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Severely deformed materials intrinsically contain a large density of crystalline defects like dislocations or boundaries. The interactions
between solute atoms or impurities with these defects play a key role in the grain refinement mechanisms as they affect dynamic recovery. This
short review manuscript focusses on grain boundary segregations resulting from severe plastic deformation. The important contribution of atom
probe tomography for the quantitative characterization of such segregations in various metallic alloys is at first highlighted. Then, a special
emphasis is given on the physical mechanisms leading to strain induced segregations and on the connection that is sometimes observed with
dynamic precipitation during severe plastic deformation. The last section is devoted to the influence of such grain boundary segregations in
ultrafine grained alloys on the mechanical properties and on the thermal stability. [doi:10.2320/matertrans.MF201919]
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1. Introduction

Severe plastic deformation (SPD) has been successfully
applied during the past twenty years to produce ultrafine
grained (UFG) metallic materials.13) A large number of
processes have been developed, including some tentative
up-scaling with envisioned applications where high strength
materials are required. Indeed, the typical UFG structures
achieved with such processes usually exhibit a grain size in
a range of 50 to 500 nm with a major proportion of High
Angle Grain Boundaries (HAGB). Then, according to the
well-known Hall-Petch law,4) such grain refinement leads to
a significant increase of the yield stress as compared to coarse
grained conventional alloys. For example, the tensile strength
of SPD processed Al alloys might be over one GPa.58)

Beyond problems connected to the up-scaling of processes,
one of the major limitations for applications is the low
ductility that usually results from the very limited strain
hardening capability of UFG alloys achieved by SPD.
Therefore, various strategies have been proposed to tackle
this issue.9)

On a very practical point of view, one should admit that in
spite of the huge amount of work carried out in the field, it is
rather difficult to predict and to accurately control the grain
size achieved by SPD. The influence of processing parame-
ters like strain level, strain path, temperature, strain rate have
been widely investigated and it provided an excellent basis
to understand the grain refinement mechanisms. It is now
well accepted that the huge dislocation densities produced
during SPD reorganize at first leading to the formation of
Low Angle Grain Boundaries (LAGBs). Then, further
deformation introduces additional dislocations which pro-
gressively increases disorientation angles, leading to HAGBs.
Finally, the balance between the creation of new dislocations
and recovery processes gives rise to a steady state regime
where the UFG structure does not significantly evolves
anymore with further deformation.10) It should be noted that
the resulting Grain Boundaries (GBs) exhibit some specific
features as compared to GBs observed in conventionally

recrystallized materials. They are called “non-equilibrium”

boundaries by some authors as they are characterized by a
large density of intrinsic defects giving rise to local stress
fields.3,11) As a result, the investigation of such GBs has often
demonstrated that their properties are significantly different
like for example, a fastest GB diffusion.12)

Since the grain size refinement mechanisms are controlled
by the production and the cooperative recovery of defects and
especially dislocations, then it is quite natural to understand
that the material chemistry should play an important role due
to the possible interaction between solutes and these defects.
As soon as the early time of research on SPD materials, it
has been shown indeed that for example, a small amount of
Mg in solid solution in Al leads to a dramatic reduction
of the grain size achieved by SPD.13,14) This feature is
illustrated on Fig. 1 where the grain size in the commercially
pure Aluminum processed by HPT up to shear strain of about
700 (in the saturation regime) at room temperature (RT) is
about 500 nm (Fig. 1(a)), while it is down to only 200 nm
in the Al2mass%Mg alloy processed in similar conditions
(Fig. 1(b)). Similar features have been reported for Cu
alloys,15) or steels.16,17) In some cases, the influence of a
small amount of solute atoms is really impressive, like in the
CuSn system where the addition of only about 4 at% leads
to a huge difference (grain size of 250 nm versus 70 nm)
between the commercially pure Cu and the Cu8mass%Sn
(Fig. 1(c) and 1(d)).

