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microhardness. Additionally, their thermal stability was evaluated after annealing
treatment at 500 °C for 6 h. The results show that two grain refinement stages
occurred in the Cu disc accompanied by the formation of partial A-fibre (AJ/A7
and A components). The dynamic recrystallization was delayed in the Cu-5Fe disc
owing to the pinning effect of Fe content. Consequently, the grain refinement was
more effective, and the texture gradually developed the B, A and A} components.
The Cu-5Fe disc was harder than the Cu disc, and the microhardness increased
across the disc diameter. Rapid grain growth with a high amount of Cu,O oxide
and retained texture were the main characteristics of the annealed Cu disc. The
precipitation of Fe phase during annealing led to the development of a duplex
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microstructure at the centre and mid-radius positions and a stable microstructure
at the edge of the Cu-5Fe disc. Eventually, the annealing texture was transformed
into a complete A-fibre (A}/A7 and A/A components) which was quite similar to
the Cu disc. The microhardness decreased after annealing but it was more homo-
geneously distributed across the disc diameter than the HPT-processed disc. The
results were discussed based on the different grain refinement mechanisms, static
recrystallization mechanisms, solute elements, dislocations and annealing twins.

Introduction

The association of high thermal conductivity and
electrical conductivity of copper (Cu) with the soft
magnetic properties and high strength of iron (Fe) by
forming Cu-Fe alloys is of great potential interest in
applications in high-precision technology fields [1].
However, according to the phase diagram, the Fe-Cu
system is fully immiscible in the solid state, making
the preparation of Cu-Fe alloys through traditional
casting often challenging, especially with high Fe
content (>5 wt.%). In fact, the segregation of the Fe
phase and the high Fe content in the solid solution can
cause a serious microstructural inhomogeneity and
decrease the electrical conductivity and the strength
of the alloy, thereby restricting the broader application
of Cu-Fe alloys [2—4].

Considerable efforts have been made over the past
years to develop new material manufacturing routes,
including rapid solidification [5], mechanical alloying
[6] and a strong magnetic field [7] methods to con-
trol the Fe solubility in the Cu matrix, morphology
and volume fraction of the Fe phase. Concurrently,
other research has focussed on the impact of addi-
tional alloying elements in order to produce a uniform
microstructure and obtain simultaneous high mechan-
ical and electrical performances of Cu-Fe alloys [8-11].
For example, it was found that the addition of Si and
Mg solutes has the ability to reduce the segregation
and refine the Fe phase, which is a remarkable advan-
tage for boosting the strength and electrical conductiv-
ity of the Cu-Fe alloys [8, 9].

Thermomechanical processing is an effective proce-
dure for tailoring the grain size of the Cu matrix and
the size, morphology and distribution of the Fe phase
in Cu-Fe alloys [12-18]. However, the results indicate
that the microstructures are highly sensitive regarding
the deformation and ageing conditions such as strain
level and temperature [13, 14, 19]. At present, severe
plastic deformation (SPD) processing is an emerg-
ing tool for the production of bulk ultrafine-grained
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materials with enhanced mechanical and functional
properties which result from the creation of high den-
sities of lattice defects such as dislocations, vacancies
and grain boundaries by using high plastic strains
[20]. Among SPD techniques, high-pressure torsion
(HPT) processing can introduce outstanding grain
refinement (at the nanometer scale) as well as pro-
mote phase transformations, such as decomposition
or dissolution of phases and even amorphization [21,
22]. In addition, the fabrication of bulk materials by
powder consolidation and mechanical bonding chips
is easily achieved by HPT processing at room tem-
perature owing to the simultaneous application of a
high hydrostatic pressure and torsional shear strain
[23-26]. Therefore, many works report the successful
feasibility of HPT processing for fabricating Cu-Fe
alloys [27-33]. Nevertheless, the deformation behav-
iour and the evaluation of the relationship between
microstructure, crystallographic texture and mechani-
cal properties of HPT-processed Cu-Fe alloys remain
limited [31, 33].

In the current work, bulk Cu-xFe (x=0 and 5 wt%)
alloys were successfully fabricated at room tempera-
ture (RT) by powder consolidation using HPT process-
ing through 30 turns under a pressure of 6 GPa. The
evolution of microstructure, texture and microhard-
ness across the disc diameters was characterized using
different experimental techniques, including electron
backscatter diffraction (EBSD), scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD) and Vickers micro-
hardness. Further, the static recrystallization behav-
iour of the HPT-processed discs was evaluated after
annealing at 500 °C for 6 h.

Materials and experimental procedures

The starting materials used in the present study were
commercial copper (99.9% purity) and iron (99.9%
purity) powders with average particle sizes of 25



and 36 um, respectively. The powder mixtures with
an elemental composition of 5 wt.% Fe and 95wt.%
Cu were thoroughly prepared by hand mixing using
a mortar and pestle under ambient conditions for 60
min and dispersed by ultrasound treatment for 15 min
using a probe sonicator operated at a frequency of 40
kHz to break up any loose agglomerates and increase
the uniformity of the mixture. The mixture was pre-
compacted at RT using a hand-press machine into a
disc shape with a 10 mm diameter and 1 mm thickness
with an applied pressure of 450 MPa. Then, the discs
were consolidated at RT using the HPT processing for
30 turns under a rotation rate of 1 rpm and a pressure
of 6 GPa. Based on the existing literature [28, 31, 32],
it is believed that such large torsional turns (30 turns)
and high applied pressure (6 GPa) would be sufficient
to produce a consolidated Cu-Fe material with homo-
geneous nanostructure.

The HPT processing was conducted under quasi-
constrained conditions [34] to restrict the outward
flow of material around the periphery of the disc dur-
ing the processing operation. Precautions were taken
throughout the HPT processing to avoid slippage
between the disc sample and anvils [35]. Furthermore,
the temperature rise during HPT processing is rela-
tively low, which will not have a subsequent effect on
the development of microstructure and texture [36].

The deformed discs were then subjected to anneal-
ing treatment at 500 °C for 6 h in a radiation furnace,
followed by air quenching. The selection of the heat
treatment condition was based on prior studies, which
indicated that the optimal ageing temperature of
Cu-Fe alloys is typically around 500 C [1].

The discs were cut into two halves along their mid-
plane. As illustrated in Fig. 1, the microstructural
observations, texture and microhardness measure-
ments were performed on the cross-sectional (CD-
SD) planes of the HPT-processed and annealed discs.
For information, the shear reference frame is defined
as the shear direction (SD), radial direction (RD) and
compression direction (CD).

It should be noted that when the number of HPT
turns was above 5 turns, there was no recovery or self-
annealing at RT during the storage time of the HPT-
processed pure Cu [37].

The EBSD measurements were performed near the
centre (r ~ 0.2 mm), at the mid-radius position (r ~2.5
mm) and the edge (r ~ 4.5 mm) of the mid-thickness
plane of the HPT-processed and annealed discs (see
Fig. 1) using a TSL-EDAX-Hikari system mounted
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Figure 1 Schematic illustration indicating the positions for the
EBSD and microhardness measurements on the vertical cross
section of the HPT disc. SD, CD and RD are the coordinate sys-
tems.

on a scanning electron microscope (FEG-SEM ZEISS
Supra 55 VP) operating at 20 kV. Sample preparation
for the EBSD measurements consisted of mechanical
polishing using SiC abrasive papers up to 4000-grid,
followed by diamond polishing up to 0.25 um and
then a final polishing using oxide polishing suspen-
sions (OPS).

