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Abstract

The generation of a high density of twins few tens nanometers in size can enhance
both strength and ductility. The present work aims to produce highly twinned
microstructure in Cu-6wt% Zn alloy of a moderate stacking fault energy (SFE) by equal
channel angular pressing (ECAP) using a die with angles ¢$=110° and W¥=0. X ray
diffraction (XRD) shows that a high density of defects is stored up to 2 passes then a
recovery takes place. EBSD imaging reveals a high density of twins and a fibrous
microstructure. Grains close to 100nm in size are formed. Strain rate sensitivity (SRS)
was investigated in compression and nanoindentation (NI). Compression curves show
that deformation occurs by slipping with a contribution of twins to hardening. A high
contribution of shear bands was revealed during ECAP and compression tests. The
activation volume V* in compression and Nl is in the range 70b3- 100b3, consistent with
the emission of dislocations from grain boundaries and twin boundaries The

experimental values of V* were compared to those expected from defect densities.
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Highlights

CuZn6 brass processed by ECAP was characterized by XRD, EBSD,
compression and nanoindentation (NI) tests

- Shear banding occurs in ECAP and continues in compression tests

- High twin density and grains close to 100 nm were created by ECAP.

- SRS values are comparable in compression and nanoindentation.

- Activation volumes are consistent with the regime of dislocation emission

from grain boundaries.

1. Introduction

The combination of a high strength and a sufficient ductility is an important
research issue in structural materials. However, a high strength is usually accompanied
by a loss of ductility [1-3]. It has been reported that increasing the density of grain
boundaries (GBs) or twin boundaries (TBs) can lead to a high strength without loss in
ductility; this is because GB and TB impede dislocation slip as strong barriers and act at
the same time as dislocation sources [2,4]. The saturation grain size (GSs), i.e. the
minimum grain size (GS) achieved, tends to be leveled by the refinement process chosen
among other severe plastic deformation (SPD), electrodeposition, vapor deposition. The
deformation mechanisms play an important role on the GSs and the latter depends on
whether slipping or twinning dominates. When slipping is dominant, GSs depends on
the dislocation mobility and so, on their interaction with barriers such as forest
dislocations, solute atoms, precipitates and GBs. Many parameters, such as stacking

fault energy (SFE), influence this feature [5]. It has been shown in CuZn and CuAl alloys,



that decreasing the SFE by increasing the solute concentration reduces the GSs [6-9].
Thus, Mohamed [10] has proposed a formula relating the SFE to the GSs in ball milled
nanocrystalline (nc) metals: dmin/b = A(y/Gb)? where A and q are constants, G the shear
modulus, b the magnitude of the Burgers vector of dislocations and y the SFE .
Furthermore, it has been suggested that the exponent q is higher when refinement
occurs by twinning or by shear banding [11-13]. Bruder et al. [5] suggest that GSs is
controlled by dislocation annihilation rate, itself controlled by the dislocation dissipation
within GB rather than by their incorporation in GB. Wu et al. [14] proposed a mechanism
of grain formation by twin reactions. They suggest that the grains become finer if the
deformation occurs by twinning rather than by slipping. Moreover, deformation by
twinning is an important feature since it leads to high hardening rate [15,16]. Coarse
grained materials become difficult to deform by twinning when GS is reduced whereas
in nc materials the opposite trend is remarked [17-19]. The formation of grains few tens
of nanometers in size within twin lamella has been frequently reported; this was related
to a twin fragmentation into micro- and nano-twins [9,12,20,21]. The thinner the
lamella, the smaller the GS. Therefore, the generation of nano-twins has taken a great
importance. In nc FCC materials, twins nucleate mostly by the emission of 1/6 <112>
partial dislocations from GB [17,22]; this was proved by molecular dynamic (MD)
simulation [18] and verified by HRTEM observations [22]. Thus, in nickel of ~25nm
grains, twinning was observed after deformation in liquid Nitrogen despite of the high
SFE [17,23]; this was explained by the nucleation of partials 1/6 <112> at twin
boundaries (TBs) that do not behave as those from dissociation of perfect dislocations
[24]. The critical GS that enables partial emission depends on the SFE and, to a lesser

extent, on the deformation procedure [17,25,26].