It has been proposed by some authors that the steady state
grain size achieved by SPD was directly connected to the
Stacking Fault Energy (SFE) that controls the dynamic
recovery processes.18) However, it has been recently
demonstrated that even if alloying elements affect the SFE,
there is no systematic correlation.15,19) Besides, it is
interesting to note that not only alloying elements but also
a small amount of impurities might significantly affect the
UFG structure achieved by SPD, as demonstrated by Zhang
and co-authors for nickel20,21) or Edalati and co-authors in
aluminum.22) Thus, as proposed by Edalati and co-authors,19)

mechanisms are obviously mainly controlled by the solute/
defects interactions. This view is supported by recent work
on strain induced grain boundary motion which is major+Corresponding author, E-mail: xavier.sauvage@univ-rouen.fr
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phenomena occurring during SPD.23,24) Thus, like during
classical grain growth,25) the interaction between solutes
(or impurities) and GBs might significantly modify their
energy and mobility and thus the microstructure resulting
from SPD. This effect is of course more pronounced in case
of GB segregations which is a frequent feature in metallic
alloys processed by SPD as it will be shown in the following
section. It is partly connected to the specificity of the “non-
equilibrium” state of the GBs obtained during grain
refinement by SPD,17) but also related to solute drag by
crystalline defects such as vacancies, dislocations and
moving boundaries.26) The influence of such segregations
on mechanical properties and on the thermal stability of
UFG alloys processed by SPD will be also discussed in the
last section of this manuscript.

2. Experimental Evidences of SPD Induced GB Segre-

gations

GB segregations play a major role on mechanical behavior
of metallic alloys as they could affect for example creep
properties, toughness, hydrogen embrittlement, grain growth,
corrosion properties, + .27) Equilibrium GB segregations
are usually driven by a minimization of the GB energy, thus
they could help stabilizing UFG microstructure by reducing
the driving force for grain growth.2832) The Atom probe
Tomography (APT) technique33) which provides three
dimensional reconstructions near the atomic resolution with
a high chemical sensitivity is a key tool for the investigation
of GB segregations.34) It has also been shown that it could be
successfully combined with Transmission Electron Microsco-
py (TEM) to correlate GB misorientation and the interfacial
Gibbs excess free energy.35)

Figure 2 exhibits typical segregations in a 7449 aluminum
alloy processed by HPT at room temperature. These

segregations are visualized over a relatively large field of
view (Fig. 2(a)) by High Angle Annular Dark Field Scanning
Transmission Electron Microscopy (HAADF-STEM). The
z-contrast provided by this image indicates that Cu and Zn
which have an atomic number significantly larger than Al,
have segregated along some of the GBs. However, it does
not allow straightforward and precise quantification of these
segregations, for two main reasons: first because of GB
roughness, curvature or tilt within the thin foil thickness and
second because of the relatively limited chemical sensitivity
of the analytical capability of the STEM. APT analyses
provide a field of view that is much more limited but can
reveal the complex grain boundary morphology and is
sensitive to any chemical fluctuations with a somewhat
similar sensitivity for all chemical elements (Fig. 2(a), 2(b)
and 2(c)). Such GB segregations have been observed in most
of Al alloys, including commercial 7### AA5,6,8,36,37) or
6### AA,38,39) binary AlZn,40,41) AlCu,42) AlMg11,17,43,44)

or aluminum alloyed with rare earth elements.45) In these
metallic materials, segregated elements are substitutional
atoms and similarly segregation of Si at GBs has been
reported in stainless steels processed by SPD.46,47) It is
however interesting to note that solutes or impurities that
usually lie on interstitial sites of the crystal lattice could also
be prone to GB segregation during SPD. It is the typical case
of carbon in ferritic steels,17) oxygen in Ti alloys48) and
carbon or oxygen in nickel.49) One should note that even if
the equilibrium solubility of carbon is relatively low in the
bcc ferrite, it has been shown that severe plastic deformation
could lead to the dissolution of carbides (Fe3C),

50) leading to
a strong carbon supply and extensive carbon segregations
along GBs and the stabilization of nanoscaled ferrite with a
grain size of only about 20 nm.16)

Fig. 2 7449 Aluminum alloy processed by HPT at RT (shear strain ³ 300).
STEM HAADF image where GB segregations are arrowed (a), 3D
reconstruction of a volume analyzed by APT showing that all major
alloying elements have segregated at GBs (Mg (b), Cu (c) and Zn (d)).

