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Abstract: The phase composition of metallic α-U and Fe after mechanical synthesis in conditions of
severe (mega) plastic deformation at room temperature using rotational Bridgman anvils was studied
using Mössbauer spectroscopy, scanning and transmission electron microscopy. It was shown that
mechanical synthesis results in U6Fe and UFe2 intermetallic formation with a precursor represented
by UFe2(D) and UFe3(D) defective phases and a defective dispersed mechanical mixture of iron and
uranium. Low-level annealing at 300 ◦C results in the ordering of the defective phases and transition
of a dispersed mechanical mixture of iron and uranium into U6Fe and UFe2 intermetallics. The
diffusion mechanism of intermetallic formation in conditions of cold deformation of iron and uranium
mixture was established, and the high deformation and thermal phase stability of intermetallics U6Fe
and UFe2 was shown.

Keywords: uranium; iron; intermetallics; severe deformation; mechanical synthesis; Mössbauer
spectroscopy; electron microscopy

1. Introduction

Structural phase transitions in steels and alloys occurring in conditions of severe
deformation and irradiation are of great scientific and practical interest for material engi-
neering and new construction materials development, specifically for the nuclear industry.
Investigation of high-energy particles’ effect on materials may involve data about severe
(mega) plastic deformation influence on a structure. It follows from the mutual determi-
native factor of severe deformation and irradiation effects on structural phase transitions,
namely, saturation of a structure by point defects. At the same time, it should be taken into
consideration that processes of defect development in conditions of deformation and irra-
diation are of different natures [1–3]. The most crucial point in structural influences caused
by deformation and irradiation is a high-energy dissipation behavior towards dynamic
structural phase transitions [3,4]. The latter most commonly occurs in stages and can reveal
multidirectional courses. This fact can be easily explained by the structural relaxation that
is performed in the most energy-effective ways in conditions of severe plastic deformation
and severe irradiation. In case of either severe plastic deformation or irradiation, the
structure can undergo nonequilibrium processes (for instance, disorder, dissolution of
dispersed particles of intermetallics, nitrides, oxides with development of supersaturated
solid solution and amorphization) and competing relaxation processes such as dynamic
recrystallization, decay, development of segregations and phase transitions [1–4].

An increase in alloys’ strength and durability in conditions of severe exposures can be
achieved by particular alloying and precipitation-hardening treatments. As an example,
one can mention alloys with hardening dispersion phases, namely, intermetallics, oxygen
and nitrogen compounds, etc. [3–7]. An important characteristic of material structural
stability is a small dilatation, in particular, in conditions of periodic thermal and radiation
exposures. This challenge is observed for both construction materials (including fuel
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rod tubes) and fissionable ones used in nuclear power reactors. Specifically, to improve
the thermal and radiation features of nuclear fuel uranium compounds with oxygen and
nitrogen [8,9], as well as with Pu, Zr, and Ge, metals [10–12] are commonly used. Another
way to improve the thermal stability of uranium is by alloying it with iron. It was shown
that even a tiny amount of iron (1.5%) revealed a 20-fold decrease in the sample extension in
comparison with pure uranium in conditions of a thermal 800-fold cycling process within
the temperature range of 50–550 ◦C [13]. The alloy samples containing 1–2% of Fe and
demonstrating a structure like α-U + eutectics (α-U + U6Fe) were observed to keep their
shape and surface quality after cycling.

The steadying influence of an intermetallic (Ni3Ti, Ni3Al) γ′-phase on the ordering pro-
cesses during high-energy electron irradiation was observed for modeling aging austenitic
Fe–Ni alloys [2,3]. In the case of fast neutron irradiation, the dual nature of phase transitions
of both competing nonequilibrium dissolution of dispersed intermetallic γ′-particles and
secondary intermetallic development processes was revealed, similar to those in conditions
of severe plastic deformation [2,3]. Both cases of neutron irradiation and severe plastic
deformation were shown to undergo the crucial influence of temperature on the direction
and kinetics of phase transitions, namely, from dominant intermetallic particle dissolution
with a temperature decrease to accelerated secondary intermetallics development with a
temperature increase [2–4]. It was concluded that the deformation and radiation phase
stability of alloys is preferably specified by the chemical affinity of the alloy components
and the thermal stability of the hardening phases.