In many cases, deformation leads also to twins fragmentation (de-twinning) [27-
33]; the mechanism is less investigated even though de-twinning caused by shear

banding was reported in alloys deformed at very high strain rates [30].



Among the various mechanical characterizations of alloys, the ones giving access
to the kinetic and thermodynamic characteristics of deformation are of great
importance. The SRS parameter m and the related activation volume V* are two
important parameters [34,35]. The activation volume V* is the number of atoms that
have to be coherently thermally activated to move the dislocations over localized
obstacles in their slip planes [36], or the area swept by the dislocations during the
thermal activation process times the Burgers vector of the dislocations. It is generally
reported that small V* values (~ 20b3)are expected if GB sliding is the main mechanism
of deformation which operates at low stresses. In contrast, high V* values (>100b%)at

higher stresses indicate an important contribution of dislocations.

ECAP is widely used as a mechanical process of grain refinement; it has the
advantage of creating a high amount of deformation without changes in specimen
shape. Since its introduction, it has undergone several modifications to be applied to
sheets [37] or to be repeated several times without the sample leaving the die by using
a rotary-die [38,39]. Copper-Zinc (Cu-Zn) brasses are of considerable interest for
studying the deformation mechanisms whenever SFE is involved; their good castability
allows preparing massive ingots with the possibility of controlling SFE through the zinc

content.

The aim of the present work is to study the microstructure and the mechanical
behavior of a fine grained Cu - 6wt% Zn alloy processed by ECAP. Electron Backscatter
Diffraction (EBSD) imaging and X-ray diffraction (XRD) were used to characterize the
microstructure in term of grain size and defect density. Compression tests were
performed to check the slipping/twinning mechanisms of deformation. The SRS and V*
were evaluated from nanoindentation and compression tests. The results of the two

methods are compared and discussed.



2. Material and methods

The alloy Cu-Zn6 was prepared by melting together weighed quantities of Cu al
copper and Cu-38Zn-2Pb (wt%) in a crucible furnace using the steering melting
procedure and casting in a sand mold. The alloy was then homogenized for 24 hours at
600°C and quenched in iced water. The chemical and phase alloy composition were
verified X-ray fluorescence (XRF) and XRD. XRF analysis leads to a Zn content of (5.8+0.3)
wt%. From the lattice parameter obtained by XRD and using the empirical expression of
the lattice constant: acy 7z, = dcy, + 2.359 107* X (Wt%Zn)[40] where ac,= 0.3610 nm
and acuzn = 0.3625 nm; this leads to a zinc content of 6.3wt%. Pb content is less than
0.2wt% as was obtained from XRF. The corresponding SFE is 24 mJ/m? as was obtained
from a linear interpolation of the values given by El Danaf et al. [41] as a function of
composition. Specimens for ECAP 70 mm in length and 11 mm in diameter were
prepared by wire cut electrical discharge machining. ECAP was performed using a
hydraulic press under a pressure of ~¥~300 MPa at a rate of 5 mm/min. The die was
machined from tool steel; the characteristic angles are ® = 110° and W = 0° [42]; this
leads to an equivalent strain of ex = 0.7N where N is the number of passes [43]. Before
each pass, the specimens were coated with a lubricant containing colloidal MoS:
suspension.

EBSD, XRD and NI investigations were performed on the cross-section of the
extruded specimensi.e. on X plane [44]. Specimens for EBSD were mechanically polished
up to 1 um diamond powder suspension and then super-finished with 30 nm colloidal
silica suspension with vibrant polishing. The EBSD observations were performed using a
JEOL JSM 7600F SE microscope equipped with the EBSD TSL EDAX OIM system. The step
size is generally recommended to be of the same order as the microstructure scale [45];
the steps used presently are 1 um and 100nm for large and close-up images respectively.
The grains were analyzed directly from the OIM images using pixel-to-pixel

measurements. The GB exceeding a misorientation angle of 15° are considered as high-



angle grain boundaries (HAGBs). The KAM distribution was computed to obtain the

density of the geometrically necessary dislocations peno by using the equation:

_ a.KAM

'DGND - b.R (4)

where o is a constant which depends on the nature of dislocations edge or screw, a
value a = 3 was adopted [46], b is the magnitude of the Burgers vector of dislocations.
The KAM values are given by the EBSD software and R is the kernel size that takes into
account the neighbor order considered in the KAM mapping. For a step size of 1 um, R
= 1 pum for the first neighbor, 3 um for the third.

