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Abstract The decomposition process mechanisms have
been investigated in a Fe50Au25Pd25 (at.%) alloy processed
by severe plastic deformation. Phases were characterized by
X-ray diffraction (XRD) and microstructures were observed
using transmission electron microscopy (TEM). In the coarse
grain alloy homogenized and aged at 450 °C, the bce o-Fe and
fcc AuPd phases nucleate in the fcc supersaturated solid
solution and grow by a discontinuous precipitation process
resulting in a typical lamellar structure. The grain size of the
homogenized FeAuPd alloy was reduced in a range of 50—
100 nm by high pressure torsion (HPT). Aging at 450 °C this
nanostructure leads to the decomposition of the solid solution
into an equi-axed microstructure. The grain growth is very
limited during aging and the grain size remains under 100 nm.
The combination of two phases with different crystallographic
structures (bcc a-Fe and fcc AuPd) and of the nanoscaled grain
size gives rise to a significant hardening of the alloy.

Introduction

It is now well demonstrated that severe plastic deformation
(SPD) processes are able to produce fully dense bulk
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nanostructured materials in large quantity. SPD-related
techniques like equal channel angular pressing (ECAP) [1],
high pressure torsion (HPT) [1] or accumulative roll
bounding [2] are usually applied to metals and alloys to
produce ultrafine grained structures. The grain size is typi-
cally inarange of 100-300 nm for commercially pure metals
[1] and could be <20 nm for some specific alloys [3-7]. It is
well known that the smaller the grain size, the higher the
yield stress (Hall and Petch law [8, 9]); thus, SPD-processed
materials usually exhibit a very high strength compared to
their coarse grained counterparts. On the other hand, most of
them exhibit a low level of ductility [10, 11], with a uniform
elongation to failure typically <5%. This lack of ductility is a
critical issue and up to now it has strongly limited the
application of bulk nanostructured materials produced by
SPD as structural components. However, numerous research
teams around the world have focused their activities on this
issue, and there are now some great hopes to achieve nano-
structures with an excellent combination of high strength and
good ductility. Thus, Ma and co-authors have recently sug-
gested and also demonstrated that nanoscaled precipitates
together with ultrafine grains are a suitable route to reach this
goal [12, 13]. The physical reasons could be summarized as
follows: in single phase ultrafine grains, dislocations are
pinned by grain boundaries and there is no strain hardening
because of the lack of dislocation sources. But if there are
some nanoscaled precipitates within the grains, they could
pin gliding dislocations and contribute to the formation of
dislocation sources which give rise to some potential strain
hardening and ductility. However, controlling the precipi-
tation of second phase particles in an alloy nanostructured by
SPD could be a real challenge. Indeed, during the aging
treatment necessary for the nucleation of precipitates,
recovery, recrystallization, and grain growth may occur.
Moreover, there are so many defects in such nanostructured
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materials that heterogeneous precipitation along grain
boundaries or dislocations is more likely to occur than
homogeneous precipitation. The aim of this paper is to bring
further knowledge on phase transformation mechanisms in
SPD-processed metallic alloys. These features have been
investigated in a FeAuPd alloy processed by HPT. The
precipitation of the «-Fe bcc phase from the fcc supersatu-
rated solid solution was investigated by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The
microstructure of the aged alloy was compared to that of the
HPT alloy aged in similar conditions.

Experimental

The alloy investigated in the present study is a
Fe50Au25Pd25 (at.%) that was cast from high purity Fe
(99.5%) and a Au50Pd50 (at.%) alloy. The as-cast material
was homogenized at 900 °C for 6 h in Ar atmosphere and
subsequently quenched in ice brine. A part of the homog-
enized alloy was aged for 30 h at 450 °C, and the other part
was used for SPD experiments. The material was processed
by HPT at room temperature under a pressure of 6 GPa.
HPT samples (discs 10 mm in diameter and with a thick-
ness of 0.3 mm) were subjected to 5 revolutions (0.2 rpm)
and then aged for 30 h at 450 °C.

Crystallographic phases were characterized by XRD.
Spectra were recorded with a Brucker D8 system in Bragg—
Brentano 0-20 geometry. The X-ray generator was equip-
ped with a Co anticathode, using Co (Ko) radiation
(4 = 0.17909 nm). The measurements were performed so
that the out-of-plane component was the torsion axis of the
sample processed by HPT.

Microstructures were characterized by TEM. Observa-
tions were performed with a JEOL 2000FX microscope
operating at 200 kV. TEM samples were prepared by ion
milling (PIPS-GATAN 691, 3 kV, beam angle 4°, 300 K).
Samples with a diameter of 3 mm were cut in the discs
processed by HPT at a distance of 3 mm from the disc
center (corresponding to a shear strain of about y =~ 300).
The TEM investigations were performed with the electron
beam parallel to the torsion axis.

The Vickers microhardness of the alloy was measured
with a BUEHLER Micromet 2003 machine, using a 300 g
load (2.94 N).

