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Experiments were conducted to evaluate the evolution of the stored energy in grains with shear texture or-
ientations Ay {111} <112>, A; {111} < 121>, A {111} < 110>, A {111} <011 >, B{112} < 110>, B {112} < 110> and
C {100} < 110 > for Cu-2.5Ni-0.6Si and Fe-36Ni (wt%) alloys after high-pressure torsion (HPT) processing up to 10
turns at ambient temperature using a Kernel Average Misorientation (KAM) approach. A typical stable shear
texture developed in the Cu-2.5Ni-0.6Si alloy immediately after 1 turn whereas there was a continuous trans-
formation of texture in the Fe-36Ni alloy up to 10 turns. The results show that HPT processing produces similar

Iéiy ‘;\Ivf_rsc;s;“oy stored energies of ~35 J/mol and ~24 ]J/mol but with different shear texture components for the Cu-2.5Ni-0.6Si
Fe-Ni alloy and the Fe-36Ni alloy, respectively. The stored energy in all shear components for the Cu-2.5Ni-0.6Si alloy

increases with increasing HPT processing up to 1 turn and then slightly decreases through 10 turns. By contrast,
the stored energy of the Fe-36Ni alloy continuously decreases with increasing numbers of HPT turns. These
evolutions are examined with reference to the initial textures, dynamic recrystallization, grain refinement
mechanisms and differences in the stacking fault energies.
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Shear texture
Stacking fault energy
Stored energy
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1. Introduction during equal-channel angular pressing (ECAP) and high-pressure

torsion (HPT) processing of several FCC alloys [4-6].

It is well known that crystallographic texture significantly
controls the anisotropy of mechanical properties and the form-
ability during the thermo-mechanical processing of metallic alloys
[1]. Generally, the orientations of the deformed grains depend on
the specific deformation processing such as rolling, extrusion or
torsion. In practice, a rolling texture, including the Copper
{112}< 111>, S {123}<634>, Brass {110}<112>, Goss
{110} <001 > and Cube {100} <001 > components, was widely re-
ported in face-centered cubic (FCC) alloys processed by conven-
tional rolling and severe plastic deformation by accumulative roll-
bonding (ARB) [2,3]. By contrast, shear textures composed of Af
{111} <112>, A5 {111}<121>, A {111}<110>, A {111}<011>, B
{112}<110>, B {112}<110>and C {100}<110>were formed
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The development of a deformation texture in rolled FCC alloys
depends strongly on the stacking fault energy (ysgg) of the processed
alloys. The deformation texture after conventional rolling is classified
into three categories depending on the value of ysge. First, the de-
formation texture of alloys with low ysgg, such as a Cu-30Zn alloy
(ys;e = 14mJ/m?), is characterized by a dominant Brass
{110} < 112 > component known as a Brass-type texture. Second, for
alloys with high ysrg, such as aluminum (yspe = 160 mJ/m?), the
Copper {112}<111>and S {123}<634>components are often
dominant and this is known as a Copper-type texture. Third, it is
generally assumed that the texture of alloys with medium ysgg, such
as copper (ysee = 78 mJ/m?) and an Fe-Ni alloy (ysge ~ 122 mJ/m?),
contains Copper, S and Brass components in fairly equal fractions.

Nevertheless, the evolution of a deformation texture in alloys
with medium yspg is complicated and no definitive trends exist in
texture evolution. For example, while cold rolling of Fe-36Ni alloy
samples leads to the formation of a typical copper texture with the
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presence of Copper, S and weak Brass components [7], the de-
formation textures of cold-rolled Cu-2.7Ni-0.6Si (wt%) and Cu-15Ni-
8Sn (wt%) alloys, having medium ysgg (~50 mJ/mol for the Cu-15Ni-
8Sn alloy), show dominant Brass components which are typical for
alloys with low ysge [8,9]. It has been also shown that the Brass
component might strengthen with increasing deformation strain due
to the presence of twins that produces a re-orientation of the Copper
component to a Brass component [8]. Moreover, it is reasonable to
expect that the recrystallization texture of medium to high ysgg alloys
may be characterized by the formation of a Cube {100} <001 > tex-
ture but many experiments have shown the deformation texture is
retained after annealing of the cold-rolled Cu-15Ni-8Sn alloy [9].
Accordingly, it was concluded that the deformation and re-
crystallization textures of alloys with medium ysgg strongly depend
on the nature of the deformation processing and the chemical
composition of the alloy.