Compression tests were performed along the ECAP direction using a universal
compression/tensile machine Tinius Olsen 50 KS piloted with Qmat software. Compared
to tensile tests, compression ones provide higher strain with no failure but they do not
give a direct information on the ductility. The specimens are 5.5 —6 mm in height and 5
mm in diameter; they were machined by the same technique as the ECAP specimens
(Fig.1). The machine stiffness was first measured by recording the force-displacement
curve during platen to platen contact experiment. To reduce friction effect, the
specimen surfaces in contact with the plates were coated with a lubricant containing
colloidal MoS; suspension. True stress and true strain are defined by 0 = F/S and € =
—Ln(L/Ly) where F is the load, S, Lo and L are the instantaneous cross-section, the

initial height and the instantaneous height of the specimen respectively. The initial strain
rate is defined by & =- i |%| and ranged between 3.10% and 30.10* s, The stain rate
sensitivity (SRS) parameter is defined by:
dLnoc
m= (6Lné) (1)

To check an eventual similarity of the deformation mechanisms, the SRS in

nanoindentation (NI) was investigated for N=3 using the strain rate jump (SRJ) method
[47,48] in continuous stiffness measurement (CSM). It is frequently observed in

experiments with a Berkovich indenter, that the measured hardness H decreases with



increasing indentation depth; this is known as the indentation size effect (ISE) which
makes difficult an accurate estimation of the bulk hardness. In the Nix-Gao model which
considers an important effect of the GND dislocations, the measured hardness during

CSM is depth dependent [49]:

H=Ho [1+% (2)

where H is the measured hardness, Ho the bulk hardness, h the indentation depth and

h* the characteristic length scale of the indentation size effect (ISE).

The strain rate in NI experiments is defined by € = % |%| and the SRS parameter by

(aLnH 0]

L ); it is derived from the equation o = K£™ where cis the flow stress and K

is @ material constant and from the linear relation linking Ho and ©.

NI tests were performed using a FT-NMTO04 nanoindenter (FemtoTools) in a TESCAN
MIRA4 SEM and a Berkovich tip. During a SRJ test, the loading rate is controlled to keep
the strain rate constant at different predefined values. The strain rates were set to
0.001, 0.01, 0.1s. Three tests were performed to get some statistics on the SRS
parameter value m. In the CSM mode, the tip is oscillated at very low amplitudes when
it is displaced. Because of these high-frequency oscillations (~200Hz), the eventual

retarded displacements (viscoelastic for example) are suppressed.

An estimation of the activation volume V* was performed by considering the
concentration of the various obstacles for dislocations after ECAP. X ray diffraction
(XRD) was used to calculate the defect concentrations after ECAP. In XRD, peak position
and shape are differently influenced by the various defects [50,51]. In the present study,

XRD experiments were focused on the calculations of the crystallite size D, the root

: Ad : :
mean square (rms) strain &3 = \/%% where Ad = d-do is the difference between the

interplanar distances before and after deformation, and the twin density . XRD

patterns were recorded on the X planes at room temperature with a Philips X'Pert



system working at 40 kV in the theta/theta mode using Cu (Ka) radiation. The step size
was 0.02° in theta and the counting time was 3 s/step. D and &ms Were calculated from
the breadth of the diffraction peaks using the Williamson-Hall (WH) method [52]. The
ko, component of each peak was first substracted using the X'Pert software. The
instrumental broadening at a given angle 6 was estimated from the NaCl spectrum and
substracted from the experimental one. Twin faults are responsible for the peak shift,
broadening and asymmetry in the XRD pattern [50]. The twin density B represents the
probability of finding a twin fault between two neighboring (hkl) layers [50,53]; it was

calculated using the formula [54, 55]:

A(20 - A(26
IB _ (20)111 (20)200 (3)

- 11 tan 0111+ 14.6 tan9200

where A(20)n represents the deviation of the center of gravity of each (hkl) peak
from its maximum position.