Considering that mechanical synthesis application allows the identification of the
impetus of phase formation during the mega plastic deformation and irradiation, the goal
of the current study is the investigation of structural and phase transitions during the
mechanical synthesis of uranium and iron, as well as the deformation and thermal stability
of the developing phases.

2. Materials and Methods

The samples of α-U based on 238U with a natural iron impurity in amounts of 3 wt.%
(the contents of resonance isotope, 57Fe, in natural iron is ~2.1%) were studied. The initial
as-received α-U samples were as a foil of 100 µm thickness. Some samples were used as a
powder, ground by broaching the file with a following fining in a jasper mortar. It is known
that the mutual solubility of uranium and iron is negligible (iron solubility in α-U at 650 ◦C
is less than 0.014%, and uranium solubility in α-Fe is near zero) [14]. Moreover, to obtain
the required quality of Mössbauer spectra in the experiment with the mechanical synthesis,
the iron was enriched with the resonance (Mössbauer) isotope, 57Fe, up to 96%.

Mechanical synthesis was performed in conditions of severe plastic deformation
by high-pressure torsion (HPT) in rotating Bridgman anvils [3,15]. HPT was performed
on sandwich-like samples prepared from two α-U plates of 100 µm thickness with the
resonance 57Fe between them. In this study, the experiment with two types of initial iron
was performed; see Figure 1. The iron powder was represented by particles with a wide
size and shape distribution (the mean size was 100 microns). The first case dealt with a
57Fe foil of 5 µm thickness, and was marked as a mechanical synthesis of a “foil” type;
moreover, this technique was applied to the samples with a powdered 57Fe iron placed
between α-U plates—marked as a “powder” type (Figure 1, “powder” sample). HPT was
performed at 8 GPa by ground anvil rotation at the rate of 0.3 rpm up to deformation
assessed in the anvil rounds as n = 5 and 10 rounds. After deformation by HPT, the “foil”-
and “powder”-type samples revealed a thickness close to 100 µm. To reach the necessary
thickness for the Mössbauer thin absorber (10–15 µm), further thinning was performed
using a lapping tool and diamond paste (4–7 µm grain). Some samples after thinning were
annealed at 300 ◦C for 1 and 5 h (the latter was provided by additional annealing for 4 h of
the sample with the preliminary annealing within 1 h).
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Furthermore, the Mössbauer spectra model was specified referring to a type of p(V) and 
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analysis was performed by evaluation of the relative integral intensities of Mössbauer 
spectra components known to be proportional to a number of iron atoms in a particular 
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Figure 1. The scheme of mechanical synthesis of α-U with 57Fe using the high-pressure torsion
technique in rotating Bridgeman anvils as the “foil” type and “powder” type.

The 57Fe Mössbauer spectra of γ-quanta absorption were measured at room tempera-
ture (20 ◦C) and constant acceleration using an MS-1101 spectrometer (Research Institute of
Physics SFedU, Rostov–on–Don, Russia) and 57Co(Rh) source. The values of isomer shift
are given relative to α-Fe at 20 ◦C. Due to the complicated shape of the obtained Mössbauer
spectra, they were fitted using MS Tools software (Versions 6.1 and 7.2, M.V. Lomonosov
Moscow State University, Moscow, Russia) [16]. In particular, the distri product (applied
for locally inhomogeneous systems with a multi-component structure and low spectra
resolution) was also used. It was of help in increasing the spectra resolution by reconstruc-
tion of the p(V) and p(H) distributions, i.e., the probabilities of resonant absorption on the
Doppler velocity scale, V, and effective magnetic field, H. Furthermore, the Mössbauer
spectra model was specified referring to a type of p(V) and p(H) distribution and apriori
data analysis. The values of hyperfine parameters as well as the impact of partial spectra
were calculated by the standard procedure of integral spectra-fitting using the Lorentzian
line shape in the Spectr program [16]. Quantitative phase analysis was performed by
evaluation of the relative integral intensities of Mössbauer spectra components known to
be proportional to a number of iron atoms in a particular phase (without accounting for the
Debye–Waller factor).