In investigations of the deformation textures, it was demon-
strated that the numbers of dislocations stored within the grains was
dependent upon the local crystallographic orientation [10-12]. In
practice, the stored energy in deformed grains of different orienta-
tions plays a significant role in controlling the onset of re-
crystallization and the corresponding texture development [11].

Generally, the total dislocation density is composed of two types:
geometrically necessary dislocations (GNDs) and statistically stored
dislocations (SSDs) [13]. The stored energy related to the Brass
{110}<112>, Copper {112}<111>, S {231}<346>and Cube
{001}<100 > texture components of several FCC alloys was in-
vestigated after conventional rolling and ARB [10-12,14,15]. A hier-
archy was found in several processed alloys whereby the stored
energy, E, of the texture components varied as
Ecopper > Es > Eprass > Ecupe [11,12,15]. It was suggested that the or-
ientated grains with high energy were rapidly replaced by Cube
grains (with low energy) during annealing treatments [11,12]. The
stored energy in the oriented grains in an ARB-processed Fe-36Ni
alloy was found to fluctuate (specifically, to decrease and subse-
quently to increase) upon increasing the numbers of ARB processing
passes due to the occurrence of dynamic recrystallization (DRX), the
formation of fine grains and the production of new dislocations [11].
In addition, it was demonstrated that the GNDs in the cells/sub-grain
walls are responsible for the increase in the stored energy during
ARB processing [11]. The GNDs also contributed significantly to the
bulk stored energy of the HPT-processed Cu-2.5Ni-0.6Si alloy at
equivalent strains in the range of ~8.6-16 and afterwards this con-
tribution slightly decreased due to the occurrence of DRX and the
formation of fine grains [16]. The evolution of the shear texture
components by HPT processing as a function of the ysgg of alloys is
rarely documented in published reports and no systematic in-
vestigation has been undertaken to evaluate the stored energy in the
shear texture oriented grains.

In fact, it is only known that the Taylor factor in the different
shear texture components increases in the following order: A/
A< Af|A; <B|B < C[17,18]. The Taylor factor is defined as the total slip
amplitude corresponding to a unit macroscopic strain increase
[17,19]. Consequently, it may be suggested that a grain with high
Taylor factor has higher dislocation density and hence high stored
energy [20,21]. However, a direct correlation between the Taylor
factor and the stored energy is not yet established.

Based on the limited data available to date, the present study was
initiated in order to quantify the stored energy and thereby to clarify
its relationship with the shear texture components for Cu-2.5Ni-
0.6Si and Fe-36Ni alloys after HPT processing at room temperature
for %5, 1 and 10 turns using a Kernel Average Misorientation (KAM)
approach. The effect of ysgs on the stored energy is also examined. It
must be noted that the stored energy estimated in the present study
arose from the GND dislocations since the KAM approach allows only
an estimation of this type of dislocation [16,22]. Full details on the
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evolution of the texture and the microstructural parameters, such as
grain size and grain boundary orientation distributions, of the HPT-
processed Cu-2.5Ni-0.6Si and Fe-36Ni alloys were given in earlier
reports [5,6] and therefore the present investigation was undertaken
to provide a special emphasis on the stored energy and the shear
texture component correlations.

2. Experimental materials and procedures

The Cu-2.3Ni-0.5Si (wt%) and Fe-36Ni (wt%) alloys were supplied
by CLAL-MSX (Meru, France) and APERAM Alloys Imphy Society,
France, respectively. Accordingly, the Cu-2.3Ni-0.5Si alloy was pro-
vided in supersaturated solid-solution condition after casting and
hot rolling at 830 °C whereas, the Fe-36Ni sheet alloy was provided
in a fully recrystallization state. Both alloys were machined into disks
having diameters of 10 mm and thicknesses of ~0.85 mm. The HPT
processing was performed at ambient temperature through totals, N,
of 1/2,1, 5 and 10 turns using an imposed pressure of 6.0 GPa and a
rotational speed of 1 rpm under quasi-constrained conditions [23].