3. Results

The Inverse pole figures (IPF) of the alloy before (N=0) and after ECAP for N = 3 are
given in Fig. 2. In the initial state, the microstructure over the explored area consists of
well-defined equiaxe grains of random orientations with many annealing twins. After
ECAP for N=3, the orientations are randomly distributed with a tendency to alignment
along a preferential direction. In Fig. 3 are given the Unique Grain Color (UGC), the Image
Quality (1Q), and the Kernel Average Misorientation (KAM) images for N=3 recorded at
a step size of 1 um. 1Q image shows a high density of deformation twins (examples are
arrowed). Fig. 3c represents the KAM image by considering the misorientation between
a referential pixel and its first neighbor. The color codes depict the dislocation density
penp as calculated using equation (4). The mean dislocation density over the explored

area was calculated to be 5.5 10** m.



The determination of the twin density p together with the stacking fault probability
in nanocrystalline metals reveals many difficulties. In fact, due to the finite size, one
crystallite should be faulted in only one crystallographic direction; for example in (111)
for ones and (111) for others [56]. As the position and the profile (breadth, asymmetry)
of a given reflection (hkl) result from many contributions (components) regardless the
sign and the order of h, k, |, the profiles of these contributions should be calculated
separately and the resultant profile is made up by a summation [56]. The output
parameters are then obtained by a superposition of calculated and experimental peaks.
It is worth noting that all models assume a low density of defects. Nevertheless,
equation (4) is still widely used [ 57,58].

XRD spectra of the alloy for N=0 and N=3 are plotted in Fig. 4a with a magnification
of the peaks (111) and (200) of the FCC lattice. We note that the whole profiles of
diffraction peaks are strongly modified after ECAP. Fig. 4b shows the evolution as a
function of N, of the twin density B, the crystallite size D, the rms strain &ms and the

dislocation density p. The latter was calculated using the equation [59]

_ 2V3&rms
"~ Db (5)

The straining effects i.e. the increase of B, &ms, p and the decrease of D is remarked
up to N = 2. For N = 3 a tendency to recovery is observed (Fig. 4). It is worth recalling
that the dislocation density can be calculated among others, from the KAM and XRD. We
have shown in previous work [60] that a good agreement is generally obtained between
the two methods and that the difference arises from the sensitivity of the two
techniques to the surface effect: X rays have a deeper penetration whereas EBSD is more

sensitive to surface preparation.

Fig. 5 represents the stress-strain curves in compression recorded at different

strain rates for different numbers of passes. To reveal whether deformation occurs by
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- - . . d
twinning or by slipping, the curves of the normalized hardening rate 8 = é d—: were also

plotted. An important increase in the flow stress is observed after ECAP. It is worth
noting that during the tests, all the compression specimens keep a cylindrical shape and
no barrel effect is observed; this reveals that deformation was roughly homogeneous
over the specimen. Excepting for N =0, the curves show a strain rate dependence of the
0.2% flow stress. Fig. 6 shows the hardness-depth curve of the alloy for N=3 in the CSM
mode with several SR jumps. As it is often observed, the overall curve shows that the
hardness decreases with depth then it remains nearly constant. In fact, from equation

(2), reducing ISE requires high indentation depths where h*/h<<1.
4. Discussion
4.1. Microstructure