Fig. 1 STEM BF images of commercially pure Al (99.5%) (a) and Al
2mass%Mg alloy (b) processed by HPT at RT (shear strain ³ 700).
STEM DF images of commercially pure Cu (99.5%) (c) and Cu
8mass%Sn alloy (d) processed by HPT at RT (shear strain ³ 1000).
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Such phenomenon is depicted in the Fig. 3 where the
volume that has been analyzed by APT in a low carbon steel
processed by HPT is displayed. A 10 nm carbon rich particle
is located at the bottom of the image; it results from the
fragmentation of the original cementite (Fe3C) during SPD.
This fragmentation leads to a partial dissolution of the Fe3C
phase, and the carbon released in the bcc ferrite matrix
segregates along crystalline defects and especially along
boundaries (two of them appear in the image of the Fig. 3).

3. Mechanisms of Strain Induced Diffusion in Alloys

Processed by Severe Plastic Deformation and

Influence on Dynamic Precipitation

3.1 Fundamental mechanisms

Materials processed by SPD are characterized by high
dislocation densities,3) “non-equilibrium” grain boundaries11)

and high vacancy concentrations.51,52) All these defects may
influence the atomic mobility: dislocations could drag
solutes53) or act as diffusion pipes;54) GBs are also fast
diffusion paths12) and could drag solute when they move
during the deformation,23,24,42) and at last, strain induced
vacancies will directly enhance the atomic diffusion.27) These
respective contributions have been reviewed in Ref. 26 and
will be shortly described in the following on the basis of
experimental data reported for some aluminum alloys.

It has been reported that processing of AlMg solid
solutions by High Pressure Torsion (HPT) leads to extensive
GB segregations of Mg. It is interesting to note that such
phenomenon occurs even if the Mg content is relatively low
(2mass%) and even if deformation is carried out at 200°C
where the solid solution is supposed to be quite stable.43,44)

On the basis of experimental data, the atomic mobility of
Mg atoms during SPD has been evaluated and the
corresponding diffusion coefficients compared with classical
bulk diffusion data (Fig. 4(a)). It clearly indicates that at
room temperature the atomic mobility is strongly enhanced
under SPD conditions (several orders of magnitude differ-
ence). Since Mg atoms diffusion is controlled by a vacancy
mechanism, strain induced vacancies have been considered

for the calculation of the effective diffusion coefficient (D+).
Experimental data seem to fit relatively well theoretical
estimations if a concentration of strain induced vacancies of
10¹5 is considered during SPD which is close to the values
reported in the literature.51) There could be however as well
a significant contribution of dislocations, especially because
in the AlMg system there are strong interactions between
Mg and dislocations. However, as shown on Fig. 4(b), the
critical dislocation velocity calculated for solute drag by
moving dislocation stands always well below 10¹4m/s
which is the lower bound estimated for the experimental
conditions considered (see Ref. 43 for details). Thus, in this
context, strain induced vacancies seem to play a key role in
the formation of GB segregations during SPD. However,
considering that they are continuously created during SPD55)

and annihilated on sinks that are GBs, a vacancy flux towards

Fig. 3 3D reconstruction of a volume (55 © 55 © 70 nm3) analyzed by
APT in a Fe0.45%C steel processed by HPT at 350°C (shear
strain ³ 300). Fe atoms are displayed in blue and C atoms in red to
exhibit carbon segregations along GBs (the nanoscaled particle located at
the bottom of the image is a cementite particle).