The microstructure and microtexture were analysed using a
scanning electron microscope FEG-SEM SUPRA 55 VP operating at
20 kV with TSL Orientation Imaging Microscopy, OIM™ software. The
electron backscatter diffraction (EBSD) measurements were per-
formed in the RD-SD plane of the processed discs where RD and SD
denote the rotational and shear directions, respectively, after me-
chanical and electrolytic polishing at ambient temperature using an
A2 Struers electrolyte at 24V for 20 s (for Cu-2.5Ni-0.6Si alloy) and at
30V for 12 s (for Fe-36N:i alloy). The presentation of the axis system
and the EBSD position measurement on the disk is illustrated in
Fig. 1. The EBSD maps were collected at the mid-radius (r=2.5 mm,
as shown in Fig. 1) of each disk on a 25 x 25 ym? area using a step size
of 25 nm for the Cu-2.5Ni-0.6Si alloy and a 50 x 50 um? area with a
step size of 50 nm for the Fe-36Ni alloy. An area of 100 x 100 pm? was
used with step sizes of 1 and 0.1 um for the initial states of the Cu-
2.5Ni-0.6Si and Fe-36Ni alloys, respectively. A grain tolerance angle
of 5° and a minimum grain size of 2 pixels were chosen to obtain the
grain size data. All datum points with a confidence index (CI) lower
than 0.05 were excluded from the analysis where CI quantifies the
reliabilities of the indexed patterns [24].

A quantitative texture analysis was carried out by calculating the
Orientation Distribution Function (ODF) using MTex software [25].
The recalculated {111} pole figures were determined using the har-
monic method (L = 22) with each orientation modeled with a
Gaussian function having a half-width of 5°. Usually, the KAM ap-
proach allows quantifying the dislocation density belonging to the
GNDs type and the corresponding stored energy in the micro-
structure by the following equations [15,26]:

_ aBkam
ndb (1)

--»SD

Fig. 1. Illustration of axis system of the processed disc for the EBSD measurement. SD,
RD and CD correspond to the shear, rotation and compression directions, respectively.
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where « is a parameter which depends on the grain boundary type
with values of 2 and 4 for pure tilt and twist boundaries, respectively
[27], Oxanm is the misorientation angle, b the magnitude of the Burgers
vector (b = 0.255 and 0.253 nm for Cu-2.5Ni-0.6Si and Fe-36Ni, re-
spectively), n =3 for the nearest neighbor, d the EBSD scan step size,
and x the shear modulus having values of 48.3 and 57 GPa for copper
and iron, respectively. The 6y value was calculated from the mean
misorientation angle between the point and its third neighbor ex-
cluding misorientations greater than 5°. It may be preferable to in-
crease the CI to 0.1 since the samples undergo SPD processing and to
ensure the reliability of the EBSD scans. However, the difference
between the two clean-up procedures was very small and Afxay
=0.01°. In practice, it is better for comparison to use the normalized
KAM (KAM,or =6kanm/nd) parameter since the EBSD step sizes for
both alloys are not the same [11].

The grain orientation spread (GOS) approach implemented in the
OIM™ software is used to separate the recrystallized grains from the
deformed grains where GOS is defined as the average deviation be-
tween the orientation of each point in the grain and the average
orientation of the grain [28]. In this research, grains were considered
recrystallized if the value of GOS was lower than 1° [28].

3. Experimental results

Fig. 2 shows (a) and (b) the KAM maps and (c) and (d) the re-
calculated {111} pole figures for the as-received Cu-2.5Ni-0.6Si and
Fe-36Ni alloys, respectively. The positions of the main ideal rolling
texture components for FCC alloys are listed in Table 1. The nor-
malized KAM value of 1.3°/um for Cu-2.5Ni-0.6Si is relatively higher
than 0.8°/um for Fe-36Ni as shown in the upper regions of the KAM
maps indicating high dislocation densities. Both alloys exhibit mi-
crostructures with equiaxed grains containing high fractions of twins
(23 60° <111 >) as can be seen by the arrows. The mean grain sizes

Cu-2.5Ni-0.6Si

KAMnor= 1.3°/um
&

max: 1.4 mrd
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Table 1

Main ideal rolling and shear texture components of FCC alloys.
Component {hkl} < uvw > Euler Angle