The IPF depicts the distribution of (hkl) planes over the specimens with the three
reference orientations. For N=3, Fig. 2b shows various orientations that do not
correspond necessarily to different grains but rather to various twinned regions. The
generated twins in dark blue, are colored differently from the parent grain. The IQ image
of Fig. 3b shows a high density of twins. On the other hand, the UGC image shows the
formation of fine grains. Furthermore, referring to the color code used for the KAM
cartography, the corresponding GND dislocation density and the corresponding unique
grain color UGC map (Fig. 3a), the fine-grained region (arrowed) is almost free from
dislocations as compared to the other regions. A general observation is that the new
grains are located in twins and that the latter nucleate at GB; this feature is shown in
Fig. 7 which is a magnification of the selected region of Fig. 3 a, b (white arrows). The
region pointed by black arrows contains a high density of twins coated with fine grains.
The fine-grained zones correspond usually to low Q. In fact, since the 1Q is a measure of
the spread in diffracted intensity, the low values (dark gray) associated are due to the

high density of GBs and other defects. Primary twins are occasionally fractioned by
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secondary ones and the extent of twinning depends on the grain orientation: The red
grain marked in Fig. 7a having the (001) plane normal to the ECAP direction is prone to
slip and contains shear bands (Fig. 7b). The twinned grains colored in pink (referring to
color key in Fig. 2a) are close to <112> and <111> directions which are favorable for
twinning. Different mechanisms of twin formation are summarized in a review by Zhu et
al. [17]. Among others, twin formation by emission of partial dislocations from GB was
first predicted by molecular dynamic (MD) simulation [18] and then verified by HRTEM
[61-63]; This means that the GB nucleation of twins occurs also in large grains. It is worth
noting that in EBSD imaging, the resolution is limited by the step chosen so in this case,
grains below 1 um are not resolved. Fig.8 represents the microstructure of the alloy
recorded at a step size of 100 nm. 1Q image of Fig. 8a shows clear fibrous structure of
the a phase (dark zones, arrowed) resulting from the creation of shear bands (SB). This
trend, i.e. shear bands, is favored in alloys of medium and low SFE in which deformation
twinning occurs extensively [9,64,65]; many twins are arrowed on the IPF (Fig. 8b).
Furthermore, in FCC metals, deformation twinning generates a layered structure of fine
and alternating twin-matrix (T-M) layers [9]. IPF and UGC images show a high density of
fine grains 100-200nm in sizes coating these bands (Fig. 8b, c). Furthermore, in view of
the limited resolution at the step size of 100 nm, the extent of refinement is not clearly
revealed so that grains and twins below this size can be present. Deformation by shear
bands has been observed in Cu-Al alloys single crystals and it was marked, on the

compression curves, by sharp stress relaxations by mechanical twinning [66].
4.2. Compression behavior

The normalized hardening rate curves of the compression tests (Fig. 5) show a
clear difference between the behavior before and after ECAP. For N=0, a progressive
decrease of O with a moderate slope is remarked showing that slipping is the main
operating mechanism; this indicates that the required stress for twinning was not

reached because of the low solid solution effect of Zn. The shape of the curves is then
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the result of the traditional competition between strain hardening and dynamic
recovery which is equivalent to stages Il and Ill of plastic deformation in alloys of high
SFE. In fact, although the SFE is reduced to 24 mJ.m™ by Zn addition, a recovery by
climb or cross-slip of dislocations remains possible. After ECAP, a substantial increase
in the flow stress is obtained with a remarkable change in the shape of the
compression curves. An abrupt decrease of 8 is remarked followed by a plateau. On
the O curves, the stage B of twinning which corresponds to the formation of
deformation twins is habitually shown by a plateau at 6 =3 [41]. The observed plateau
is due rather to a competition between strain hardening and recovery by de-twinning
on one hand, and to the contribution of the shear bands and the effect of texture on
the other hand. In many cases, the plateau is preceded by a slight softening depicted
by negative values of 8. The subsequent hardening observed on the 6 curves is due to
the interaction between moving dislocations and micro- and nano-twin lamellae [67].
This feature is frequently observed in the plateau of twinning in low SFE alloys. The
fact that it is presently observed in slipping reveals that the strengthening is due to
the twins introduced by ECAP. Furthermore, the effect is more remarked for N=2
where the twin density is maximum (Fig. 4b). Twin hardening can operate through
two mechanisms as was proposed: 1) the Hall-Petch mechanism where TB act as GB
in reducing the free path of dislocations which is equivalent to a reduction of grain
size [53,67-69]. 2) A crystal reorientation: Basinski et al. [70] suggest in Cu-Al alloys,
that the increase in strength is the result of transforming dislocations from glissile to
sessile configuration in case of the new orientation within twin is unfavorable to slip
under external load. Moreover, the TBs introduced by ECAP constitute additional sites
for dislocation emission mainly in nc materials where grains are almost free from
dislocations. The dislocations nucleate in a TB, cross the twin during deformation and