Fig. 4 (a) Diffusion coefficient D of Mg in Al as a function of temperature,
and diffusion coefficient estimated taken into account strain induced
vacancies (concentration 10¹5) D+ compared with experimental values
estimated from experimental data after HPT at RT and at 200°C;
(b) critical dislocation velocity V (and V+ taken into account strain
induced vacancies) for solute drag of Mg in Al; (c) schematic
representation of Mg migration toward GBs in Al assisted by the flux
of strain induced vacancies and resulting from the positive binding to
vacancies (reproduced from Ref. 43 with permission from Elsevier).
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GBs should proceed during SPD. Then, due to the positive
binding energy of Mg atoms with vacancies in fcc Al, a flux
of Mg atoms is created in the same direction leading to non-
equilibrium GB segregations of Mg. This scenario schemati-
cally represented on Fig. 4(c) is rather similar to mechanisms
reported in irradiated materials where a high concentration
of point defects is also continuously created.30,56) It may also
account for the relatively high Mg concentrations that has
been experimentally measured at GB by APT (up to 20 at%
after SPD at RT43)).

More recently, it has been demonstrated that GB
segregations start appearing in the early stage of the grain
refinement process by SPD in the AlCu system.42) It has
been then proposed that in this case, the solute drag by
moving boundaries should be the major mechanism leading
the GB segregations and as it will be discussed in the
following it strongly promotes the strain induced decom-
position of the solid solution and precipitation.

3.2 Connection with strain induced precipitation

There are situations where SPD leads to mechanical
mixing and the formation of super saturated solid solutions in
multi-phase metallic alloys,57,58) but there are also situations
where super saturated solid solutions decompose during
SPD.41,42,59,60) In the latter case, the initial material is single
phase and the super saturated solid solution is usually
obtained by quenching from high temperature where it is
stable. In classical precipitate hardening alloys, the precip-
itation is achieved in a second step using thermal aging at
relatively low temperature where there is enough atomic
mobility and a maximum driving force for precipitation.27) It
has been found however that during SPD at room temper-
ature (RT) some strain induced dynamic precipitation may
occur for example in the AlZn,41,5961) and AlCu42,62)

binary systems. Of course, the slight increase of temperature
during HPT might promote the atomic diffusion, but in fact it
has been proven that this temperature increase is typically
only 10 to 20°C in usual processing conditions (rotation
speed of 1 rev/min or less).63,64) The resulting enhanced
atomic mobility cannot account for the fast phase separation
that is observed experimentally in these systems at RT and
the role of SPD induced crystalline defects is predominant.

The Bright Field STEM (BF-STEM) image in Fig. 5(a)
shows the typical UFG structure of a solutionized Al30Zn
alloy processed by HPT at room temperature. Al (bright) and
Zn (dark) grains are in a range of 200 to 500 nm and there are
also few Zn particles that have nucleated inside Al grains.
Extensive Zn GB segregations have been reported for this
alloy.41,59,60) Then, since GBs are fast diffusion paths,12) these
segregations provide a strong flux of Zn toward particles that
nucleate at triple lines in the early stage of deformation. Thus,
as schematically represented on Fig. 5(b), grain boundary
segregations dramatically promote the dynamic precipitation
process and at the end deeply affect the final UFG structure.
It is interesting to note that a very similar mechanism has
been observed in the AlCu system42,62) where heterogeneous
precipitation of the Al2Cu phase at GBs has been reported.
However, in more complex aluminum alloys where inter-
actions between solutes are strong, like AlMgZnCu8,36,37)

or AlMgCu65) or AlMgSi,38) even if GB segregations and

dynamic precipitation occur, most of solutes are kept in solid
solution inside ultrafine grains.

4. Influence of Strain Induced Segregations on Me-

chanical Properties and on Thermal Stability

4.1 Influence of strain induced segregations on me-

chanical properties

The high strength of UFG metallic alloys obtained by SPD
processes originates mainly from the GB strengthening via
the well-known Hall-Petch law.4) Thus, it seems relatively
natural to imagine that the occurrence of GB segregations
might affect, at least in some cases, the mechanical strength
of these materials. In nanocrystalline materials prepared by
electrodeposition or sputtering, it has been shown that
segregations often promote the strength.6668) The conclu-
sions rose from such experimentally data have been also
confirmed by first principle or MD simulations.69,70)