Data collected from scanned areas of 25 x 25 um?
with a 25 nm step size were treated by the Orientation
Imaging Microscopy OIM™ software. The scanned
areas for the annealed Cu discs were 50 x 50 pm? with
a step size of 50 nm. A grain tolerance angle of 5°, a
minimum grain size of 5 pixels and a confidence index
(CI) <0.05 were chosen as a clean-up procedure for the
quantitative EBSD analyses. The grain boundaries
were classified into sub-grain boundaries with mis-
orientations 2° < 0 <5°, low-angle grain boundaries
(LAGBs) with misorientations 5° < 0 <15° and high-
angle grain boundaries (HAGBs) with 0 >15°. Grain
boundaries with misorientation angles 0 <2° were
removed to avoid spurious boundaries caused by ori-
entation noise.

The dynamically recrystallized fraction in the
HPT-processed discs was estimated using the grain
orientation spread (GOS) approach implemented in
the OIM™ software, where the GOS is known as the
mean deviation between the orientation of each point
in the grain and the mean orientation of the grain [38].
In the present case, grains with GOS < 1° are assumed
to be completely recrystallized [38].

The kernel average misorientation (KAM)
approach was used to estimate the stored energy, E,,
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originating from the geometrically necessary disloca-
tion (GNDs), following the equation [39]:
apblxam

Es=— (1)
where « is a parameter that depends on the grain
boundary type with values of 2 and 4 for pure tilt
and twist boundaries, respectively [40], u=48.3 GPa
is the shear modulus for Cu [39], b=0.255 nm is the
magnitude of the Burgers vector for Cu [39], Oy, is
the average misorientation angle, n =3 for the nearest
neighbour and d =25 nm is the EBSD scan step size. In
the present case, the Oy 4, value was calculated from
the average misorientation angle between the point
and its 3rd neighbour (n=3) excluding misorientations
greater than 5°.

The texture was quantified using toolbox MTEX
by calculating the orientation distribution function
(ODF) using the harmonic method (L =22) and a
Gaussian function with a half-width of 5° to model
each orientation [41].

A scanning electron microscope (SEM), Hitachi
SU8000, operating at an accelerating voltage of 10 kV
in backscattered electron (BSE) mode and equipped
with an energy-dispersive spectrometer (EDS), was
used to identify the chemical elements of various
phases present near the mid-radius position of the
HPT-processed Cu-5Fe disc. Specimens for SEM
were prepared via grinding and ion polishing on
Hitachi Ion Milling System IM-4000. The ion milling
is a damage-less process, so that the polishing with
the ion beam eliminates all deformation, stresses
and oxide layers. Moreover, the surface quality
is sufficiently good that the structure of such pre-
pared joints can be observed on an SEM microscope
through the channelling contrast.

Detailed structural investigations were further
carried out using a Thermo Fisher Scientific SPEC-
TRA 200 scanning transmission electron microscope
(STEM), featuring a dedicated Cs-corrected high-
resolution system operating at an accelerating volt-
age of 200 kV and achieving a spatial resolution of 75
pm. Chemical analyses were performed using a next-
generation Super-X EDX system, equipped with four
state-of-the-art detectors, each offering an increased
collection solid angle of 0.7 sr. STEM samples were
extracted from the mid-radius region of the discs using
a galium focused ion beam (FIB) microscope (Hitachi
NB-5000), following a standard cutting procedure [42].
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The X-ray diffraction (XRD) patterns were recorded
on the RD-SD plane of the discs using an X’PERT PRO
MPD diffractometer operating at 40 kV and 40 mA
with Cu-K radiation (A =0.1541 nm). The data were
collected over a range of 20 =10-80° with a step size
of 0.02°.

Vickers microhardness measurements were taken
using a Mitutoyo HM-200 with a load of 50 gf and a
dwell time of 10 s. The discs were cut vertically across
the diameters and the cross sections were polished to
mirror-like surfaces. A series of hardness values were
recorded on these cross sections, measuring 8000 x 450
um?, where a rectilinear grid pattern (see Fig. 1), hav-
ing 150 pm separation between adjacent points, was
applied for the automated measurement procedure.
The recorded hardness values gave a total of 248
points, and these points were used for the construc-
tion of color-coded contour maps.

Results
XRD and SEM characterization

Figure 2 presents the XRD patterns of the HPT-
processed and annealed Cu and Cu-5Fe discs. Both
HPT-processed Cu (Fig. 2a) and Cu-5Fe (Fig. 2b) discs
exhibit peaks belonging only to the Cu matrix. This
indicates the possible formation of a solid solution
state in the HPT-processed Cu-5Fe disc. For confir-
mation, Fig. 3 displays the SEM images with different
magnifications and EDS analysis taken near the mid-
radius position of the HPT-processed Cu-5Fe disc. For
comparison, an SEM photograph showing the micro-
structure near the mid-radius of the HPT-processed
Cu disc is displayed in Fig. 3c. It can be observed that
the formation of the granular microstructure is deco-
rated by numerous black zones of different sizes.

The EDS analysis of point 1 demonstrates the for-
mation of a solid solution containing almost 5% of Fe
element (Fig. 3b). The presence of high content of Fe
(74.4 £ 0.7%) and O (22.5 £ 0.2%) elements in the black
zone (Point 2) indicated the formation of the iron oxide
(Fe,O;) phase.

The absence of peaks belonging to the Fe,O; phase
in the XRD pattern of the HPT-processed Cu-5Fe disc
may indicate the low fraction of this phase. As shown
in Fig. 3¢, a granular microstructure is also reached
for the HPT-processed Cu disc. The microstructure is
decorated by black spots homogenously distributed,
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Figure 2 XRD patterns of a HPT-processed Cu disc, b HPT-processed Cu-5Fe disc, ¢ annealed Cu disc and d annealed Cu-5Fe disc.

as indicated by the arrows. It was not possible to iden-
tify these black spots due to their small size but it may
be copper oxide (Cu,O).

Figure 2c shows that annealing at 500 °C for 6 h
causes the formation of Cu,O oxide in the annealed Cu
disc, as indicated by the development of a peak around
20 =36.5°. In the case of the annealed Cu-5Fe disc, the
XRD pattern in Fig. 2d demonstrates the development
of a small peak around 260 =44.7° belonging to the Fe
phase, thereby confirming a precipitation of the a-Fe
phase during the annealing treatment.

EBSD characterization across the disc diameter
The EBSD results revealed the presence of Fe grains

in the HPT-processed and annealed Cu-5Fe discs.
Thus, for the sake of clarity the microstructural

characterizations of the Cu and Fe grains across the
disc diameters were separated into two sections.

Microstructure evolution of Cu grains across the disc
diameter

The microstructure in the centre, mid-radius and
edge on mid-thickness planes of the HPT-processed
and annealed Cu and Cu-5Fe discs represented in the
form of inverse pole figure (RD-IPF) maps are shown
in Figs. 4 and 5, respectively. In the RD-IPF maps, the
HAGBs are indicated by black lines. Enlarged zones
were inserted in the upper right corner of some RD-
IPF maps to easily visualize the Cu grain structure of
the samples.

Thus, Fig. 6 displays the evolution of the mean grain
size of the Cu grains and HAGBs fraction as a function
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Figure 3 SEM photographs
with a low- and b high-mag-
nification showing the micro-
structure near the mid-radius HPT-processed Cu-5Fe
of the HPT-processed Cu-5Fe (@)
disc, EDS analysis at points 1
and 2 present in Fig. 3b and

¢ SEM photograph showing
the microstructure near the
mid-radius of the HPT-pro-
cessed Cu disc. The arrows in
Fig. 3c indicate the presence
of small black spots.

of the distance from the centre of the HPT-processed
and annealed Cu and Cu-5Fe discs, respectively.

In the case of the HPT-processed Cu disc, the
zoomed area at the centre position (Fig. 4a) shows the
formation of equiaxed grains with a mean grain size
of around 272 + 30 nm. The grains became elongated
along SD (see Fig. 4b and c) and the mean grain size
decreased to 224 +20 and 200 + 15 nm (Fig. 6a) at the
mid-radius and edge positions, respectively. A net
change in grain orientation across the diameter is
noticeable. The evolution of texture will be presented
in detail later. A microstructure consisting of 76% of
HAGB:s is obtained at the centre but this is decreased
to 62% at the mid-radius and then increased again
to 78% at the edge of the HPT-processed Cu disc
(Fig. 6b).