pile up at the next TB; this leads to a fragmentation of twin/matrix lamella and
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enhances de-twinning [71] which can explain the subsequent softening observed on

the B curves.

It has been reported that the required stress for generating twins in nc metals can
be estimated by [51,71]: Twwin = y/\/§b + vV/3Gb/Ds where v is the SFE and D¢ the grain
size; this means that it is lowered by decreasing y and increasing Ds. From this equation,
no dependence of Twin ON the strain rate and on temperature is expected since all the
parameters do not involve thermal activation. The strain rate effect on the twinning
stress was rarely studied [72-74]. Moreover, it is believed that increasing SR increases
the contribution of twinning to deformation. However, SR effect is generally too low to
be considered as an important way for generating twinning even in NC materials since
the stress increases by 5 — 10 MPa per order of magnitude of &. In contrast Twin can be
reached by several ways of strengthening like solid solution (SS) or strain hardening. The
twin nucleates in steps: the leading partial glides and creates a stacking fault (SF)
whereas the trailing twinning partial glides on the adjacent plane. It has been considered
that, in the twinning/de-twinning procedure, the dislocation that needs the lowest
stress to glide is considered to be active [75]. The GS effect can be summarized as below:
As the grain size is reduced, as the number of orientations increases and so does the
number of grains reaching the critical stress for the emission of twinning partials. Thus,
Ttwin Was found to be 350 MPa and 254 MPa for CuZn10 (Dg: 75 nm) and CuZn20 (De:

59 nm), respectively [61].
4.3. SRS and activation volume

When slipping is the dominant mechanism of deformation, the activation volume
is given by: V*=ds.A.b [76,77]. dsp is the free path for dislocation movement, A is the
barrier width and b is the magnitude of the Burgers vector. The parameter A=b and so,
V* = dp.b?% The expected strengthening factors in the present alloy are the forest

dislocations, sub-boundaries and twin boundaries. df, can then be expressed by [78]:
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1/dsp = 1/dww + 1/D + 1/d4 (6)

dww is the twin distance; it is related to the twin density B which is the probability of
finding a twin fault between any two neighboring (111) layers: dw = d111/B, D the
crystallite size i.e. the sub-boundary spacing and dq the dislocation spacing, d¢ = p™/2.
The values of p, B and D are accessible from XRD experiments (Fig. 4). Table 1 gives the
parameters introduced in equation (6) and the calculated values of V* scaled in b® and

taking b = 0.256nm.

The values obtained for the crystallite size from XRD are of the same order as the
grain size obtained from EBSD imaging. The straining effects, i.e the increase of B, &ms,
p and the decrease of D are remarked up to N = 2. For N=3 a tendency to recovery is
observed. This indicates that many reactions between twins have occurred leading to a

de-twinning.

Fig. 9 shows the log-log representation of the dependence of the 0.2% flow stress
against the strain rate. The values of the SRS parameter m which represent the slopes
of the straight lines, are 0.023, 0.025 and 0.019 for N=1, N=2 and N=3 respectively. These
values are much higher than those expected for dislocation based deformation
mechanisms; they are consistent rather with deformation by emission of dislocations
from GB and TB i.e. the inverse Cottrell-Stokes (ICS) regime [79-81]. In the present alloy,

the high twin density observed after ECAP (Fig. 3, 7) promotes the emission of
dislocations (perfect % < 110 > or Shockley partials % < 112 >) from TB and GB. For