A study of the structure using electron microscopy was performed by transmission
electron microscope JEM 200CX (JEOL, Tokyo, Japan) with accelerating voltage of 160 kV.
Phase identification was done using the dark-field technique and electron microdiffraction.
The steel structure was investigated using a Quanta 200 scanning electron microscope (FEI
Company, Hillsboro, OR, USA) with accelerating voltage of ~30 kV. The PEGASUS system
was also applied to obtain images in various regimes and perform chemical microanalysis.

3. Experimental Results
3.1. Mössbauer Spectra of Initial α-U Sample with a Natural Fe Impurity

The Mössbauer spectra measurement of the initial α-U sample with a natural Fe
impurity of 3 wt.% prepared as a thin foil of 10–15 µm failed. Negligible resonant absorption
was registered within the statistical noise near the zero point of Doppler velocity, Figure 2a.
This fact can be explained by the almost total absorption of the 14.4 kEv resonance radiation
from the Mössbauer source by the uranium plate.

Powdered alloy samples prepared with additional grinding in the jasper mortar were
measured successfully. The Mössbauer spectrum shown in Figure 2b is represented by the
superposition of two components, namely, a ferromagnetic sextet with α-Fe parameters
(H ~330.4 kOe) and a broadened central line related to a non-magnetic material (up to 20%).
Unfortunately, poor spectrum quality did not allow for performing a detailed analysis.
However, the central line position at the velocity scale coincides with the location of
additional absorption in the “foil”-type sample.
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Figure 2. Mössbauer spectra of initial sample of α-U alloy with admixture of natural iron in an
amount of 3 wt.%. (a)—foil, (b)—ground powder with additional fining.

3.2. Mössbauer Spectra of α-U + 57Fe Sample after Mechanical Synthesis

The Mössbauer spectra of the samples (enriched with 57Fe) obtained after HPT as “foil”-
and “powder”-type ones were found to be visually similar, Figures 3 and 4. Additionally
to the α-Fe sextet, a broadened central line was revealed and marked as UxFey. After HPT,
the α-Fe spectrum magnetic texture was changed and evaluated as the ratio of sextet lines
intensities as A(1.6):A(2.5):A(3.4) = 3:A(2.5):1 [17]. The value A(2.5) = 4sin2θ/(1 + cos2θ),
where θ—is an angle between directions of the inner effective field on the 57Fe nucleus and
γ-quanta transmission.
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“powder” type after: (a)—high-pressure torsion with n = 5 r.; (b)—annealing at 300 ◦C for 5 h.

The magnetic texture parameter for the isotropic distribution of magnetic moments is
A(2.5) = 2. After applying HPT to the “foil”-type sample, this parameter was A(2.5) = 3,
and the “powder”-type sample A(2.5) = 2.8, which indicates the rotation of iron magnetic
moments and results from a large tensile stress in the plane of the sample after severe
plastic deformation.

The annealing at 300 ◦C resulted in an increased amount of the central component.
In the spectra of the “foil”-type sample, the latter grew from 36% to 51% and, in the
“powder”-type sample, from 12% to 24%. In response to annealing, the A(2.5) value drops
to 2.5, which reveals a magnetic texture close to the isotropic one, due to the relaxation
of mechanical stresses caused by HPT. The spectrum also demonstrated an insignificant
sextet of a smaller magnetic field (~314 kOe), which may result from U atoms passed into
the α-Fe matrix as a substitutional impurity or residual static distortion of the iron lattice
caused by deformation, Figures 3 and 4.

