope and an Oxford Symmetry EBSD detector (30 kV, WD set to 
6.5 mm). The obtained data were processed using the AZtecCrystal 
MapSweeper software (16 × 16 binning for indexing and refining). 

The nanostructure of the deformed sample without aging (desig
nated in the following as the HPT state) is presented in Fig. 1.a. Fig. 1.b 
shows the ultrafine structure of an HPT sample aged at 525 ◦C. After 100 
h, a clear growth in the structure size was observed, transitioning from a 
nanostructure state (below 100 nm) to an ultrafine grain regime (larger 
than 100 nm). The analysis of 2296 and 483 grains (minimum disori
entation set to 10◦, minimum grain surface area 50 nm2) for the HPT and 
HPT-100 h conditions, respectively, yielded the probability density 
distributions shown in Fig. 1.c. The mean size of the HPT-100 h sample 
(159 nm) is approximately three times higher than the mean size of the 
HPT sample (51 nm). These values are in good agreement with those 
reported in [20,21]. 

Atom probe tomography (APT) was employed to ascertain the local 
compositions at different stages. A LEAP® 5000 XS instrument was 
employed with the following settings: impulse rate of 500 kHz, detection 
rate of 0.5 %, pulse fraction of 0.2 %, and temperature of 50 K. The 
samples were reconstructed in 3D using the IVAS® suite, followed by 
data processing with Gpm_3dSAT software (IDDN.FR.001.430017.000. 
S.P.2020.000.10000). 

Both the solution heat-treated (SHT) sample and the HPT sample 
(Fig. 2.a) exhibit a homogeneous composition, with Cr atoms appearing 
green). Notably, a grain boundary is visible in the HPT sample, identi
fied by a change in the density poles (detailed in Appendix A), with no 
segregation. The HPT-100 h sample, however, exhibits a heterogeneous 
distribution of Cr ions with a spinodal-like morphology within the grains 
(highlighted by the red area in Fig. 2.b). No evidence of sigma phase 
precipitation was observed in any of the sample. 

The non-aged HPT samples did not exhibit grain boundary segre
gation or phase decomposition. The profile analysis of the region of 
interest (ROI) in black (Fig. 2.a), presented in Fig. 2.c, did not reveal any 
evidence of grain boundary segregation. The HPT-100 h sample shows 
grain boundary segregation, as illustrated in Fig. 2.c. Despite this 
segregation, the mean composition of the in-grain ROI, as shown in 
Fig. 2.b, is comparable to that of the alloy, indicating no clear depletion 
of Cr in that grain. However, a depleted region is observed in close 
proximity to the grain boundary. 

To assess the kinetics of spinodal decomposition at 525 ◦C in the 
nanograin microstructure, the Radial Distribution Function (RDF) 

[13–15] was applied to APT datasets (Fig. 3.a). This approach enables 
the measurement of both the amplitude and the wavelength of the 
composition fluctuations are accessible. After aging, the initiation of 
spinodal decomposition is revealed. Although only one sample exhibited 

Fig. 1. a) Inverse Pole Figure (IPF) map of the HPT sample. b) IPF map of the HPT sample aged 100 h at 525 ◦C. c) Probability density of the equivalent circle 
diameter grain size as well as the mean value, for the conditions presented in a) and b). 

Fig. 2. a) 3D reconstructions of an annealed sample (SHT) prior to HPT, 
annealed plus 10 revolutions (HPT), and annealed plus 10 revolutions HPT and 
aged 100 h at 525 ◦C (HPT-100 h); in green 5 % of Cr ions are shown. b) A ROI 
selected in the interior of a grain of the HPT-100 h condition (in green Cr ions, 
in blue Fe ions). c) Cr concentration profiles across a grain boundary for the 
HPT and the HPT-100 h conditions. 
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a clear minimum in its RDF (related to depleted zones in long-range 
order) after one hour of holding, minima were evident for all other 
holding times, as illustrated in Fig. 3.a. The minimum value decreased 
with longer heat treatments, and its position shifted towards higher radii 
as previously reported for spinodal decomposition progress in [12,13]. 