P1 [} $2

W Brass (110} < 112> 54.7°  90° 45°
@ Cube {001}<100> 0° 0° 0°
A Copper (112} < 111> 270°  35° 45°
¢S {123}<634> 59° 36.7° 63.4°
A (111y<112> 90° 54.74°  45°
v (111}<121> 30° 5474°  45°
Oa (111y<110> 0° 5474°  45°
OA (111} <011 > 60° 54.74°  45°
0B (112)< 110> 0° 3526°  45°
OB {112}<110> 180° 3526°  45°
ocC {001}< 110> 45° 0° 0°

were determined without considering twins and the results gave
~20 pm for Cu-2.5Ni-0.6Si and ~10 um for Fe-36Ni, respectively. The
Copper, S and Brass components were equally present for the as-
received Cu-2.5Ni-0.6Si alloy where it is a typical texture for rolled
FCC alloys having medium values of ysge. By contrast, a typical re-
crystallization texture with a dominant Cube component was ob-
served for the as-received Fe-36Ni alloy while a weak Brass
component is evident in the {111} pole figure for this alloy. The
variations in the initial microstructures and textures between these
two alloys is due to differences in their manufacturing processing
histories.

Figs. 3 and 4 show a series of KAM and GOS maps and the re-
calculated {111} pole figures of the HPT-processed Cu-2.5Ni-0.6Si
and Fe-36Ni alloys after, from top, N=13, 1, 5 and 10 turns, respec-
tively. The KAM,,,, values and the fractions of the recrystallized grains
(Fprx) for each sample are presented in the KAM and GOS maps. After
N = V5 turn, the normalized KAM value increases rapidly from 1.3°/um
to 16.2°/um for the Cu-2.5Ni-0.6Si alloy and from 0.8°/um to 9.2°/um

Fe-36Ni

KAMor = 0.8°/um

e

- {111}

max: 2.4 mrd

Fig. 2. KAM maps and the recalculated {111} pole figure of the as-received: (a, ¢) Cu-2.5Ni-0.6Si and (b, d) Fe-36Ni alloys.
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Cu-2.5Ni-0.6Si
KAM map
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Fig. 3. KAM, GOS maps and the recalculated {111} pole figure of the HPT processed Cu-2.5Ni-0.6Si alloy after N=1%, 1, 5 and 10 turns.
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Fe-36Ni
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Fig. 4. KAM, GOS maps and the recalculated {111} pole figure of the HPT processed Fe-36Ni alloy after N=1, 1, 5 and 10 turns.
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for the Fe-36Ni alloy due to the generation and accumulation of
dislocations. For the Cu-2.5Ni-0.6Si alloy the normalized KAM value
continues to increase to 16.6°/um after N=1 turn and then decreases
to 15.2°/um after N=10 turns whereas for the Fe-36Ni alloy the
normalized KAM value appears to saturate at 9°/um after N=1 turn
and then continuously decreases to 6.9°/um through N=10 turns.
The decrease in the normalized KAM values is accompanied by an
increase in the fraction of recrystallized grains, thereby indicating
the occurrence of a dynamic recrystallization process. This trend is
especially evident between 1 and 5 turns for the Fe-Ni alloy. It is also
noted that the fraction of DRX of 37% is higher for Fe-36Ni after N=5
turns than the fraction of 26% for Cu-2.5Ni-0.6Si.

The evolution of the texture by means of the {111} recalculated
pole figures as a function of the numbers of HPT turns is shown in
Figs. 3 and 4 for Cu-2.5Ni-0.6Si and Fe-36Ni, respectively. The main
ideal shear texture components of FCC alloys are summarized in
Table 1. The Af, A3, B, B and C components were formed immediately
after N="4 turn and a typical shear texture is well-defined after N=1
turn by the appearance of the A and A components for the Cu-2.5Ni-
0.6Si alloy. Almost identical textures are also observed after 5 and 10
turns. By contrast, the texture evolution shows different trends for
the Fe-36Ni alloy. The C, A and A components start to form initially
after N=1 turn but these C, A and A components tend to transform
gradually into B and B components with increasing numbers of HPT
turns as seen in the {111} pole figure of the sample after N=5 turns.
A nearly typical shear texture with the presence of most shear tex-
ture components was developed only after N=5 turns and appeared
to stabilize after N=10 turns.