A more thorough analysis of the spectrum’s central region required Mössbauer spectra
measurements with higher resolution in the velocity range, from minus –1.2 to 1.2 mm/s,
and the application of the distri program [16] to reconstitute the p(V) distribution of
resonance absorption lines on the Doppler velocity scale (Figures 5 and 6). The calculation
results demonstrated that the central parts of the Mössbauer spectra obtained had similar
hyperfine structures in the cases of the mechanically synthesized sample and the ones after
annealing. The p(V) distribution fit using a number of lines with Gaussian shape and a priori
data for the hyperfine parameters of the intermetallic phases and U and Fe compounds
allowed for modeling the spectra central parts, in the case of the mechanically synthesized
samples (marked as UxFey), as a superposition of doublets related to the well-known
intermetallic compounds, U6Fe, UFe2 and other UFe2(D) and UFe3(D) ones. Moreover, it
was revealed that the Mössbauer spectra also contained some doublets related to a small
amount of UFeO.

Annealing at 300 ◦C of both the “foil”- and “powder”-type samples resulted in vari-
ation in the components’ contributions without qualitative modification of the spectra
structure. Analysis of the Mössbauer spectra of the “foil”- and “powder”-type samples
revealed that mechanical synthesis at room temperature takes place as phase development
associated with U6Fe, UFe2, UFe2(D) and UFe3(D) doublets, the hyperfine parameters of
which are given in Table 1. Doublets associated with U6Fe and UFe2 are characterized
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by hyperfine parameters, isomer (Is) and quadrupole (Qs) shifts, corresponding to the
certain intermetallic structures, namely, U6Fe and UFe2 [18–23], developed in accordance
with an equilibrium diagram of a U–Fe system [14]. Isomer shift values of UFe2(D) and
UFe3(D) doublets were found to be close to those of the UFe2+x and UFe3 phases, obtained
by ultrafast cooling of the U–Fe liquid alloy with a variable iron content [23]. Taking into
account the dependence of isomer shift values from the intermetallic composition [17,23],
new phases, UFe2(D) and UFe3(D), developed in conditions of HPT can be attributed to the
intermetallics with increased iron content, that is, peculiar to the structure with increased
electronegativity, see Table 1.
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Figure 5. The central parts of the Mössbauer spectra and corresponding distribution functions p(V),
with the decomposition of the samples obtained by mechanical synthesis of α-U with 57Fe in a “foil”
type. Treatment: (a)—high-pressure torsion with n = 10 r.; (b)—high-pressure torsion with further
annealing at 300 ◦C, 1 h; (c)—high-pressure torsion with further annealing at 300 ◦C, 5 h.

The integral intensity of components with Mössbauer parameters associated with U6Fe
formed during the mechanical synthesis of the “foil”-type was 3–5%, with following growth
up to 15% and 20% following low annealing at 300 ◦C for 1 and 5 h, respectively, Figure 7.
The intensity growth of the doublet related to U6Fe was consistent with the decreasing of
α-Fe sextet intensity by the same value; see Figure 7a,b. This fact means that iron after
deformation, marked as Fe(D), in a mechanical mixture with strained uranium, marked as
U(D), is a precursor of intermetallic phase U6Fe development. The phase transition of the
strained mechanical mixture of iron and uranium taking place at room temperature and
low heating indicates a strong phase nonequilibrium state of the structure U(D) + Fe(D).
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Figure 6. The central parts of the Mössbauer spectra and corresponding distribution functions,
p(V), with the decomposition of the samples obtained by mechanical synthesis of α-U with 57Fe in a
“powder” type. Treatment: (a)—high-pressure torsion with n = 5 r.; (b)—high-pressure torsion with
further annealing at 300 ◦C, 1 h; (c)—high-pressure torsion with further annealing at 300 ◦C, 5 h.