Table 1 presents the evolution of dynamic recrystal-
lization (DRX) fraction and the stored energy as a func-
tion of distance from the centre of the HPT-processed
Cu and Cu-5Fe discs, respectively. It is worth noting
that the stored energy has been estimated from GND
dislocations and in practice additional stored energies
from other lattice defects, such as statistically stored
dislocations and vacancies, may be also present in the
severely deformed microstructure and contribute to
dynamic and static recrystallization [43, 44].

As can be seen, already half of the microstruc-
ture at the centre of the HPT-processed Cu disc is
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b (wt.%) Point 1 Point 2
CuN".95.4£2018" 3'110.5
Fe 4.6+0.5 74.4+0.7
(0] - 22.5+0.2

dynamically recrystallized (50.8%). The stored energy
at the centre was found to be equal to 35.1 J/mol, but
the fraction of DRX decreased (39.1%) and the stored
energy increased (43.5 J/mol) at the mid-radius posi-
tion. At the edge of the HPT-processed Cu disc, the
fraction of DRX increases again (64.1%), which causes
a decrease in the stored energy to 34.4 J/mol.

In the case of the HPT-processed Cu-5Fe disc, the
RD-IPF map of the enlarged area (Fig. 5a) at the cen-
tre position shows the development of elongated
grains along the SD with a mean Cu grain size equal
to 250 £25 nm. The grain structure became smaller
and equiaxed at the mid-radius (Fig. 5b) and the edge
(Fig. 5¢) positions and the mean grain size saturated
at a value of 190 £ 20 nm (Fig. 6¢). A microstructure
consisting of 60% of HAGBs is obtained at the centre
and the fraction of HAGBs increases slightly to 67%
at the edge of the HPT-processed disc (Fig. 6d). It can
be observed that the modification in the orientation of
grains across the diameter is not drastic by compari-
son with the HPT-processed Cu disc. Table 1 shows
that the fraction of DRX increases gradually from
26.4% at the centre to 31.8 and 33.4% at the mid-radius
and edge positions, respectively, whereas the stored
energy is found to be similar (~44.7 J/mol) at these
three positions.

Figure 4d-f shows that a typical recrystallization
microstructure of annealed bulk Cu-based alloys is
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Figure 4 RD-IPF maps at: a, d the centre, b, e mid-radius and
¢, f edge of HPT-processed and annealed Cu discs, respectively.
The color-coded triangle is shown in the bottom right corner of
the RD-IPF map (Fig. 4f). The grains in the IPF maps are col-

developed in the HPT consolidated Cu disc after the
annealing treatment. However, there are many black
zones (not indexed areas) which, according to the
XRD results (Fig. 2c), could originate from the Cu,O
oxide particles. The coarse grains are decorated with
numerous annealing .3 (60° <111 >) twin boundaries
and the estimated fraction of annealing twins was
20, 21 and 15% at the centre, mid-radius and edge
of the annealed Cu discs, respectively. According to
Fig. 6a, the nanostructure of the HPT-processed Cu
disc was lost after annealing in which the mean grain
size increased significantly to 2.2+ 1.1, 1.9+1.3 and
1.6 + 1.5 um at the centre, mid-radius and edge posi-
tions, respectively. For additional information, note
that the mean grain size was measured by excluding
the twin boundaries. In contrast, the HAGBs frac-
tion decreases after the annealing treatment to ~ 56%

Mid-radius

! R
;:n.:% rﬁ ‘,-i‘f‘ =/ » B

oured based on their crystallographic directions with respect to
RD. Enlarged zones were inserted to visualize the Cu grain struc-
ture of the HPT-processed Cu disc (in Fig. 4a-c).

at the three positions by comparison with the HPT-
processed Cu disc (see Fig. 6b).

The microstructure of the annealed Cu-5Fe disc
across the diameter is quite different from the annealed
Cu disc. Annealing at 500 °C for 6 h of the HPT-pro-
cessed Cu-5Fe disc leads to the formation of a duplex
microstructure formed principally of coarse grains and
nano-sized grains at the centre and mid-radius posi-
tions of the disc (see Fig. 5d and e). The heterogeneous
microstructure is more pronounced at the mid-radius
position. Similar to the annealed Cu disc, the larger
grains contain several annealing twins and the frac-
tion of twins at the centre and mid-radius was found
to be around 6 and 14%, respectively. Consequently,
the mean Cu grain size at the centre and mid-radius
increases to 380 +2 0 and 750 + 25 nm, respectively. In
contrast, the microstructure at the edge position of the
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Figure 5 RD-IPF maps showing the Cu grains at: a, d the cen-
tre, b, e mid-radius and ¢, f edge of HPT-processed and annealed
Cu-5Fe discs, respectively. The color-coded triangle is shown in
the bottom right corner of the RD-IPF map (Fig. 5f). The grains

annealed Cu-5Fe disc remains homogenously equi-
axed nano-sized grains (Fig. 5f) but the mean grain
size increases to 250 = 20 nm (Fig. 6¢). The fraction of
HAGBSs shown in Fig. 6d does not change significantly
from the HPT-processed Cu-5Fe disc, except for a
slight increase at the centre of the annealed disc (75%).
These results originate from the capacity of HPT pro-
cessing for producing refined microstructures with
relatively higher fractions of HAGBs [45].

Microstructure evolution of Fe grains across the disc
diameter

Figure 7 presents the RD-IPF maps showing the Fe

grains at the centre, mid-radius and edge of the HPT-
processed and annealed Cu-5Fe discs, respectively.
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in the IPF maps are coloured based on their crystallographic
directions with respect to RD. Enlarged zones were inserted
to visualize the Cu grain structure of the HPT-processed (in
Fig. 5a-c) and annealed Cu-5Fe (in Fig. 5f) discs.

The fraction of Fe grains in each position, esti-
mated based on the OIM software, is displayed in the
upper right corner of each RD-IPF map. In contrast
to the XRD results (Fig. 2b), the EBSD measurements
revealed the presence of the Fe phase, as in Fe grains,
in the HPT-processed Cu-5Fe disc. According to the
OIM software, the Fe phase fraction estimated at the
centre was relatively weak, about 3% and it seems
to decrease to 1.7% and 1.3% at the mid-radius and
the edge of the disc, respectively. This could explain
why the Fe phase was not detected by XRD analysis.
Furthermore, the shape and the distribution of the Fe
phase are also affected by the measurement position.
It can be observed that the Fe phase at the centre of
the disc (Fig. 7a) is in the form of a band parallel to SD
and then becomes smaller and uniformly distributed
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Table 1 Fraction of DRX and stored energy at the centre, mid-
radius and edge of the HPT-processed Cu and Cu-5Fe discs

HPT-processed Cu HPT-processed Cu-5Fe
DRX (%) E,(J/mol) DRX (%) E(J/mol)
Centre 50.8 35.1 26.4 44.4
Mid-radius ~ 39.1 435 31.8 44.7
Edge 64.1 344 334 44.7

towards the edge of the HPT-processed Cu-5Fe disc
(Fig. 7b and c).

The mean grain sizes of the Fe grains in the HPT-
processed and annealed Cu-5Fe discs are summarized
in Table 2. It is worth noting that further microstruc-
tural features for the Fe grains, such as the HAGBs
fraction, were not evaluated because of their low val-
ues and their arbitrary distribution in the EBSD maps.

Table 2 indicates that the Fe grains at the cen-
tre position exhibits a value of 250 # 15 nm and it
decreases continuously with increasing the distance
from the centre of the disc to reach a value of 125 + 10
nm at the edge position.