The evolution of the stored energy in the shear texture compo-
nents, Es, is shown in Fig. 5 as a function of the numbers of HPT turns
for (a) Cu-2.5Ni-0.6Si and (b) Fe-36Ni alloys. In addition, the values
of the dislocation density calculated from the KAM approach and
used to estimate the stored energy are summarized in Table 2. After
N=V% turn, the Af component shows the highest value of
36.6 + 1.2 mJ/mol followed by the B component with 35.6 + 0.3 m]J/
mol for the Cu-2.5Ni-0.6Si alloy. However, this order is reversed after
N =1 turn where the stored energy of the B component increases to
36.9 + 0.6 mJ/mol while it remains constant for the A component.
Moreover, the stored energy for the A5 component remained rea-
sonably similar from 33.1 £ 0.5mJ/mol after N=% turn to
36.34 + 0.7 mJ/mol after N=1 turn. Processing by HPT for N=5 turns
led to a decrease in the stored energy for all shear components ex-
cept for the A and A components. In addition, the stored energy of all
shear components further decreased through N =10 turns but it was
less pronounced for the A and C components.

For the Fe-36Ni alloy, the Ay component exhibits the lowest
stored energy of ~22.6 + 0.7 mJ/mol compared to any other shear
components after N=1/2 turn. The stored energy of the Ay and C

(a)
50 Cu-2.5Ni-0.65i Ntk
I 12 . 1
40+ B 210/

s

E_(J/mol)

E_(J/mol)
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Table 2
Evolution of the dislocation density in grains with different shear texture components
as a function of number of HPT turns for Cu-2.5Ni-0.6Si and Fe-36Ni alloys.

Dislocation density (px 10" m?)

Alloy N Ap As A A B B C
Cu-25Ni-0.6si % 335 303 311 314 327 316 3.1

1 335 333 319 330 338 335 314

5 322 311 322 330 316 316 3.8

10 306 298 316 311 306 306 3.0
Fe-36Ni % 191 176 191 191 184 190 188

1 184 180 180 18 181 183 188

5 133 142 140 134 149 149 145

10 134 133 127 134 144 140 134

components was unchanged at ~22.5+ 1.2mjJ/mol and

~24.0 + 0.5 m]/mol, respectively, after N=1 turn while it decreased
slightly for the remaining shear components. Thereafter, the stored
energy decreased rapidly in all shear components after N=5 turns.
The stored energy decreased continuously to N = 10 turns except for a
stabilization at 16.9 + 0.8 mJ/mol and 17.1 + 0.7 mJ/mol for the Af
and A components, respectively.

Generally, the amount of the stored energy was similar in the
different shear texture components for both alloys and no hierarchy
was formed as reported previously in an ARB-processed Fe-36Ni
alloy [11]. However, close inspection shows that the C and A; com-
ponents exhibit the lower stored energy among all shear compo-
nents for the Cu-2.5Ni-0.6Si alloy after high strains for N=5 and 10
turns while the B, B and C components have the highest values for
the Fe-36N:i alloy. Such high values of stored energy in grains with B,
B and C components imply a relatively faster recrystallization during
an annealing treatment after HPT processing.

4. Discussion

The results from this investigation demonstrate that the Cu-
2.5Ni-0.6Si and Fe-36Ni alloys exhibit different microstructural
evolutions after HPT processing. First, the dislocation density in-
creases in Cu-2.5Ni-0.6Si with increasing numbers of HPT turns at
N=1 turn and then decreases up to N=10 turns. By contrast, the
dislocation density continuously decreases with increasing HPT
turns through N =10 turns for Fe-36Ni. Moreover, these alloys show
inconsistent trends in the evolution of stored energy in the shear
components as demonstrated in Fig. 5. Second, it is anticipated from
the behavior of the stored energy in the different shear texture
components that DRX is restricted in Cu-2.5Ni-0.6Si compared to Fe-
36Ni and this is apparent especially after N=5 turns. Third, a typical
shear texture was formed in Cu-2.5Ni-0.6Si as early as N=1/2 turn

50 (bl) T T T T
Fe-36Ni N turns
/2
40+ BN 710
30} ]
20
10
O LNee e 1
A, A A B B C

Fig. 5. Evolution of the stored energy in the shear texture components as a function of number of HPT turns of the: (a) Cu-2.5Ni-0.6Si and (b) Fe-36Ni alloy.
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and then stabilized whereas the shear component continuously de-
veloped with increasing numbers of HPT turns for Fe-36Ni. However,
both alloys share a common behavior where the texture does not
sharpen with increasing strain as usually observed in rolled or ARB-
processed alloys [3,9]. This difference is attributed to the nature of
the simple shear strain mode and the established occurrence of a
strong grain subdivision during HPT processing [ 18].