Table 1. Hyperfine parameters (isomer shift, IS, and quadrupole splitting, QS) and relative integral
intensity, S, of components in the central part of the Mössbauer spectra of mechanically synthesized
samples of α-U with 57Fe (by high-pressure torsion in rotating Bridgeman anvils as “foil”-type and
“powder”-type samples) and data from [18,23].

Phase IS, mm/s
±0.01

QS, mm/s
±0.02

S, % (Foil)
±2.0

S, % (Powder)
±2.0 Reference

U6Fe −0.37 0.69 4.5 2.2

Current
work

UFe2 −0.19 0.48 9.1 3.3
UFe2(D) −0.13 1.02 9.7 2.2
UFe3(D) −0.04 0.46 10.0 3.3

UFeO 0.9 0.83 3.0 1.0

U6Fe −0.37 0.69 – – [18]
UFe2 −0.19 0.46 – – [23]

UFe2.3 −0.14 0.94 – – [23]
UFe3 −0.04 1.15 – – [23]
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The trend in the integral intensity quantitative variation in doublets UFe2, UFe2(D) 
and UFe3(D) at low annealing, namely, a 5–7% growth of UFe2 doublet intensity at an 
equal variation in the total intensity of doublets UFe2(D) and UFe3(D) provides for 
considering new phases as a precursor to the equilibrium phase of UFe2, Figure 7c–e. The 
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The trend in the integral intensity quantitative variation in doublets UFe2, UFe2(D)
and UFe3(D) at low annealing, namely, a 5–7% growth of UFe2 doublet intensity at an
equal variation in the total intensity of doublets UFe2(D) and UFe3(D) provides for con-
sidering new phases as a precursor to the equilibrium phase of UFe2, Figure 7c–e. The
phase transition of imperfect phases during heating probably goes through the ordering
of nonstoichiometric UFe2(D) and UFe3(D) phases toward the UFe2 structure. This idea
can be confirmed by the close hyperfine parameters (Is and Qs) of the UFe2(D) and UFe2+x
structures, obtained in the experiments with ultrafast cooling from melt and considered
as a nonstoichiometric Laves phase; see Table 1. Formed in the HPT phase, the UFe3(D)
revealed a less substantial decrease in intensity with increased annealing time. The slowing
down of the kinetics of transformation of UFe3(D) into the UFe2 structure during annealing
is probably associated with the higher iron content and significant deviation from stoi-
chiometry. The mechanically synthesized UFe3(D) structure was described by the doublet
with the isomer shift value close to that of UFe3 in the experiments with ultrafast cooling
from the melt with similar compositions [23]. The component observed after HPT as the
quadrupole doublet UFeO (~2%) had similar hyperfine parameters, with ferrous iron oxide,
and had not changed its intensity with annealing. This fact allows supposing iron oxide
formed during annealing [22].

The variation in partial contributions from quadrupole doublets in the spectra of “foil”-
and “powder”-type samples was found to be different. The annealing of the “powder”-type
sample at 300 ◦C resulted in domination growth of the doublet, UFe2, due to the sextet
related to iron; see Figure 8. Other spectra components, namely, the doublets U6Fe, UFe2(D)
and UFe3(D), revealed a similar variation direction to that in the case of the “foil”-type
sample. However, the quantitative assessments of these variations were proven to be inside
the experimental error.
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(e)—UFe3(D).

The peculiarities of the ferromagnetic α-Fe sextet in the Mössbauer spectra of the
samples, namely, the appearance of a satellite with insignificant intensity and a hyperfine
magnetic field of ~314 kOe, may result from a solid solution formation with uranium sub-
stitution in a bcc crystal lattice of iron, Figures 3 and 4. The evaluation of impurity content
associated with the satellite sextet using a calculation procedure for diluted solid solutions
of iron [24,25] was ~3.6%. However, the same appearance and amount of satellite sextet in
the iron spectrum after annealing did not support this assumption. The development of
the satellite sextet is likely a result of the remaining large number of deformation defects in
the iron structure formed under HPT [26] and in the nanocrystalline iron [27].