Figure 7d-f revealed that the fraction of the Fe
phase increases with respect to the deformation state

to 7.0, 4.3 and 4.0% at the centre, mid-radius and edge
of the annealed Cu-5Fe disc, respectively, and their
size becomes larger after annealing as is evident by
Table 2. The mean grain size of the Fe grains increases
to 270 +20, 220+ 15 and 170 +20 nm at the centre,
mid-radius and edge of the annealed Cu-5Fe disc,
respectively.

STEM characterization

Figure 8 presents additional microstructural observa-
tions taken near the mid-radius of the HPT-processed
Cu and Cu-5Fe discs using STEM in BF and HAADF
modes with different magnifications. The STEM pho-
tographs in BF of the HPT-processed Cu (Fig. 8a) and
Cu-5Fe (Fig. 8d) discs revealed the development of
nanocrystalline grain structures which were relatively
homogeneously distributed through the microstruc-
tures. The STEM images in the HAADF mode provide
evidence of nano-sized particles with a circular shape
of copper oxide (blue arrows) in the HPT-processed
Cu disc (Fig. 8b) and iron oxide (red arrows) in the
HPT-processed Cu-5Fe disc (Fig. 8e). In Fig. 8¢, a
stacking fault (green arrow) and nano-sized lamella
deformation twins (yellow arrows) are visible in the
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Cu-5Fe, HPT

Fe grains Centre

Cu-5Fe, HPT+ annealed
Fe grains

Figure 7 RD-IPF maps showing the Fe grains at: a, d the centre,
b, e mid-radius and ¢, f edge of HPT-processed and annealed Cu-
SFe discs, respectively. The color-coded triangle is shown in the
bottom right corner of the RD-IPF map (Fig. 7f). The grains in

HPT-processed Cu disc. The HPT-processed Cu-5Fe
disc also revealed the presence of nano-sized twins as
indicated by the yellow arrow in Fig. 8d.

Figure 9 depicts the STEM images in BF and
HAADF modes with the corresponding EDS map-
ping for the Cu, Fe and O elements for the annealed
Cu-5Fe disc, respectively. Similar to the EBSD results

Table 2 Evolution of mean grain size of Fe grains as a function
of distance from the centre of HPT-processed and annealed Cu-
SFe discs

Grain size of Fe grains (nm) Centre Mid-radius  Edge
HPT-processed Cu-5Fe 250+15 139+10 125+10
Annealed Cu-5Fe 270+20 220+15 170+20
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the IPF maps are coloured based on their crystallographic direc-
tions with respect to RD. The fraction of Fe grains is indicated in
the upper right corner of the RD-IPF maps.

(Fig. 5e), the STEM image shows the development
of a duplex microstructure after the annealing treat-
ment. Annealing twins are easily recognized, as indi-
cated by the yellow arrow in Fig. 9a. Interesting find-
ings can be seen from the STEM and EDS mapping
in which the small refined grains are surrounded by
large (~ 160 nm) and nano-sized (~ 70 nm) iron oxide
Fe,O; particles while the coarse grains are com-
pletely free from Fe and O elements. A close inspec-
tion of Fig. 9d reveals the homogenous distribution
of the Fe element in the region with small grains
which means that the nano-sized grains achieve a
uniform solid solution state.



Cu, HPT

Figure 8 STEM images in BF and HAADF modes for the HPT-processed: a-c Cu and d, e Cu-5Fe discs, respectively.

Texture evolution across the disc diameter
Texture evolution of Cu grains across the disc diameter

Figures 10 and 11 present the ODF sections at ¢, =0
and 45° at the centre, mid-radius and edge of the
HPT-processed and annealed Cu and Cu-5Fe discs,
respectively. It must be noted that the ODF sections
presented in Fig. 11 show the texture of Cu grains in
the HPT-processed and annealed Cu-5Fe discs. The
positions of the ideal shear texture components for
FCC materials are indicated in the ODF sections and
their description in Miller indices ({hkl} <uvw >) and
Euler angles (¢, ®, ¢,) are summarized in Table 3
[46]. Basically, HPT processing led to the forma-
tion of a simple shear texture type characterized by
the formation of two fibres [46]. Thus, the A-fibre
({111}// RD-SD plane) contained the A, A, Al and Aj
components [46] and the second fibre named B-fibre

(<110 >}// SD) contained the A, Z, B, E, and C com-
ponents [46].

At the centre of the HPT-processed Cu disc
(Fig. 10a), the texture exhibits the formation of par-
tial B-fibre (presence of B/B, and A/A components
and absence of C component) and partial A-fibre
(presence of A/A, A7 components and absence of A}
component) with a strong A} component (6.5 mrd,
multiple random distribution). The texture compo-
nents belonging to the A-fibre and B-fibre are located
in their ideal positions. The texture completely
changes at the mid-radius position (see Fig. 10c),
where B and B disappeared and the A and AZ compo-
nents appeared with an obvious deviation from their
ideal positions and the spread of the A orientation.
Thus, the partial B-fibre vanished, while the partial
A-fibre persists but with the presence of A and Aj/AJ

components and the absence of the A component.
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Figure 9 STEM image in a BF and b HAADF modes with the corresponding EDS mapping for ¢ Cu, d Fe and e O elements for the

annealed Cu-5Fe disc, respectively.

Figure 10e shows that the texture at the edge of the
HPT-processed Cu disc is very similar to that at the
mid-radius position.

Annealing at 500 °C for 6 h maintained the deforma-
tion texture reasonably across the distance from the
centre of the Cu disc. As can be seen from Fig. 10b, the
AJ component appeared and the intensity of the par-
tial B-fibre decreased at the centre of the annealed Cu
disc. The deformation texture was principally retained
at the mid-radius position (Fig. 10d) but with strength-
ening of the A component (7.3 mrd). The texture at the
edge of the annealed Cu disc (Fig. 10f) was retained
and tends to be weaker with respect to the texture of
the HPT-processed Cu disc.

For the HPT-processed Cu-5Fe disc, the ODF sec-
tions at the centre of the disc, shown in Fig. 11a,
indicated the presence of the A component with the
gradual formation of partial B-fibre due to the pres-
ence of the C and B components but with a visible
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deviation from their ideal positions. Figures 11c and
e revealed that the textures at the mid-radius and
edge positions are identical, where the C component
disappeared and a net strengthening of the A7 and B
components is noted. In both mid-radius and edge
positions, a maximum texture intensity of 8.7 mrd is
located between the A7 and B components at (220°, 65°,
45°), as indicated by the arrow in the ODF section at
@, =45° (Fig. 11cand e).

The texture at the centre of the annealed Cu-5Fe
disc is different from the deformed texture at the
same position, where the C component was replaced
by A and A components leading to the formation
of the partial A-fibre (presence of Aj/AJ and A com-
ponents and absence of A component). It can be
observed that the B component remains present and
the shear texture components are more located at
their ideal positions (see Fig. 11b). From Fig. 11d and
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Figure 10 ODF sections at ¢, =0 and 45° at: a, b the centre, ¢, d mid-radius and e, f edge of HPT-processed and annealed Cu discs,
respectively. The positions of the ideal shear texture components are indicated in the ODF sections.

f, it is evident that the textures at the mid-radius and
edge positions were significantly changed after the
annealing treatment. The B component disappeared,
and it was replaced by a scattered A7 component, A
and weak C and deviated A} components. A com-
plete A-fibre (presence of A/A and A}/AS compo-
nents) tends to form at the mid-radius position. The
texture at the edge of the Cu-5Fe disc is quite similar
to the mid-radius position, except for the absence of
C component and strengthening of A7 component.

Consequently, a full A-fibre is formed with the domi-
nance of the AS component.

Texture evolution of Fe grains

For statistical purposes, the texture of the Fe phase in
the deformation and annealing conditions was ana-
lysed only at the centre position (highest Fe fraction)
and the results are presented in Fig. 12 in terms of
ODF sections at ¢, =0 and 45°. The positions of the
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Figure 11 ODF sections at @,=0 and 45° showing the texture
of the Cu grains at: a, b the centre, ¢, d mid-radius and e, f edge
of HPT-processed and annealed Cu-5Fe discs, respectively. The

ideal shear texture components for BCC materials are
indicated in the ODF sections and their description in
Miller indices ({hkl} <uvw >) and Euler angles (¢, @,
¢,) are summarized in Table 3 [46].