The inconsistency in the microstructural and texture evolution
between the two alloys is due to the difference in the values of their
stacking fault energy, ysge. The yspe Of the Fe-36Ni alloy was esti-
mated from X-ray diffraction line profile analysis as ~122 mJ/m? [29].
The ysge of the Cu-2.5Ni-0.6Si alloy is not at present available but it
may be estimated from the relationship [30]:

uap

B = 5473 e 3)

where a is the lattice spacing and « is the net stacking fault prob-
ability. In a previously reported X-ray diffraction analysis of results of
the same Cu-2.5Ni-0.6Si alloy after cold-rolling followed by an-
nealing [31], the value of ysp; was estimated as ~64.2 mJ/m?2. It is
recognized therefore that, based on the available data, the ysgg values
for both Cu-2.5Ni-0.6Si and Fe-36Ni are in the medium range but the
ysre Of Cu-2.5Ni-0.6Si is lower by a factor of ~2 than Fe-36Ni (thus,
YSFE (CuNiSi) ®YSFE (FeNi)/z)-

Considering these differences, it is well known that a low ysge
promotes deformation twinning due to an insufficient dislocation
system for accommodating the plastic deformation. No twins were
observed in the EBSD maps for Cu-2.5Ni-0.6Si in the early stage of
HPT processing for N=1/2 turn although it is recognized that this
may depend at least in part on limitations in the EBSD facility. In an
earlier study, transmission electron microscopy (TEM) revealed the
presence of twins in the same Cu-2.5Ni-0.6Si alloy after ECAP pro-
cessing up to 12 passes but not after HPT processing of this alloy [32]
where the absence of twins after HPT was attributed to the very
small size of the twins and the limitation of conventional TEM. Twins
were observed by TEM in pure copper (ysre = 78 mJ/m?), Cu-10 wt%
Zn (ysre = 35 mJ/m?) and Cu-30 wt% Zn (yspe = 14 mJ/m?) after HPT
processing for N=>5 turns at room temperature but it was found that
the density of twins was significantly lower in pure copper compared
with the Cu-Zn alloys [33]. Therefore, it is reasonable to conclude
that twins are found only occasionally after the SPD processing of
copper-based alloys [34].

Twinning may lead to the formation of new orientations since it
causes re-orientations of the parent grains. However, the evolution
of texture in the Cu-2.5Ni-0.6Si alloy was stable and no new or-
ientations were detected with increasing numbers of HPT turns,
thereby indicating the occurrence of twinning only in the very early
stage of HPT processing through % turn. In practice, the continuous
texture transformation observed for the HPT-processed Fe-36Ni alloy
indicates that twinning is not the only responsible mechanism for
texture modification since twinning is usually hardly activated
during room temperature deformation of Fe-36Ni because of the
relatively high ysge. It was suggested earlier that dislocation gen-
eration may be hindered by grain boundaries that produce changes
in the slip activity due to anisotropic hardening and hence texture
modification [4]. The formation of all shear components in Cu-2.5Ni-
0.6Si immediately after N=% turn retains the texture upon in-
creasing numbers of HPT turns leading to a repetition of the de-
formation path. By contrast, texture stabilization was not evident in
Fe-36Ni where the shear components gradually developed with in-
creasing numbers of HPT turns and became relatively stable after 10
turns since all shear components developed during HPT processing
for N=5 turns.

It should be noted that the initial texture may also influence the
difference in the texture evolution for both alloys especially in the
early stage of deformation through N=% and 1 turn. Fig. 2 shows
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that the initial textures of the alloys were different and, in order to
examine the effect of the initial texture, a visco-plastic self-con-
sistent (VPSC) model was used to simulate the deformed texture
after torsional deformation. Details of the VPSC theory, the general
formulation and the relevant algorithms are given elsewhere [35,36].