Results and discussions

Decomposition process in the coarse grained FeAuPd
alloy

The XRD spectrum of the homogenized FeAuPd alloy is
displayed in Fig. la. It clearly shows that the probed
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Fig. 1 (a) X-ray diffraction spectrum of the homogenized FeAuPd
alloy showing that there is a single fcc phase. (b) X-ray diffraction of
the non-deformed FeAuPd alloy after aging at 450 °C for 30 h
showing that the o-Fe bcce has nucleated. (¢) TEM bright field image
and corresponding SAED pattern (aperture size 2 pm) showing the
microstructure of non-deformed FeAuPd alloy after aging at 450 °C
for 30 h

sample contains only one fcc disordered phase with all
elements in solid solution. The lattice parameter of this
phase calculated from these data is 0.510 nm (40.001).
After aging at 450 °C for 30 h (Fig. 1b), an additional
phase is detected indicating that the solid solution is
decomposed. The new peak corresponds to the (110) dif-
fraction peak of the bcc a-Fe phase (lattice parameter
0.287 nm £ 0.001). The TEM bright field image (Fig. 1c)
clearly shows the two-phase microstructure. Obviously
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some discontinuous precipitation occurred resulting in a
typical lamellar structure [14]. In agreement with XRD
data, the bright lamellae have a bcc crystallographic
structure, and using X-ray energy dispersive spectroscopy
(EDS), only Fe was detected (data not shown here). These
bce lamellae are embedded in the disordered fcc AuPd
matrix (Fe was not detected in this phase by EDS). The
lamellae thickness is in the range of 10-30 nm, while their
length is in the range of 50-300 nm. The lamellae have a
wavy shape and it is therefore difficult to fully image one
of them orientated perpendicular to the electron beam.
Anyway, some attempts were carried out and a lamella
imaged with such an orientation is shown in Fig. 2. From
such images, the average width of lamellae (third dimen-
sion) was estimated to be in a range of 50-100 nm. It is
interesting to note that the nucleation and growth of these
lamellae induce a significant hardening of the alloy, from
2 GPa after the homogenization treatment, up to 3.7 GPa
after aging (see Table 1).

Microstructure of the FeAuPd alloy processed by HPT

The XRD spectrum of the homogenized FeAuPd alloy
processed by HPT is displayed in Fig. 3a. Compared to the
non-deformed alloy (Fig. 1a), there is a significant broad-
ening of the diffraction peaks. This feature is commonly
observed in SPD metals and results from grain size
reduction and internal stresses [1]. As shown in the TEM
bright field image, the grain size is indeed very small after
HPT (Fig. 4). The selected area electron diffraction pattern
recorded with an aperture of only 2 um exhibits Debye—
Scherrer rings typical of nanocrystalline structures with
high angle grain boundaries. The dark field image (Fig. 4b)

Fig. 2 (a) High magnification
TEM bright field image and
corresponding SAED pattern
(aperture size 2 um) showing
the cross section of a rod shaped
bee a-Fe precipitate in the non-
deformed FeAuPd alloy after
aging at 450 °C for 30 h. (b)
Corresponding dark field image
where only the a-Fe precipitate
is imaged

Table 1 Microhardness of the FeAuPd alloy after homogenization,
homogenization + aging at 450 °C for 30 h, homogenization + 5
revolutions by HPT, homogenization + 5 revolutions by HPT +
aging at 450 °C for 30 h
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Fig. 3 (a) X-ray diffraction spectrum of the homogenized FeAuPd
alloy after HPT processing showing that there is a single fcc phase.
(b) X-ray diffraction of the homogenized FeAuPd alloy after HPT
processing followed by subsequent aging at 450 °C for 30 h showing
that the a-Fe bce phase has nucleated

obtained by selecting a part of the more intense ring clearly
shows that the grain size is in the range of 50-100 nm. As a
result of this nanostructuration, the hardness has signifi-
cantly increased up to 3.4 GPa, thus reaching a value close
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Fig. 4 (a) TEM bright field
image and corresponding SAED
pattern (aperture size 2 pm) of
the microstructure of the
homogenized FeAuPd alloy
processed by HPT. (b)
Corresponding dark field image
showing few isolated fcc grains

to that obtained after aging and precipitation in the non-
deformed material (Table 1). Even if the level of defor-
mation is much higher in the outer part of the HPT disc [1],
it is worth noticing that the hardness does not fluctuate
significantly along the diameter of the sample.