The ODF sections in Fig. 12a indicate the gradual
formation of the typical shear texture of BCC materials
with the formation of near F, ] and ] components. D;
and D, components were also developed but with an
obvious deviation from their ideal positions. Anneal-
ing at 500 °C for 6 h led to the formation of a typical
shear texture where all shear components were present
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positions of the ideal shear texture components are indicated in
the ODF sections.

in their ideal positions and with a visible strengthen-
ing around the ] and | components (see Fig. 12b).

Mechanical properties

Figure 13 displays two-dimensional microhardness
maps over the vertical cross sections along the diam-
eters of the HPT-processed and annealed Cu and Cu-
5Fe discs, respectively. Before HPT processing, the
compacted Cu and Cu-5Fe discs exhibited average
Vickers microhardness values of ~47.4 and ~ 48.8 Hyv,



Table 3 Ideal position of

Shear texture for FCC materials
shear texture components

Shear texture for BCC materials

for FCC and BCC materials Notation ~ Miller indices Euler angles (°) Notation ~ Miller indices Euler angles (°)

projected in the SD-CD plane {hkl} <uvw> (@1, P, ¢y) {hkl} <uvw> (@1, @, 9p)

L46] A (112)<1T0>  (0,352,45) D, (011)<1T1> (547,450)
A {211}<011> (50.7,65.9,63.4) D, {011}<1 11> (125.2, 45, 90)
A} {101}<12 1> (35.26, 45, 90) J (111}<112> (90, 54.7, 45)
A {011}<21 1>  (144.7,45,0) J {111}<121> (30,54.7,45)
B {111}<110>  (0,57.4,45) E {112}<11 1> (90, 35.2, 45)
B {111}<011>  (60,54.7,45) E (112} <11 1> (270,352, 45)
C {110}<]T0> (0, 90, 45) F {011} <100> (0, 45, 0)
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Figure 12 ODF sections at ¢,=0 and 45° showing the texture of Fe grains at the centre of: a HPT-processed and b annealed Cu-5Fe
discs. The positions of the ideal shear texture components for BCC materials are indicated in the ODF sections.
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Figure 13 Hv mapping of HPT-processed and annealed: a, b Cu and ¢, d Cu-5Fe discs, respectively.

respectively. For both HPT-processed discs (Fig. 13a
and c), the microhardness increases with increasing
distance from the centre of the disc. For example, in
the middle section, the microhardness at the centre of
the HPT-processed Cu disc was found equal to 217 Hv

and it increases to 233 and 238 Hv at the mid-radius
and edge positions, respectively. For the HPT-pro-
cessed Cu-5Fe disc, a value of 237 Hv was recorded
at the centre position and it increases to 275 Hv at the
mid-radius and then reaches a steady state after that
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(276 Hv at the edge position). Thus, it is evident that
the Cu-5Fe disc is harder than the Cu disc.

The microhardness decreased after annealing
treatment at 500 °C for 6 h (see Fig. 13b) and becomes
homogenously distributed across the Cu disc where an
average value of 45 Hv is reached. While annealing at
500 °C for 6 h led to a softening in which the decrease
in the microhardness is extended from the centre to
the edge of the annealed Cu-5Fe disc (Fig. 13d). For
example, the value of microhardness at the centre,
mid-radius and edge positions were about 135, 233
and 265 Hv, respectively. It is interesting to note that
the decrease in the microhardness at the edge is small
with respect to the deformed state at the same posi-
tion (276 Hv).

Based on the microhardness values, the deforma-
tion inhomogeneity can be accessed through the inho-
mogeneity factor, IF, using the following equation [47,
48]:

VI (Ho; - Hog ) /n -1

1 )
e x 100

IF =

ave

where 7n is the number of microhardness measure-
ments on each sample, Hv,, is the average microhard-
ness value, and Hv, is the microhardness value of the
i measurement. Basically, a low IF value reflects a
regular distribution of mechanical properties across
the microstructure [48].

The values of IF for the HPT-processed and
annealed Cu and Cu-5Fe discs are presented in Table 4.
As can be noted, the HPT-processed Cu exhibits the
lowest IF value (3.1%) and it increases significantly
after annealing treatment (IF = 13.9%). For the Cu-5Fe
disc, the highest value is recorded under HPT process-
ing (IF =20.7%) and then it decreases to 14.7% after the
annealing treatment.

Nevertheless, the observed hardness variations
across the thickness of the HPT disc, which are espe-
cially pronounced after annealing, are attributed to
the distinct shear patterns developed during HPT

Table 4 IF values for the HPT-processed and annealed Cu and
Cu-5Fe discs

HPT-pro- Annealed Cu HPT- Annealed
cessed Cu processed Cu-5Fe
Cu-5Fe
IF (%) 3.1 13.9 20.7 14.7

@ Springer

processing [49]. A greater shear strain near the disc
surface promotes the earlier microstructural relaxa-
tion and this behaviour is supported by recent stud-
ies: TEM analysis of HPT-processed Al-Mg alloys
revealed enhanced solid-state mixing near the disc
surfaces [50], Furthermore, XRD analysis showed
an accelerated phase transformation near the disc
surfaces which was more than the mid-thickness of
nanostructured TiAl intermetallics [51], and in situ
high-temperature laser-scanning confocal microscopy
showed accelerated recovery at the surfaces of HPT-
processed CoCrHeNiMn alloys [52].

Discussion

Deformation behaviour and texture evolution
of consolidated discs

The experimental results concerning the deformation
microstructures of the Cu and Cu-5Fe discs demon-
strated that HPT processing at RT through 30 turns
under an applied pressure of 6 GPa was effective for
consolidation and mixing the immiscible Cu and Fe
elements and provides the capability to form a bulk
material with a nanocrystalline grain structure (Figs. 4
and 5), a relatively large number of HAGBs (Fig. 6b
and d) and a shear-type texture (Figs. 10 and 11). In
addition, during the consolidation, CuO, oxide par-
ticles formed in the pure Cu disc and Fe grains and
Fe,O; oxide particles formed in the Cu-5Fe disc (see
Fig. 8). For both materials, the microstructural fea-
tures, texture and microhardness evolution (Fig. 13a
and c) were dependent upon the distance from the
centre of the disc. This is reasonable since the equiva-
lent strain, Eogr increases with increasing radial dis-
tance from the centre of the HPT-processed disc, as
indicated by the following equation [53]:

_ 2aNr
Eeq = \/gh ©)

where N is the number of HPT turns, r is the radial
distance from the centre of the disc and # is the thick-
ness of the disc. Accordingly, the equivalent strains
calculated at the centre, mid-radius and edge positions
were 36.2, 453.2 and 815.7, respectively.

In the majority of conventional bulk materials with
medium to high stacking fault energies, such as Cu
(~78 mJ/m?) and Al (~ 160 mJ/m?), the mean grain




size decreased and the microhardness increased with
increasing distance from the centre of the disc at low
numbers of HPT turns due to the increase in shear
strain (Eq. 3) and often a steady state across the disc is
reached rapidly after 5 HPT turns which corresponds
to the strain range of &, ~ 6-150 [22, 46, 54]. Regard-
ing the texture, the development of a shear texture is
unstable and gradually formed at low strain and then
often stabilizes at the same strain level as the grain
refinement [46]. Generally, the grain refinement dur-
ing the HPT processing can be divided into the two
stages of grain fragmentation and saturation [55]. In
these materials, the deformation is accommodated
by the activation of dislocation slip systems, their
accumulation to form dislocation cell structure and
then their gradual transformation into HAGBs with
increasing shear strain to form new ultrafine or nano-
sized grains through a continuous dynamic recrys-
tallization (CDRX) mechanism [56]. A discontinuous
dynamic recrystallization (DDRX) mechanism, which
is characterized by the formation of recrystallized
grains along the grain boundaries through nucleation
and a growth process [56], can occur concurrently with
CDRX during the fragmentation stage [57].