In the present study, an equivalent strain of e.q =5.52 at a mid-
radius of 2.5mm in the disk sample after HPT for N=% turn was
simulated by imposing successive deformation increments under a
velocity gradient tensor as follows:

001
y=|000
000 (4)

The equivalent stain introduced by HPT processing for N =% turn
was calculated using the conventional relationship for |HPT proces-
sing [37]:

- 27Nr
“T 3 (5)

where r is the radial distance from the centre of the disk and h is the
disk thickness equal to 0.85 mm.

The simulated texture is presented in Fig. 6 for the initial texture
(upper) and the deformed texture after N =2 turn (lower) for the Cu-
2.5Ni-0.6Si (on left) and Fe-36Ni (on right) alloys, respectively. For
comparison purposes, the textures measured in the experiments as
shown in Figs. 3 and 4 for N=1% turn are also given (middle). The
starting texture used in the simulation was represented by 1000
orientations obtained from the initial textures of the alloys shown in
Fig. 2. It was assumed that the plastic deformation was accom-
modated by {111} < 110 > slip systems with constant critical resolved
shear stress. Inspection shows that the VPSC model provides a rea-
sonably good representation of the main features of the experi-
mental texture for both alloys after HPT processing for 1/2 turn and
this demonstrates that the initial texture is responsible for the dif-
ferences in the textures developed through HPT processing between
the Cu-2.5Ni-0.6Si and Fe-36Ni alloys.

In practice, the presently studied alloys fail to exhibit a stored
energy evolution that follows any systematic hierarchy depending on
the texture components as found earlier in the rolling textures of an
ARB-processed Fe-36Ni alloy [11]. As shown in Fig. 5, all shear
components in both alloys stored similar densities of dislocations at
any numbers of HPT turns. This may be due to the very large strain
introduced by HPT processing that activates all populations of the
{111} < 110 > slip systems in all deformed grains having various or-
ientations. However, in practice the values of the stored energy in the
Cu-2.5Ni-0.6Si alloy are higher than in the Fe-36Ni alloy for all shear
texture components and this indicates that Cu-2.5Ni-0.6Si contains a
higher dislocation density than Fe-36Ni. This is expected since the
SPD processing of alloys with low ysgz produces a high degree of
dislocation dissociation that subsequently hinders their annihilation
and consequently leads to very large dislocation densities [38]. In
addition, the stored energy in all shear components continuously
decreases with increasing numbers of HPT turns for the Fe-36Ni
alloy whereas the reduction starts only after 5 turns for the Cu-
2.5Ni-0.6Si alloy. This indicates that the rate of dislocation annihi-
lation in the Cu-2.5Ni-0.6Si alloy is relatively low compared to the
Fe-36Ni alloy.

The low value of the ysgg means that the recombination and
cross-slip of dissociated dislocations is difficult, thereby delaying the
recovery and dynamic recrystallization processes [33]. This is in good
agreement with the evolution of the DRX fraction shown in Figs. 3
and 4 where the fraction of DRX was relatively high in the Fe-36Ni
alloy compared to the Cu-2.5Ni-0.6Si alloy, especially after N=5 and
10 turns. Thus, the recovery and DRX processes take place after N=5
turns (eeq = 53.3) for the Cu-2.5Ni-0.6Si alloy but this occurs as early
as after N=1 turn (e.q = 10.6) for the Fe-36Ni alloy.
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Cu-2.5Ni-0.6Si alloy

Initial texture

max: 1.4 mrd

Experimental texture, N =1/2

max: 1.9mrd
VPSC simulation texture, N =1/2

max: 5.3 mrd
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Fe-36Ni alloy
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Fig. 6. Experimental and VPSC simulated texture after HPT processing for N =1/2 turn showing the effect of the initial texture.