Decomposition process in the nanocrystalline FeAuPd
alloy

The FeAuPd alloy processed by HPT was aged at 450 °C for
30 h and the XRD spectrum (Fig. 3b) does not show any

Fig. 5 (a) TEM bright field
image and corresponding SAED
pattern (aperture size 2 pm) of
the microstructure of the
homogenized FeAuPd alloy
processed by HPT and
subsequently aged at 450 °C for
30 h. (b) High magnification
TEM bright field image of an
equi-axed bec o-Fe grain that
has precipitated within the
nanostructure

@ Springer

significant difference compared to the non-deformed alloy
(Fig. 1b). Similarly, decomposition occurred during the
aging treatment and the fcc matrix is detected together with
the bee a-Fe phase. However, as exhibited on the bright field
TEM picture (Fig. 5a), the microstructure is very different.
The grain size did not change significantly during aging (in a
range of 70—100 nm) and obviously bcc a-Fe grains that have
nucleated and grew are not lamella shaped. The high mag-
nification TEM bright field image of Fig. 5b displays a large
bce o-Fe grain (brightly imaged). This large grain was
selected because smaller grains were difficult to image.
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Anyway, it shows that bcc o-Fe grains are nanoscaled and
almost equi-axed. Thus, it seems that during the aging
treatment heterogeneous nucleation occurred along grain
boundaries of the nanocrystalline fcc solid solution produced
by SPD. It is interesting to note that the precipitation of this
second phase induces a significant increase of the hardness
up to 4.7 GPa, which is 1 GPa higher than the hardness of
the non-deformed material after similar aging treatment
(Table 1). As noticed for the HPT sample, the hardness was
fairly constant across the diameter of the sample.

Discussion

The decomposition process in the coarse grained FeAuPd
alloy is clearly a discontinuous precipitation regime result-
ing in a typical lamellar microstructure thanks to the
redistribution of Au, Pd, and Fe atoms (Fig. 6a). The high
volume fraction of lamella shaped bcc o-Fe precipitates
provides some efficient obstacles for dislocation glide and
this leads to a significant increase of the hardness (Table 1).
In the nanostructured alloy, the situation is very different
because there are numerous high angle grain boundaries
(Fig. 4) that could act as nucleation sites. Moreover, as
schematically represented in Fig. 6b, the grain size is close to
the typical length scale of the lamellar structure that grows in
the coarse grain alloy. Thus, theoretically, if a bcc a-Fe
lamella grows from one grain boundary, it would simply split
a grain. It seems however, that this situation never occurs
since only equi-axed grains were observed by TEM (Fig. 5).
This feature could be attributed to the higher atomic mobility
of solute elements along grain boundaries: once a grain
nucleates on a grain boundary, it is simply fed by atoms
migrating along this grain boundary (Fig. 6¢). This scenario
is completely different from the decomposition process that
occurs in the coarse grain material, and is the consequence of
the nanoscaled structure that was achieved by SPD. It is also
interesting to note that there is no significant grain growth
during the aging treatment (Figs. 4, 5). This indicates that
even if there is a significant atomic mobility (otherwise
precipitation would not occurr), a small grain can be kept
upon aging and precipitation. In the present case, there is a
competition between decomposition (bcc a-Fe and fcc AuPd
grain growth) and coarsening to reduce the interfacial
energy. Since the microstructure is a mixture of two phases
with nanoscaled grains, grain boundaries pin each other and
cannot migrate easily. Therefore, after aging, even if the
microstructure has completely changed (full redistribution
of Fe atoms), the small grain size was kept. Finally, this
combination of nanoscaled grains together with a mixture of
two phases with different crystallographic structures gives
rise to a much higher hardness than the non-deformed alloy
(Table 1).

(a)

AuPd (fec) | ¢ sypersaturated solid

solution

- Growth direction
) Au, Pd
) Au, Pd

a-Fe (bce)

AuPd (fcc)

a-Fe (bcc)

AuPd (fcc) 100 nm

Decomposition process in the coarse grain alloy

(b)

100 NM

Schematic comparison of the lamellar structure and of the
grain size of the alloy processed by HPT

Au, Pd
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(c)

a-Fe (bee)
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Decomposition process in the nanostructured alloy

Fig. 6 (a) Schematic representation of the decomposition process in
the coarse grained alloy resulting in a lamellar structure; (b) comparison
of the grain size after HPT with the typical length scale of the lamellar
structure; (¢) schematic representation of the decomposition process in
the nanostructured alloy resulting in an equi-axed structure

Conclusions

1. In the coarse grain Fe50Au25Pd25 alloy homogenized
at 900 °C, the fcc solid solution is transformed into a two
phase microstructure during aging at 450 °C (fcc AuPd
and bec o-Fe). This is a lamellar structure resulting from
a discontinuous precipitation mechanism.
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The grain size of the Fe50Au25Pd25 alloy homoge-
nized at 900 °C was reduced in the range of 50-
100 nm by HPT. In this nanostructured alloy, the
decomposition process is different and does not result
in a lamellar structure.

The alloy processed by HPT and subsequently aged at
450 °C is completely phase separated but grains do not
significantly grow. The combination of two phases
with different crystallographic structures and of the
nanoscaled grain size gives rise to a strong hardening.
Thus, this work demonstrates that it is possible to
combine precipitation hardening together with nano-
scaled grains.
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