3.3. The Structure of U–Fe Alloy

The structure of the initial sample, α-U, with an admixture of natural iron is repre-
sented by grains with uniform etchability (mostly α-U), with a small amount of iron (about
1–2 wt.%). It is clearly seen that an insignificant amount of iron precipitates as thin layers
or chains (Figure 9a,b), as iron solubility in uranium at low temperatures is supposed to
be at a minimum. The electron microscopy images (Figure 9c,d) demonstrate thin iron-
containing lamellar precipitates formed in the grain body of uranium. In accordance with
the equilibrium diagram for U–Fe [14], this structure may be a eutectoid (α-U + U6Fe).

The structure of the mechanically synthesized alloy of α-U with 57Fe in a “foil” type
after HPT at 10 rounds and following annealing at 300 ◦C for 5 h is shown in Figure 10. It
should be emphasized that the fineness degree of the sample microstructure is nonuniform.
Electron microscopy of the synthesized sample allowed for identifying the following three
types of particles with different morphology.
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Figure 10. The microstructure of the mechanically synthesized alloy, α-U and 57Fe, obtained by high-
pressure torsion in rotating Bridgeman anvils in a “foil” type, n = 10 r., with a following annealing at
300 ◦C for 5 h. (a,b)—the particles of the first type; (c,d)—the particles of the second type; (e,f)—the
particles of the third type. (a,c,e)—bright-field images and corresponding microdiffraction patterns;
(b)—dark-field images of region (a), obtained in the reflection (112)α-U; (d)—dark-field image of
regions (c), obtained in the reflections (213)U6Fe + (331)UFe2; (f)—dark-field image of region (e),
obtained in the reflections (431)U6Fe + (222)UFe2.
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- The first type. There are coarse particles with irregular forms (Figure 10a,b) in the
structure of the synthesized sample of α-U with 57Fe. The size of these particles
reaches several microns. Microdiffraction of this region revealed individual reflections
with an interplanar distance corresponding to α-U [28] (Figure 10a).

- The second type is represented by rounded particles with a size of 100–200 nm
(Figure 10c,d). The microdiffraction pattern of these particles revealed many irregular
reflections (Figure 10c). The interpretation of the microdiffraction data showed that
interplanar distances from individual reflections could correspond to those of the
U6Fe and UFe2 phases [28]. The dark-field image (Figure 10d) was obtained in the
reflection associated with the UFe6 and U2Fe phases.

- The third type. The regions with nanocrystalline structures were also observed in the
mechanically synthesized alloy of α-U with 57Fe, Figure 10e,f. The peculiar electron
diffraction pattern contained ring reflections from heavy disordered crystallites of the
α-U, U6Fe and UFe2 phases. The size of intermetallic particles in these regions was
10–50 nm.

4. Discussion

Thus, application of HPT at room temperature in both “foil”-type and “powder”-type
experiments revealed that the mechanical synthesis of uranium and iron passed through the
formation of equilibrium intermetallic UFe2 and U6Fe phases and precursors in the form
of metastable defective UFe2(D) and UFe3(D) phases, as well as the mechanical mixture
of strained uranium U(D) and iron Fe(D) being not in a solid solution condition. At low
annealing, nonstoichiometric metastable phases, UFe2(D) and UFe3(D), were converted
into stoichiometric intermetallic UFe2 and resulted in a dispersed mixture of uranium and
iron, U(D) and Fe(D), forming intermetallic U6Fe. The general scheme of phase transitions
in the mixture of uranium and iron in a “foil”-type sample under HPT can be represented
by the following:

U + Fe HPT→ U(D) + Fe(D) + U6Fe
UFe2(D) + UFe3(D) + UFe2

Anneal→ U6Fe
UFe2

(1)

The spectrum of the sample synthesized as the “powder” type revealed a different
doublet partial contribution variation after HPT and annealing. After HPT, the doublet
related to UFe2 became the basic component in the central part of the spectrum, and UFe2
is the doublet that demonstrated variations during further annealing:

U + Fe HPT→ U(D) + Fe(D) + UFe2
Anneal→ UFe2 (2)

Other spectral components, namely U6Fe, UFe2(D) and UFe3(D), were observed to
vary in a similar way as in the case of the “foil”-type sample but at a smaller value. The
revealed variations in mechanical synthesis after HPT and annealing can be explained by
different conditions of plastic deformation for the components of the iron and uranium
mixture in the samples prepared as the “foil” and “powder” types. A crucial condition
for atomic mass transfer induced by deformation is a plastic component of the latter. The
iron particle size in the “powder”-type sample is relatively large and allows for conducting
an initial stage of deformation due to the larger ductile particles from the iron component.
In the case of sample deformation prepared by the “foil”-type, the thin, 5-micron iron
plate doesn’t play the role of the main component of the plastic flow. Instead, the uranium
plate takes part in the deformation process. Moreover, the changing of the phase transition
channel for the “powder”-type samples with the dominant formation of intermetallic UFe2
can be associated with a higher ratio of the iron component in the interphase region of
mixing phases. Thus, the kinetics of the phase transition in the “powder”-type sample is
achieved from the iron side with the dominant formation of UFe2 intermetallics, while in the
“foil”-type sample, the phase transition goes from the uranium side with the development
of mainly U6Fe intermetallics. It is possible to conclude that the deformation with further
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annealing of mechanically synthesized “foil”- and “powder”-type samples results in the
same set of phases. The observed morphological variation in the structure obtained by
mechanical synthesis of a U–Fe system (Figure 10) can be explained, in particular, by the
deformation heterogeneity in terms of rate and velocity, which is peculiar to the HPT
technique [3,15].

Similar diffusion processes of the formation of intermediate stoichiometric phases
and nonstoichiometric defective ones were observed during the HPT-induced mechani-
cal synthesis of aluminum and iron powders [29]. In particular, it was established that
the cold work HPT of iron, aluminum and aluminides, Al6Fe, in the aluminum ma-
trix resulted in the development of stoichiometric phases and defective nonstoichiomet-
ric ones by subtraction type: Al6Fe → Al6–xFe → Al9Fe2 → Al9–xFe2. Phases Al6–xFe
and Al9Fe2 were also observed during ultrafast cooling [29]. The defective structure
underwent reverse transition during the following low annealing due to the ordering:
Al6–xFe → Al6Fe, Al9–xFe2 → Al9Fe2. The data obtained in [29], as well as in [30,31] re-
garding the implantation of iron into aluminum and studies on rapid quenching and cold
working of diluted alloys [32–34], confirm common features of a vacancy transformation
mechanism under the ultrafast cooling and plastic cold work. As was shown above for the
uranium and iron mixture, the defective phases UFe2(D) and UFe3(D) formed under the
HPT-revealed Mössbauer parameters, similar to those of the phases obtained by ultrafast
cooling of the U–Fe liquid alloy of close composition. The obtained results may confirm the
common vacancy mechanism of phase transitions during mechanical synthesis under the
severe plastic deformation and ultrafast cooling of U–Fe liquid alloys. It should be noted
that according to data from [35], saturation by vacancy complexes of an alloy structure
under HPT leads to a concentration in the region of pre-melting temperatures. The electron
microscopy data obtained in the current study demonstrated the development of strongly
dispersed intermetallic structures after the cold work and low annealing, Figure 10e,f. This
fact, together with the Mössbauer data, confirms a conception of mechanical diffusion
decay of the structure formed during the mechanical synthesis.