According to these results, a homogeneity in grain
refinement and microhardness evolution across the
disc diameter in both consolidated Cu and Cu-5Fe
discs was not reached even after 30 HPT turns (g.q =
36.2- 815.7) and may require more HPT turns. Indeed,
it was recently reported that HPT processing for
100 turns with an applied strain around ~ 3000 was
required for obtaining a steady-state in the consoli-
dated Cu-14Fe (wt.%) disc [31]. Thus, it is harder to
achieve a complete saturation in the microstructure
and microhardness in the consolidated powders than
in conventional FCC bulk materials. In addition, the
present results indicated that the deformation char-
acteristics of the Cu and Cu-5Fe discs were different.

It is clear from the experimental data that the grain
refinement and mechanical properties of the HPT-
processed Cu disc failed to reach a steady-state con-
dition across the disc diameter although the texture
was stable at the mid-radius and edge of the disc. In
contrast, the HPT-processed Cu-5Fe disc appears to
follow the deformation behaviour of HPT-processed
bulk materials, where the mean grain size decreases
and the microhardness increases from the centre to
the mid-radius and saturates thereafter (€cq=453.2).
In addition, the texture was stable starting from the
mid-radius of the disc.

In contrast to the HPT processing of bulk mate-
rial, the shear deformation during HPT processing
of powder particles plays two major roles [58—60]. At
first, the continued shear deformation assures parti-
cle bonding and reduces the porosity. It is assumed
that the substantial reduction in the particle size,
high vacancy concentration and capillary pressures
are the thermodynamic driving forces allowing the
mechanical alloying of the Fe and Cu elements [27,
61]. Second, when the particle bonding is achieved,
grain refinement is produced with further shear
deformation. Thus, the microstructure and texture
evolutions are expected to be different and more
complicated than in the case of conventional bulk
processed materials.

The results concerning the HPT-processed Cu disc
indicate the development of high fractions of HAGBs
(76%) and DRX (50.8%) at the centre position which
mean the production of rapid grain refinement. This
is supported by the formation of well-defined partial
B-fibre and A-fibre textures. The drop in the fraction
of HAGBs (62.2%) and DRX (39.1%) at the mid-radius
position is explained by the occurrence of grain frag-
mentation. For a more detailed analysis, Fig. 14 shows
the enlarged zones of the microstructure at the centre,
mid-radius and edge of the HPT-processed Cu disc
already presented in Fig. 4 superposed with sub-grain
boundaries, LAGBs and HAGBs in red, green and
black colours, respectively.

As already noted, the microstructure at the centre
of the disc contains a relatively low fraction of sub-
grain boundaries and a very high fraction of HAGBs
indicating the development of ultrafine grains through
the DRX process. A high fraction of sub-grain bounda-
ries (30.6%) is noticed in the mid-radius indicating a
generation of new dislocations and this explains the
increase in the stored energy (43.5 vs. 35.1 J/mol at the
centre position). At this stage, the increase of disloca-
tion density originates from the change in texture at
the mid-radius position (see Fig. 10c) which allows
the activation of additional dislocation slip systems
and their accumulation to form sub-grain bounda-
ries. The change and the oscillation in the texture is
mainly attributed to the amount of shear deformation
and the heterogenous shear strain distribution due to
the continuous rotation of the sample disc during the
HPT processing [46, 62]. Based on Eq. 3, the equivalent
strain at the centre position was low (g, =32.2) and it
increases significantly at the mid-radius to &, =453.2
and at the edge to €., =815.7. This is supported by the
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Figure 14 RD-IPF enlarged maps from Fig. 4 superposed with
grain boundary type at: a the centre, b mid-radius and ¢ edge of
the HPT-processed Cu disc, respectively. d G, G,, G; and G, are

similar texture modification in the HPT-processed Cu-
5Fe disc at the same strain level (Fig. 11c).

In the blue boxes shown in Fig. 14b there are some
examples about the distribution of sub-grain bounda-
ries within the grains. As shown in the elongated grain
(G,), the sub-grain boundaries are located inside the
grains which increase the intragranular orientation
spread and near the grain boundaries indicate the
simultaneous triggering of the CDRX and DDRX
mechanisms.

In the equiaxed blue grain (G,), the sub-grain
boundaries are only located near the grain boundaries
showing the dominance of the DDRX mechanism. By
contrast, in the purple grain (Gj;) the distribution of
sub-grains inside the grains is in the form of a straight
line giving a typical fragmentation structure. By con-
trast, the green grain (G,) is free from dislocations.
These observations confirm the dependency of grain
fragmentation on both grain orientation and grain
size. Thus, not all grains go through the same level of
plastic deformation at the same time and this may be
another element influencing the texture modification
over the disc diameter.
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examples to illustrate the dependency of sub-grains boundaries
on the grain orientation.

The EBSD analysis shows that dislocations are the
main deformation mode to accommodate the deforma-
tion under HPT processing. However, STEM observa-
tions (Fig. 8) indicate the presence of deformed nano-
twins in both the HPT-processed Cu and Cu-5Fe discs.
It was found that the nanocrystalline copper promotes
the formation of deformation twins during HPT pro-
cessing at RT [63] and this was attributed to a partial
dislocation emission from the grain boundaries [63]. It
is well known that deformation twining is responsible
for a texture transition during rolling of FCC materi-
als with low stacking fault energy [64]. In the present
study however, it is not possible to reach conclusions
on the role of deformation nano-twins in the texture
modification at the mid-radius and edge of the discs.

At the edge of the disc (see Fig. 14c), the sub-grain
boundaries decreased (15.6%) due to their continuous
accumulation and their transformation into HAGBs
(79.6%) thereby creating new nano-sized grains with
a mean size (200 + 15 nm) smaller than at the centre
(275 + 30 nm) of the disc. This is corroborated by the
increase in the DRX fraction and the decrease in the
stored energy as shown in Table 1. It is interesting to



note that the fraction of LAGBs varied very little across
the disc diameter (6.1, 5.7, 4.8% at the centre, mid-
radius and edge positions, respectively). It is evident
from the maps that the remaining LAGBs are mainly
grain boundaries between grain neighbourhoods with
similar orientations, as designated by white arrows in
the three RD-IPF maps (Fig. 14). Based on the latter
observation, it is proposed that the consolidation of
pure Cu powder by HPT processing through 30 turns
undergoes two grain refinement stages. Thus, at the
centre of the disc which corresponds to an equivalent
strain of 36.2, the material already reached the satu-
ration stage of the first grain refinement process. At
the mid-radius where €oq= 453.2, the material is in the
fragmentation stage of the second grain refinement
process. Finally, at the edge of the disc (¢.,=815.7),
the material reached the saturation stage of the sec-
ond grain refinement process. It should be noted that
the production of two grain refinement stages accom-
panied by two hardening stages was also reported in
HPT-processed aluminium-based alloys [57, 65].

During the second grain refinement regime, a par-
tial A-fibre with a dominance of the A component
developed (see Fig. 10c and e) during the grain frag-
mentation and saturation stages. The development of
an A-fibre texture was reported earlier in Cu-based
alloys processed by HPT processing such as pure Cu
[66], Cu/Ni layers [67] and a Cu-Ni-5i alloy [68].