The quantitative analysis of the spinodal decomposition can be 
addressed by analyzing the RDFs using various methods, as reported in 
[12–17]. In the present study the wavelength is obtained by fitting the 
RDF with an appropriate equation (a detailed explanation is presented in 
Appendix B). In [12], the wavelength was identified as the double of the 
distance to the minimum of the RDF. 

Fig. 3.b presents the evolution of the wavelength with the aging time. 
A rapid increase in the wavelength is revealed at the onset of compo
sition fluctuations (up to 2 h), followed by a rapid kinetics between 2 h 
and 100 h. Finally, a slower kinetics section is observed. The non- 

deformed samples present smaller values of spinodal wavelength as 
well as a smaller slope, indicating slower kinetics. 

The amplitude of the spinodal decomposition was determined by the 
methodology presented in Appendix B, considering a one-dimensional 
sinusoidal profile (Λ =

̅̅̅
2

√
), which yielded to the results shown in 

Fig. 3.c. The fast increase followed by stagnation is expected for spinodal 
fluctuations, which then give rise to by the coarsening of fully developed 
hills and valleys. The amplitude observed during the stagnation period 
(from 100 h) is comparable with the thermodynamic values expected 
from a total decomposition if Λ is equal to 2. In this case, our experi
mental amplitude is 59 at.% which is in accordance with the calculations 
obtained from ThermoCalc [18], thermodynamic database TCFE8 (62 
at.%). 

After SPD, the spinodal decomposition quantified in Fig. 2 and 3 
presents faster kinetics, resulting in a larger and fast-growing wave
length and in an amplitude that is fully developed after 100 h. Despite 
the difficulty in making comparisons with the literature due to differ
ences in Cr compositions and aging temperatures, the amplitude value of 
the SPD sample after 100 h is significantly higher than in other studies 
without SPD processing [19–21]. In the aforementioned references, a 
similar amplitude is only reached after 1000 h to 2000 h. In [12], after 
552 h at 525 ◦C (the same alloy as the one under investigation in the 
present study), a 56.6 at.% Cr amplitude was reached (as established 
using the method of [13]). At the same temperature, the same amplitude 
was already obtained after only 100 h of holding in the HPT samples. 

The accelerated kinetics can be attributed to a faster diffusion which 
is anticipated from the Cahn-Hilliard equations and their dependence on 
the mobility [22]. The diffusion of substitutional atoms is directly 
correlated with the number density of vacancies. In the case of SPD 
samples, the fraction of non-equilibrium vacancies has been estimated to 
be between 1 × 10–5 and 5 × 10–4 [23–26] which are several orders of 
magnitude higher than the thermal-equilibrium vacancy fraction (10–13 

at 600 ◦C) [27]. 
The fraction of non-equilibrium vacancies would evolve during the 

aging heat treatment reaching the equilibrium if the holding time is 
sufficiently long. At a given temperature, the evolution of the diffusion 
coefficient as a function of the time, depending on the vacancy fraction, 
can be expressed as follows [27]: 

D(t) = DE + (D0 − DE)
τ
t
ln
(

1+
t
τ

)
(1)  

where τ is the time constant of annihilation (set at 238 s [27]), t is the 
time. The annihilation time is considered constant as a first approxi
mation (annihilation would be overestimated), even though the grain 
size evolves. D0 represents the initial diffusivity at t = 0 while DE denotes 
the diffusivity at the equilibrium state, which is reached once all excess 
vacancies have been annihilated. In both cases, the diffusivity can be 
calculated as follows: 

Di = cia2νexp
(

ΔS
kB

)

exp
(
− ΔH
kBT

)

(2)  

where ci is the vacancy fraction at t = 0 and at the thermal equilibrium, a 
is the jump length (a = 0.25 nm), ν is the Debye frequency (ν ≈10–13 s-1), 
ΔS ≈ 5 kB is the entropy change during Fe diffusion [28], ΔH is the 
migration activation enthalpy of Fe vacancies (0.8 eV [27]), kB is the 
Boltzmann constant and T is the absolute temperature. 