The development of ordered intermetallic compounds at room temperature in condi-
tions of a mechanical synthesis of uranium and iron atoms points out the high degree of
non-equilibrium structure. It was already illustrated in [3–6] that mechanical energy dissi-
pation in metallic systems may occur by an anomalous route of dynamic recrystallization,
aging and diffusion phase transitions. In particular, it was established that in conditions
of severe plastic deformation, the mechanical synthesis takes place via the competition
of nonequilibrium phase merging, atomic mixing and diffusion processes, with a further
formation of new thermodynamically reasonable intermediate structures and phases. In
these conditions, the direction and kinetics of structural phase transitions induced by
deformation are specified by saturation with non-fixed point defects and thermodynamic
impetus towards new phase development [3,7,36].

According to the Hume-Rothery rules, there is a thermodynamic stimulus of inter-
metallic compound formation for a U–Fe system within a whole region of compositions
and a wide region of temperatures [37]. This fact can be clearly seen via an equilibrium
diagram where uranium and iron form U6Fe + U eutectic and Laves phases with variable
composition in the temperature range lower than 725 ◦C [14]. An enhanced influence of
thermodynamic potential on the processes of short-range and long-range ordering, inter-
metallics and interstitial phase formation [3,7] was demonstrated in the experiments on
mega plastic deformation on more heat-resistant alloys than those of aluminum using
Bridgeman anvils and ball mills and in comparison with results of high-energy particle
irradiation [2,3]. Similar results concerning the influence of the thermodynamic potential
(chemical affinity) of atoms in transition metal nitrides on the direction and kinetics of
mechanical synthesis were demonstrated in the deformation dissolution of nitrides in iron
alloys [7]. Moreover, it was established that during the mechanically induced formation
of substitutional and interstitial alloys, a homologous temperature of reversal direction
from disordering to ordering was strongly dependent on the structure saturation by mobile
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point defects and thermodynamic phase stability potential [3–5,36,37]. According to the
equilibrium diagram of U–Fe, the addition of iron into uranium is accompanied by a signif-
icant liquidus temperature decrease that results from the low intersolubility of uranium
and iron and appears as increased atom mobility under HPT conditions at relatively low
temperatures. Thus, one can conclude that a low temperature during mechanical synthesis,
along with the intermediate phases’ formation, could be a criterion of the binding forces of
the atoms in the phases and the structural stability, as well as the melting and sublimation
temperatures and formation heat [5].

The results obtained within the current study demonstrate the stability of UFe2 and
U6Fe intermetallics under severe plastic deformation and correspond to data about the high
thermal stability of uranium structures alloyed with iron [13]. Dynamic decay processes
in conditions of alloy structure saturation with a large number of point defects were
also revealed for a cascade of atomic displacements in conditions of neutron irradiation.
Taking into account the general patterns of severe plastic deformation and fast neutron
irradiation influence, the effect of the former can be used for the prediction of deformation
and radiation stability in a wide temperature range for intermetallics.

5. Conclusions

Structural phase transformations in the U–Fe system in the conditions of mechanical
synthesis of metallic α-U and 57Fe under severe plastic deformation in Bridgman anvils with
further annealing at 300 ◦C were studied using Mössbauer spectroscopy, transmission and
scanning electron microscopy. It was shown that the mechanical synthesis resulting from
high-pressure torsion was accomplished by the formation of U6Fe and UFe2 intermetallic
compounds and defective phases, namely, UFe2(D) and UFe3(D), whose Mössbauer param-
eters were close to those of phases obtained in conditions of ultrafast cooling from U and Fe
melting. Further isothermal annealing of samples was accompanied by a dominant devel-
opment of intermetallics, U6Fe, in the “foil”-type sample synthesized with high-pressure
torsion and UFe2 in the “powder”-type sample. The mechanical synthesis of uranium
and iron observed in conditions of severe plastic deformation occurs at room temperature
through dynamic aging without solid solution development. Dynamic aging at room tem-
perature results from the low intersolubility of uranium and iron, development of mobile
point defects and high thermodynamic stimulus of U6Fe and UFe2 intermetallic formation.
The deformation and thermal stability of U6Fe and UFe2 intermetallics were analyzed in
relation to the results of U–Fe alloy decomposition in conditions of ultrafast cooling.
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