Regarding the HPT-processed Cu-5Fe disc, the
low DRX fraction and the high stored energy indi-
cates that grain refinement rate was slower than for
the HPT-processed Cu disc (see Table 1). Also, the
development of a typical shear texture was restricted
as is evident from the texture evolution at the centre
of the HPT-processed disc (see Fig. 11a). Moreover,
the saturation in the stored energy (44.7 J/mol) across
the HPT-processed Cu-5Fe disc diameter suggests a
balance between the generation and annihilation of
dislocations where this evolution is a consequence of
the addition of the Fe element which plays a major
role as a solid solution element preventing disloca-
tion movement and hence slowing the occurrence of
the DRX process. This is supported by noting that the
fraction of Fe grains (Fig. 7) and their corresponding
grain size (Table 2) decreased at the mid-radius and
edge positions which means that the Fe grains were
sheared and fragmented under the HPT processing
and the Fe element dissolved in the Cu matrix.

In addition, due to the difference in the intrinsic
characteristics of the Cu and Fe grains, the creation of

phase boundaries may play an important role in pre-
venting dislocation movement and thereby inhibiting
the DRX process and increasing the stored energy. The
presence of Fe,O; oxide particles as shown in the SEM
(Fig. 3) and STEM observations (Fig. 8) could be also
considered as a factor preventing the grain boundary
mobility and dislocation motion. Consequently, the
grain refinement becomes more effective (Fig. 6a and
c) and the structure is more strengthened, as shown by
the microhardness values (Fig. 13), in the Cu-5Fe disc
than in the pure Cu disc. The restriction of DRX in the
Cu-5Fe disc may indicate that the Fe element decreases
the stacking fault energy of the fabricated composite
to some extent. Based on the microstructural analysis,
it may be reasonably assumed that the combination
of grain boundaries, dislocations, second phase parti-
cles and solute strengthening contributed to the strain
hardening of the Cu-5Fe disc.

It is noted that the texture modification from the
centre towards the mid-radius position was not dras-
tic (see Fig. 11 a, c and e) when compared with the
texture evolution of the HPT-processed Cu disc (see
Fig. 10 a, c and e). It could be connected to the inhib-
ited DRX process due to the addition of Fe elements
since it was reported that the phase boundaries can
delay the texture formation because of the deforma-
tion accommodation between the two phases [69]. The
dominance of B/B components with the presence of A3
or A} components is frequently reported in materials
with low stacking fault energies [46] which suggests
that the Fe element may cause a decrease in the stack-
ing fault energy of the Cu matrix.

The main characteristics of the deformation texture
evolution in both consolidated discs are the deviations
of the shear texture components from their ideal posi-
tions, especially at the mid-radius and edge positions.
Moreover, it can be noted that the spread of some tex-
ture components like the A7 component in the HPT-
processed Cu disc (see Fig. 10) and B component in
the HPT-processed Cu-5Fe disc (see Fig. 11) may origi-
nate from the contribution of several causes simulta-
neously. Firstly, the deviation of shear texture com-
ponents from their exact positions is attributed to the
convergent/divergent nature of the lattice rotation field
around the ideal positions [59, 70]. Secondly, the HPT
processing was performed under quasi-constrained
conditions, and thus, it is expected that there is some
lengthening of the processed disc which caused the
shift of the preferred orientations towards the shear
direction [71]. In addition, it is highly probable that,
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during the consolidation stage, the powder Cu and Fe
particles have not been subjected to ideal shear defor-
mation, leading to a deviation and the scattering of
shear orientations [58].

Effect of annealing treatment
on the consolidated discs

As expected, an annealing treatment at 500 °C for 6
h for the Cu and Cu-5Fe discs led to static recrystal-
lization as manifest by grain growth (Figs. 4, 5 and
6) and decreasing microhardness values (Fig. 13b and
d). In addition to static recrystallization, the annealed
Cu-5Fe disc exhibits the precipitation of the Fe phase
as confirmed by the XRD pattern (Fig. 2d), EBSD (see
Fig. 7d-f) and STEM (see Fig. 9) results. However, the
EBSD results suggest a dependency of static recrystal-
lization behaviour on the measured position and the
Fe element.

In the pure Cu disc, the annealed microstructure
was reasonably similar across the disc diameter. The
main microstructural characteristic of the annealed Cu
disc is the presence of a high amount of Cu,O oxide
(see Fig. 4d-f) which mainly originates from contami-
nation during the consolidation process. This sug-
gests that the densification of the Cu powder was not
completely achieved and this was apparent only after
the annealing treatment which caused damage to the
microstructure and mechanical properties by reducing
the HAGB:s fraction (~ 55%) and an associated increase
in the inhomogeneity factor (see Table 4). Thus, it is
concluded that it would be preferable to conduct the
annealing treatments of the consolidated pure Cu
discs under a protective argon atmosphere to reduce
the impact of oxygen.

The texture of the Cu disc after annealing was prin-
cipally retained except for a weakening of B-fibre and
the formation of A and AJ components at the centre
position, as shown in Fig. 10b, d and f. The occur-
rence of high DRX during deformation processing
implies that all recrystallization nuclei exist already
in the deformation state, as dynamically recrystallized
grains or sub-grains, and the annealing treatment only
provides the driving force for grain boundary migra-
tion. As a consequence, the deformation and recrys-
tallization textures are similar. The development of
a retained deformation texture is associated with the
orientation growth theory [72, 73].

Regarding the annealed Cu-5Fe disc, the annealed
microstructure (Fig. 5d, e and f), texture (Fig. 11b, d
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and f) and microhardness (Fig. 13d) vary across the
disc diameter. At the centre and mid-radius positions,
a duplex microstructure develops (see Fig. 5d and e)
due to the precipitation of Fe atoms from the Cu-rich
matrix. Indeed, Fig. 9 demonstrates that, unlike the
fine grains, the coarse grains were free from the Fe ele-
ment. Due to the limited solubility of the Fe element in
the Cu matrix according to the Cu-Fe phase diagram
[30], the annealing treatment increases the diffusion
process of the Fe element leading to the nucleation
and growth of Fe grains. In addition, the introduction
of large numbers of crystalline defects such as dislo-
cations and vacancies owing to the high shear strain
serves to promote the phase transformation by creat-
ing additional diffusion paths. Consequently, on one
hand the pinning effect in the Cu grains is no longer
present which allows the mobility of grain bounda-
ries to be increased. On the other hand, the presence
of Fe;O, particles with different sizes (see Fig. 9) car-
ried out sufficient pinning pressure to delay the grain
boundary migration of the nano-sized grains. Despite
the development of a heterogenous microstructure,
the mechanical properties are more homogeneously
distributed across the annealed disc diameter than in
the HPT-processed disc, as demonstrated by the low-
ering of the IF factor after the annealing treatment (see
Table 4). The improvement of the homogeneity could
be attributed to the decrease of dislocation density and
the formation of recrystalized grains. In fact, because
of the heterogeneous nature of the microstructure (see
Fig. 5), it is possible that the annealed Cu-5Fe disc
exhibits a good strength-ductility combination. It is
expected that the nano-sized grains provided the high
strength while the elongation to failure would be sup-
ported through the coarse grains [16, 74].