For the purposes of this analysis, a vacancy fraction of 1 × 10–12 is 
considered to be the upper limit for the thermal equilibrium state. This 
value is based on the observation that vacancy fractions in Fe at 525 ◦C 
[29], and in Fe-Cr alloys with higher formation enthalpies [30]. After 
the HPT deformation process, vacancy fractions of approximately 1.35 ×
10–5 have been reported in pure Fe [31], while in other metals, vacancy 
fractions have been measured to be close to 1 × 10–4 [24]. In ECAP 
samples, the vacancy concentration was calculated to be between 5 ×
10–4 and 5 × 10–3 [32]. However, a lower value of 1 × 10–6 was set due 

Fig. 3. a) Radial distribution functions (RDF) of the HPT samples after different 
holding times at 525 ◦C. b) Wavelength for the HPT and for the non-deformed 
samples. c) Amplitude between the Cr-enriched and Cr-depleted regions by the 
methods presented in [13,15]. 
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to the higher mobility of Cr. According to Eqs. (1) and 2 and considering 
the aforementioned vacancy fractions, the diffusion coefficient varies as 
presented in Fig. 4. 

As illustrated in Fig. 4, the diffusion coefficient at the outset of the 
annealing heat treatment is consistent with the predicted value based on 
the excess vacancy concentration (8 × 10–14 m2/s) while it decreases 
with the holding time. However, with the progression of holding time, 
the diffusion coefficient exhibits a decline. The times corresponding to 
the studied holding conditions (1, 2, 8, 24, 100, and 200 h) are indicated 
by vertical lines. After 1 h, the diffusion coefficient is calculated equal to 
be 1.5 × 10–14 m2/s, while it drops to 2.1 × 10–16 m2/s after 200 h. 
Despite a drop of two orders of magnitude is determined, the diffusivity 
after 200 h in the HPT is still expected to be 5 orders of magnitude higher 
than the value expected only by the presence of thermal vacancies at 
equilibrium (8.2 × 10–23 m2/s). Although the annihilation of vacancies 
is expected to occur more rapidly in SPD samples, the difference in 
diffusion coefficients between Fe and Cr may result in the dynamic 
generation of vacancies via a Kirkendall effect [33]. 

The spinodal decomposition can be modeled by calculating the 
evolution of the Gibbs energy as presented by the Cahn & Hilliard 
analysis in isobarothermal condition [22]. The Fe mobility is compara
ble to that of Cr and to the interdiffusion ones (up to 75 at.% Cr) 
[34–36]. As the flux of Fe is directly proportional to the diffusion co
efficient, the rate of evolution of the microstructure is related to the 
diffusion coefficient. It is therefore anticipated that a higher vacancy 
concentration will result in faster kinetics at a given temperature where 
spinodal decomposition is expected. The slower section of the wave
length evolution can be then related to slower diffusion as well as to the 
coarsening mechanism. 

This study investigated the effect of spinodal decomposition on the 
mechanical behavior of a nanocrystalline alloy. In the non-deformed 
sample (Fig. 5.a), annealing resulted in increased hardness due to spi
nodal decomposition. The initial hardness of the HPT sample was 500 
HV higher than that of the bulk alloy due to its smaller grain size, which 
corresponded to a Hall-Petch constant of 340 MPa.μm-0.5 (by consid
ering the Tabor’s relationship between hardness and yield strength 
[37]). 

The HPT states exhibited a slight initial decline in hardness (70 HV) 
followed by period of stability up to 100 h of annealing. Between 100 
and 200 h, a final decrease was observed. Despite a threefold increase in 
grain size after 200 h, hardness only decreased by 100 HV. This indicates 
that spinodal decomposition partially offsets the hardness loss resulting 

from grain growth (652 MPa, approximately 220 HV). The strength
ening mechanism of spinodal decomposition is attributed to the inter
action between dislocations and the difference in elastic moduli, and the 
lattice misfit, as predicted by elastic field theory [9]. 

It is noteworthy that the hardness difference between the HPT-100 h 
and non-deformed 100 h samples (300 HV, or 900 MPa) can be largely 
explained by the Hall-Petch effect (340/

̅̅̅̅̅̅̅̅̅̅̅̅̅
0.159

√
MPa). 