The rapid softening observed in the Fe-36Ni alloy is explained by
the grain refinement mechanism in alloys with high ysge. During the
initial stage of HPT processing, the dislocation density increases and
the dislocations accumulate to form dislocation cells and/or low-
angle grain boundaries (LAGBs) and then they gradually transform to
high-angle grain boundaries (HAGBs) through dislocation re-
arrangement with increasing numbers of HPT turns. This is in good
agreement with the microstructural evolution presented in Figs. 3
and 4 where the fraction of DRX in both alloys increases with in-
creasing numbers of HPT turns. By contrast, the Cu-2.5Ni-0.6Si alloy
shows a general strain hardening behavior and the slow annihilation
of dislocations during deformation processing produces a smaller
grain size as reported for low ysgg alloys [33]. It should be noted that
a smaller grain size was reported in Cu-2.5Ni-0.6Si (~0.2 pum after
N =10 turns) [5] compared with Fe-36Ni (~0.37 pm after N = 10 turns)
[6]. It is worth noting also that such softening behavior, due to the
advent of rapid microstructural recovery, was first reported in an
HPT-processed high purity Al with high ysge [39] while most metals

and alloys including Cu alloys [40,41] demonstrate a hardness model
of strain hardening without microstructural recovery with increasing
numbers of HPT turns. These separate hardness models were more
recently summarized and categorized for a variety of metals and
alloys processed by HPT [42].

The grain refinement mechanism is often accompanied by a
variation in grain boundary misorientation. Accordingly, Table 3
summarizes the evolution of the fraction of sub-grain boundaries
(2-5°), LAGBs (5-15°) and HAGBs (> 15°) in the shear components for
the Cu-2.5Ni-0.6Si and Fe-36Ni alloys after HPT processing at N=10
turns. A detailed inspection shows that all shear components contain
high fractions of sub-grain boundaries ranging from ~69-75% for
both alloys after 10 turns. It is expected that the new fine grains will
further deform and accumulate dislocations due to the continuous
HPT processing. However, both alloys show a difference in the frac-
tions of LAGBs and HAGBs. Specifically, the shear components of the
Cu-2.5Ni-0.6Si alloy contain high fractions of LAGBs of ~23-26%
while the shear components of the Fe-36Ni alloy exhibit higher
fractions of HAGBs of ~13-18% compared with ~2.6-4.6% of HAGBs in
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Table 3
Evolution of fraction (as a percentage) of different grain boundary misorientations in
the shear components for Cu-2.5Ni-0.6Si and Fe-36Ni alloys after HPT processing for

N=10 turns.
Af Ay A A B B Cc
Cu-2.5Ni-0.6Si

2-5° (%) 71.0 69.0 71.2 73.9 71.2 74.0 72.7
5-15°(%) 248 26.4 25.2 23 24.7 234 244
>15°(%) 4.2 4.6 3.7 32 41 2.6 29
Fe-36Ni
2-5°(%) 69.9 75.3 721 74.8 63.8 63.8 68.6
5-15°(%) 15.1 11.6 13.2 12.2 18.5 18.1 17.0
>15°(%) 15.0 13.1 14.7 13.0 17.7 18.0 144

the Cu-2.5Ni-0.6Si alloy. This confirms the rapid formation of new
fine grains with HAGBs in the Fe-36Ni alloy while the LAGBs require
longer times for transformation to HAGBs in the Cu-2.5Ni-0.6Si alloy.

5. Summary and conclusions

The correlation between the stored energy and the shear texture
components of Cu-2.5Ni-0.6Si and Fe-36Ni alloys was in-
vestigated after HPT processing up to 10 turns at ambient tem-
perature using the KAM approach.

A typical stable shear texture developed for the Cu-2.5Ni-0.6Si
alloy after 1 turn while a continuous transformation of the tex-
ture was observed in the Fe-36Ni alloy up to 10 turns. The texture
difference between these two alloys is associated with differences
in the yspe and in the initial textures.

HPT processing produced approximately the same amount of
stored energy in the different shear texture components (~35]/
mol) for the Cu-2.5Ni-0.6Si alloy and lower values (~24 J/mol) for
the Fe-36Ni alloy. There was no apparent hierarchy between
these components.

The stored energy in all shear components for the Cu-2.5Ni-0.6Si
alloy increased with increasing processing to N=1 turn and then
slightly decreased up to N = 10 turns whereas the stored energy of
the Fe-36Ni alloy continuously decreased with increasing num-
bers of HPT turns. These differences are related to the grain re-
finement mechanism during HPT processing.
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