Fig. 5 Al30Zn alloy processed by HPT at RT starting from a homoge-
neous solid solution; (a) STEM-BF image showing the strain induced
precipitation (Zn grains and particles in dark); (b) schematic representa-
tion of the progressive mechanism leading to the phase separation:
1- initial solid solution, 2- precipitation of Zn rich particle (¡A) in grain
interiors and GB segregations, 3- heterogeneous precipitation of Zn rich
particles at GBs and triple lines, 4- particle coarsening, end of the phase
separation with a matrix depleted in Zn (reproduced from Ref. 60 with
permission from Wiley).
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In UFG alloys processed by SPD, the influence of GB
segregations on strength has also been considered14,20) and
there are several experimental evidences of such correlation,
like in 5### aluminum alloys,44) Al5Cu71) and 316 stainless
steel.46,72,73) In such steels, APT analyses have helped indeed
to prove that strain induced GB segregations of Si (and in
lower proportion of Mo and Cr) occur during SPD at 400°C
(Fig. 6(a)). Then, even if the grain size is significantly larger
as compared to the material processed in similar condition
at room temperature (90 nm vs 40 nm), the yield stress is
relatively unchanged and is about 1.7GPa in both cases
(Fig. 6(b)). It has been then proposed that the critical stress
necessary to nucleate dislocations from boundaries is
significantly increased by solutes lying at GBs.46)

GB segregations do not only affect the yield stress but
may also have a significant impact on the plastic behavior85)

and especially as soon as superplastic properties are
concerned. Indeed, the underlying mechanisms of super-
plasticity are connected with grain boundary sliding (GBS)
which is directly linked to GB structures and GB diffusion
coefficients.74) The AlZn system is well known for its
potential superplastic properties when the grain size is in
the UFG regime,75) and it has been shown that Zn GB
segregations facilitate GBS even at room temperature.40) In
MgLi alloys that have also been developed for superplastic
properties, processing by SPD leads to grain refinement
which significantly enhances the plastic behavior at room
temperature (0.35 Tm).

76) It is however interesting to note

that a 440% elongation at room temperature is only achieved
for a relatively large number of HPT revolutions (Fig. 7(a)).
Thanks to Energy Filtered TEM (EFTEM) it has been
demonstrated that this unusual behavior is directly connected
to the strain induced formation of Li rich layers at GBs
(Fig. 7(b)).76)

4.2 Influence of strain induced segregations on thermal

stability

As soon as potential applications of UFG materials are
concerned, the thermal stability is a major concern. Indeed,
in such materials the driving force for grain growth is
intrinsically large, thus if enough mobility is provided, grains
will coarsen and the mechanical strength decreases. However,
an enhanced thermal stability could be achieved if GBs are
pinned by particles (so-called Zener pinning)58) or segrega-
tions.25) Besides, equilibrium GB segregations are driven by
a minimization of the GB energy, thus they could help also
stabilizing UFG or nanocrystalline structures by reducing the
driving force for grain growth.2832,7780) It is also interesting
to note that as reported for nickel processed by HPT, only a
small amount of impurities might significantly shift the
temperature where a hardness drop (attributed to grain
growth) is experimentally observed.20,21)

In some precipitation hardening alloys, like in 7### or
6### aluminum alloys, strain induced GB segregations could
affect the precipitation mechanisms during thermal
aging.38,81) The main reason comes from GBs which are
enriched in solute and which are easy nucleation sites (the

Fig. 6 (a) 3D reconstruction (25 © 25 © 65 nm3) of a volume analyzed in a
316 stainless steel processed by HPT at 400°C. Only Si atoms are plotted
to exhibit the segregation along a GB. (b) Hall-Petch plot showing a
significant deviation of the yield stress of this alloy comparing to the
expected value. This phenomenon is attributed to the GB segregations
that were not observed after HPT at RT (reproduced from Ref. 46 with
permission from Elsevier).