Such heterogeneous microstructure is characteris-
tic of an occurring discontinuous static recrystalliza-
tion (DSRX), which includes the formation of nuclei
of recrystallized grains and their consequent fast
growth by grain boundary migration. This is known
to follow the oriented nucleation theory [72, 73].
Usually, the occurrence of the DSRX mechanism in
conventional deformed materials is accompanied by
a noticeable change in the annealed texture [75, 76]
which is in good agreement with the texture change
observed at the centre and mid-radius positions
(see Fig. 11). It is interesting to note that the texture
modification after annealing occurred also in the Fe
grains, as can be shown in Fig. 12. The strengthening



of J/T components was reported in an HPT-processed
and annealed Fe-9Cr (wt.%) alloy [77]. It was dem-
onstrated that the J/] oriented grains exhibit high
stored energy and were surrounded by special grain
boundaries which favour their recrystallization and
their grain growth [77]. The coarse Cu grains at the
mid-radius position were decorated by a high frac-
tion of annealing twins (see Fig. 5¢) which may be
considered as an additional source for the texture
modification. To confirm this proposal. Figure 15
shows an example of the RD-IPF maps superimposed

Mid-radius of the annealed Cu-5Fe disc
Nano-sized rais
(a3 S

Aj oriented grain

(c) ‘

Misorientation angle (°)

Figure 15 RD-IPF maps superposed with HAGBs and annealed
twin boundaries and corresponding {111} pole figures of: a
nano-sized and b coarse grains taken from the mid-radius posi-
tion of the annealed Cu-5Fe disc (Fig. Se). ¢, f example of A} and
A oriented grains, d, g {111} pole figures showing the orienta-
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with HAGBs (black line) and twin boundaries (red
line) of nano-sized and coarse Cu grains taken from
the mid-radius position of the annealed Cu-5Fe disc
(the RD-IPF map shown in Fig. 5e). First, the fraction
of twins in the nano-sized grains is very low and
they form a straight line (see white arrows) like a
random grain boundary. The orientation of the nano-
sized grains is dominated by the AJ component as
demonstrated by the corresponding {111} pole figure.

By contrast, the fraction of annealing twins is vis-
ibly high in the coarse grains and exhibits a lamellar
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tion relationship between the parent A7 and A oriented grains and
the twined regions and e, h misorientation profiles corresponding
to the AB distance in the A} oriented grain, and CD and EF dis-
tances in the A oriented grain, respectively.
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and band form. According to the corresponding {111}
pole figure, the texture of these coarse grains is dom-
inated by the A7 and A} orientations.

In Fig. 15¢ and {, the isolated parent AJ and A ori-
ented grains contain typical twin X3 (60° <111 >) as
demonstrated by the profile misorientation along
the AB (see Fig. 15e) and CD (see Fig. 15h) distances,
respectively. The isolated A oriented grain contains
also several twins in the form of steps, as can be seen
from the profile misorientation along the EF distance
(see Fig. 15h).

The corresponding {111} pole figure reveals the
crystallographic relationship between the parent A7
(Fig. 15d) and A (Fig. 15g) oriented grains and the
twinned area. It is clear that the twining in the A7 and
A oriented grains led to the formation of A7 and A ori-
entations, respectively, which explains their strength-
ening at the mid-radius position after the annealing
treatment.

It is expected that the annealed microstructure at
the mid-radius and edge positions will be similar
since the average deformed grain size (Fig. 6¢), the
deformation texture (Fig. 11c and e), the microhard-
ness (Fig. 13c) and the stored energy (Table 1) were
similar. However, the present results demonstrate a
good thermal stability of the edge position but with
a net change in the texture evolution (see Fig. 5c and
f). The uniform grain distribution after the anneal-
ing treatment is often associated with the continuous
static recrystallization (CSRX) mechanism [78]. The
CSRX mechanism applied the continuous transfor-
mation of sub-grains boundaries and LAGBs into
HAGBs and this allows the production of a homo-
geneous microstructural evolution [78]. As shown in
Fig. 6d, the fraction of HAGBs at the edge position
was not changed after annealing (67% under defor-
mation state vs. 65% under annealing state) since the
HAGBs already formed during the HPT processing
owing to the grain refinement. It is recognized that
the transition from the DSRX to the CSRX mecha-
nism is controlled by several parameters such as sec-
ond particles, large strain and the critical fraction of
HAGB:s [75, 76, 79]. Based on the current microstruc-
tural evolution, the transition from the DSRX to the
CSRX mechanism can be attributed to the difference
in distribution and size of the Fe phase at the mid-
radius and edge positions. Although the fraction of
the Fe phase is similar (~ 4.0%), it is apparent that
the Fe grains at the edge position are more refined
(Table 2) and homogenously dispersed (Fig. 7) within
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the microstructure. Therefore, it is expected that the
Cu/Fe grain interfaces delay the expansion of the
two-phase grain boundaries which eventually pre-
vent the grain growth of both the Fe and Cu grains.

In addition, the equivalent strain at the edge posi-
tion (g.q=815.7) is almost ~ 2 times higher than in the
mid-radius (¢.q=453.2) position which increases the
fraction of HAGBs from 61 to 67% leading to a more
stable microstructure. This critical HAGBs value is
consistent with previous investigations where it was
found that the DSRX mechanism type dominated
when the HAGBs fraction was less than 62% and the
CSRX mechanism type was dominant if the HAGBs
fraction was larger than 64% [75, 79]. Therefore, it is
anticipated that it is necessary to obtain a deforma-
tion microstructure consisting of nano-sized grains
with an HAGBs fraction of 67% in order to convert
the annealed duplex microstructure into a uniform
grain distribution.

Furthermore, the transition from the DSRX to the
CDRX mechanism has a great impact on the annealed
grain size (see Fig. 6¢) but it appears to have little effect
on the annealed texture evolution since at both posi-
tions the deformation texture changes into a complete
A-fibre (see Fig. 11d and f). Generally, the deformation
texture is retained during the occurrence of the CSRX
mechanism [75, 76]. In the current research, regardless
of the occurrence of the DSRX or CRSX mechanism,
the texture change after annealing at both positions is
a result of the restricted DRX and may be interpreted
based on the oriented nucleation theory where the
recrystallized texture arises from those nuclei which
have the fastest growth rate in the deformed state [72].

A significant result is that the deformation textures
in both the pure Cu and Cu-5Fe materials were differ-
ent but ultimately they had similar textures after the
annealing treatment. The partial A-fibre (A}/A and A
components with the absence of A component) was
developed during deformation processing in the Cu disc
through DRX and this was retained after the anneal-
ing treatment. For the Cu-5Fe disc, the complete A-fibre
(A}/AJand A/A components) was developed only after
annealing due to the restriction of the DRX process.
Eventually, it can be concluded that the A-fibre is a
stable texture in the consolidated Cu and Cu-5Fe discs.
Nevertheless, some differences are noticed such as the
development of the A component and the strengthening
of the annealed texture mainly due to the effect of the Fe
addition (see Fig. 11d and f). Finally, it is noted that the
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results demonstrate that the consolidated Cu-5Fe disc
has a better thermal stability than the pure Cu disc.

Conclusions

The current investigation provides valuable insights
into the deformation and static recrystallization
behaviours of consolidated pure Cu and Cu-5Fe discs
fabricated by HPT processing at RT through 30 turns.
The main conclusions are as follows:

For the HPT-processed Cu disc, two grain refine-
ment regimes were evident due to the accelerated
DRX process leading to a grain size around 230+ 15
nm and the formation of a partial A-fibre (A}/A7 and
A components with the absence of A component). The
formation of Cu,O particles caused a serious oxidation
problem during the annealing treatment, which inevi-
tably affected the performance of the consolidated Cu
disc. Despite this, the partial A-fibre persists after the
annealing treatment.

For the HPT-processed Cu-5Fe disc, the DRX pro-
cess was restricted so that there was more grain refine-
ment (around 190 + 20 nm) and a gradual shear texture
formation in both the Cu and Fe grains. The CDRX and
DDRX mechanisms simultaneously govern the grain
refinement. The microhardness increased from the
centre to the edge of the processed disc which caused
a heterogenous distribution of the mechanical proper-
ties. The HAGBs fraction and the precipitation of the
Fe phase and its distribution during annealing treat-
ment are responsible for the duplex microstructures
at the centre and mid-radius positions and the stable
microstructure at the edge position, respectively. Con-
sequently, the transition from the DSRX to the CSRX
mechanism was apparent across the annealed disc
diameter. The presence of Fe,O; oxide particles con-
tributed to prevent grain growth. The restricted DRX
process and annealing twins were responsible for the
development of a recrystallization texture consisting
of complete A-fibre (presence of AT/A; and A/A com-
ponents). The microhardness decreased due to the
softening process and it was more homogeneously
distributed across the disc diameter than the HPT-
processed disc.
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