In addition to hardness evolution, the fracture toughness KIC was 
measured in selected conditions. This measurement was conducted by 
subjecting pre-notched microcantilevers with a square surface area of 
approximately 3 × 5 µm2, a notch depth of 2 µm and a length of 20 µm to 
in-situ deformation. Details of the microcantilever fabrication, images 
and testing are presented in Appendix C. In order to compare the curves 
between tests, the stress intensity factor calculated under the linear 
elastic hypothesis (KLEFM) of the HPT and HPT-100 h are presented in 
Fig. 5.b. The obtained curves demonstrate the presence of plasticity. 
After the elastic domain, there is no brittle fracture but rather a non- 
linearity relating to plasticity, which is then followed by crack 
propagation. 

The resulting KQ,Jini (calculated as presented in Appendix C) is equal 
to 10.4 ± 0.9 MPa m1/2 for the HPT condition. This value is slightly 
smaller than the KIC of ultrafine-grained (UFG) Fe [38,39] but it is higher 
than the one of UFG Cr [40] for a similar charging direction (a smaller 
grain size was measured in the present study). The KQ,Jini of the HPT-100 
h condition was calculated to be equal to 5.5 ± 1.0 MPa m1/2. 

It is not possible to determine the effect of spinodal decomposition on 
dislocation nucleation and storage (and the fracture toughness) by 
comparing the HPT and HPT-100 h conditions, due to the supplemen
tary grain size difference between the two states. 

The reduction in the fracture toughness may be attributed to 
diminished dislocation mobility resulting from the highly evolved spi
nodal decomposition, as documented in [41,42]. The reduced disloca
tion mobility has been corroborated by in situ compression TEM 
characterization [41]. The diminished dislocation mobility is partially 
attributed to the pinning effect of dislocations traversing Cr-Cr pairs, 
which intensifies with the spinodal decomposition [42]. Xin et al. 
demonstrated that the solute-rich/poor interphases may serve as 
nucleation sites for dislocations, resulting in a rapid accumulation of 
dislocations within the material [43]. 

In contrast to the suppression of the spinodal decomposition by the 
presence of nanocrystals in the Pt-Au [10] and Al-Zn [11] systems, the 
present study demonstrates the possibility of combining an UFG struc
ture with a spinodal decomposition in a Fe-Cr alloy (51.4 at.% Cr). The 
developed microstructure exhibited significantly enhanced hardness 
compared to the non-deformed state, even after prolonged annealing at 
525 ◦C. The high hardness is partially attributed to the nanocrystalline 
microstructure (51 nm), which transitions to an ultrafine regime (159 
nm), and partially due to the spinodal decomposition hardening. 

The kinetics of the spinodal decomposition within the grains of the 
nanostructured alloy were compared with those of the non-deformed 
conditions. The comparison revealed a larger wavelength for similar 
holding times as well as a higher amplitude in the case of the severely 
plastically deformed samples. Therefore, it can be concluded that the 
HPT process introduces a high vacancy concentration, and drastically 
accelerates the spinodal decomposition by a factor close to ten. 

In the light of the present results and the observed stability of 
hardness upon annealing, it may be posited that the combination of a 
nanostructure with the spinodal decomposition may be pursued in the 
microstructure design, particularly in instances where the primary 
objective is the stabilization of high hardness. Furthermore, Fe-Cr alloys 
may also be considered as subjects of this new design path, along with 
others alloys with miscibility gaps, such as aluminum alloys (Al-Zn [44]) 
or bronzes (e.g. Cu-Ni-Sn [45]). However, due to the lower dislocation 
mobility following well-established spinodal decomposition, the 
annealing time may be adjusted to maintain high values of fracture 

Fig. 4. Evolution of the diffusion coefficient (D) during an annealing heat 
treatment at 525 ◦C, showing the value produced by the equilibrium thermal 
vacancies’ concentration (Deq) and the diffusion coefficient due to the con
centration of excess vacancies produced by the HPT process (D0). Vertical lines 
show the times at which APT analysis has been performed (1, 2, 8, 24, 100 and 
200 h). 
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toughness. 
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K. Bryła, J. Čížek, S. Divinski, N.A. Enikeev, Y. Estrin, G. Faraji, R.B. Figueiredo, 
M. Fuji, T. Furuta, T. Grosdidier, J. Gubicza, A. Hohenwarter, Z. Horita, J. Huot, 
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