Fig. 7 (a) Room temperature stress-strain curves of a UFG Mg8%Li alloy
achieved by SPD (N refers to the number of HPT revolutions); (b) and (c)
EFTEM data for the material “N = 200 SPD” showing a Li nanoscaled
cluster and Li segregation at a GB that promotes the room temperature
superplasticity (reproduced from Ref. 76 with permission from Nature
Publishing Group).
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nucleation barrier is locally lowered). Then, in aluminum
alloys, it usually leads to the heterogeneous nucleation of
stable phases at GBs instead of the complex sequence of
homogeneous precipitation of metastable phases.82,83) This
typical feature is illustrated on Fig. 8, where on the HAADF
image (Fig. 8(a)) large precipitates are clearly exhibited at
GBs, nanoscaled precipitates inside the grains and a
precipitate free zone (dark layer) also appears near GBs.
Such typical nanoscaled structure, directly resulting from
grain refinement and segregations induced by SPD, is also
imaged by APT where the two different kinds of precipitates
are clearly exhibited (Fig. 8(a), 8(b) and 8(c)).

There are also some situations where precipitation is not
observed but instead segregations become more pronounced.
This is the case of the 2024 aluminum alloy deformed by
HPT (Fig. 9), where low temperature annealing enhances
GB segregations but does not lead to intensive precipitation.
This could be the result of the relatively high stability of GB
segregations as compared to the driving force for precip-
itation. It is also interesting to note that in an Al5Cu alloy
processed by ECAP, both mechanisms have been reported,
namely simultaneous precipitation and GB segregation
during low temperature annealing.71) Thus, in precipitation
hardening aluminum alloys, the thermal stability of the UFG
structure achieved by means of SPD is deeply influenced by
strain induced GB segregations and could be dependent of
various factors such as the processing route, the annealing
temperature and the chemical composition of the alloy. This
complexity makes any prediction rather difficult but on the
other hand it opens the way to a large room for microstructure
optimization. In Fe and Ni based alloys, enhancement of GB
segregations during short time or low temperature annealing

has also been reported.46,66,68,72,73,84) As soon as the grain
size does not grow dramatically, it is interesting to note that
it is often connected with a significant strengthening. As
discussed in the previous section, it is most probably the
result of a higher critical stress necessary to nucleate
dislocations at GBs in UFG alloys when some solutes
occupy lattice sites at GBs.

5. Conclusions

(1) Solute atoms and impurities play a key role in the grain
refinement mechanisms as they strongly influence the
dynamic recovery processes.

(2) Strain induced GB segregations have been revealed
in various metallic alloys processed by SPD. Their
characterization and quantitative analysis usually
requires analytical transmission electron microscopy
and/or atom probe tomography techniques.

(3) Several mechanisms may lead to the formation of strain
induced GB segregations during SPD. Solutes and
impurities could be dragged by moving dislocations
and moving boundaries. There is also a significant
contribution of strain induced vacancies that signifi-
cantly enhance the atomic mobility.

(4) Strain induced GB segregations may promote hetero-
geneous dynamic precipitation during SPD processing
of supersaturated solid solutions, especially because
GBs are fast diffusions paths.

(5) It has been experimentally reported in various materials
that GB segregations in UFG materials may signifi-
cantly affect the mechanical properties. For example,
they could lead to an enhancement of the yield stress or
of superplastic properties.

(6) GB segregations have a strong influence on the thermal
stability of UFG alloys. They might reduce the driving
force for grain growth or simply provide an efficient
pinning of GBs during thermal aging. In precipitate
hardening alloys, the precipitation kinetics is often
modified and especially extensive heterogeneous
precipitation along GBs may occur.

Fig. 8 7449 Aluminum alloy processed by HPT at RT (shear strain ³ 300)
and aged 48 h at 100°C. STEM HAADF image showing heterogeneous
precipitation at GBs and intragranular precipitation (a), section of a 3D
reconstruction of a volume analyzed by APT showing the nanoscaled
intragranular precipitates and a bigger precipitate lying at a GB (Mg (b),
Cu (c) and Zn (d)).

Fig. 9 3D reconstruction of a volume (88 © 88 © 110 nm3) analyzed by
APT in a 2024 Aluminum alloy processed by HPT at RT (shear
strain ³ 300) and aged at 150°C. Al atoms are displayed in blue, Mg
atoms in green and Cu atoms in red. It clearly exhibit intensive GB
segregation and stabilization of the UFG structure resulting from SPD.
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