N=0 no sensitivity of the 0.2% flow stress on the strain rate was observed (Fig. 5). The
apparent activation volume can be calculated using the equation: V* = MksT/mapp Where
M is the Taylor factor, ks the Boltzmann constant, T the testing temperature. mapp =
Ac/ALngis an apparent SRS parameter which represents the slope of the straight line of
the representation G vs Lné&. It is worth recalling that the calculation of V* from mapp is

sensitive to the value chosen for M. In the absence of a direct experimental
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determination method, the choice of M can be subjective. M is frequently taken /3 in
nc metals of random grain orientations. However, it has been reported that for the cfc
v-phase in a a/y duplex steel of fibrous morphology, comparable to that in the present
alloy (Fig. 3, 8), M ranges between 3 and 4 [82]. Taking M = 3, ks =1.38.103)J.K%, T =
298°C, we obtain values of V* of 1.8 nm?3 (105 b3), 1.2 nm3 (71 b%)and 1.7 nm3 (100 b3)
for N=1, N =2 and N = 3 respectively. These values are close to those estimated from
the XRD results and confirm that micro- and nano-twins contribute to strengthening. On
the other hand, we can conclude that the increase of V* for N=3 is due to a de-twinning
since the interaction of perfect or partial dislocations with the twins and the SFs restricts

the recovery by climb or annihilation.
4.4. Comparison with nanoindentation (NI) results

The rapid decrease of H for the depths below 800 nm (Fig. 6) is due, among
others, to a transient microstructure and/or to surface roughness and screens the
effect of the SRJ. The depth-independent hardness beyond 800 nm (Fig.6) indicates
rather a more stable microstructure so that, according to equation (2), the measured
hardness H merges with the bulk hardness Ho. As a result, the SR dependence of Hy;
is clearer and only this part of the curve was considered in the calculations. The log-
log plot of Fig. 10 shows a good linear fitting of Ho against the SR; the SRS parameter
was calculated to be m=0.025. This value depicts an important contribution of grain
boundary sliding. In Cu-X alloys processed by HPT, Bruder et al. [5] have obtained a
depth-independent hardness only from a depth 500nm in Cu Zn and Cu-Sn alloys. The
SRS obtained was m=0.028 in Cu-5%Zn whereas it was 0.011 in Cu-3%Sn although the
solid solution (SS) effect of Sn was estimated to be 3.4 time stronger than that of Zn
[5]. They suggest a coupled dislocation and GB migration in Cu-Zn alloy and GB

mediated dislocation mechanisms in Cu-Sn. The classic SS effect seems have no effect
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on the saturation grain size ds and on SRS. Furthermore, it has been shown that the

annihilation of dislocations at GBs are the rate-controlling mechanism [83,84].

A comparison between Nl and compression results is allowed regarding the relation
between the two scales. Thus, Zhu et al. [85] reported that for an ideal correction factor,
the ratio of the Vickers hardness HV by the NI one Ho equals HV/Ho = 0.93 (both in MPa)
whereas ratios of 0.65 to 0.79 were obtained in Fe-Cr alloys [86-88]. Furthermore, in
materials that do not exhibit high strain hardening, HV = 3002 (both in MPa) and as a
result, one obtains a ratio oo/ Ho of 0.217 to 0.333. Taking the values of the present
study for N = 3, 602 =396 MPa for & = 0.003 s in compression and the mean value of
Hovalues for £=0.001 s and 0.01 s* =~ 2476MPa, , we obtain a ratio of~ 0.16 which is
comparable with the value 0.217 cited above regarding the uncertainties arising from

the scale changes. The activation volume V*\ is obtained by using the formula [89]:

aH") where ai"_ is the slope of the straight line of the H, —

V" =3ksT/(0.16 aLné aLné

Lné representation (Fig.10). By considering the slope ;Z; = 63.5 MPa, the value

obtained for N=3 is V*=1.2 nm3 which corresponds to 73b3. This value is comparable
with those obtained from compression tests and points a similarity of the mechanisms
of deformation involved. The higher values of V* as were calculated from the data of
table 1 are due to an overestimation of the dislocation free path since other factors can
contribute to pinning like solute atoms. Furthermore, it has been shown that this effect
is more important at low SR where the waiting time for dislocations the overcome a

barrier is sufficient for solute atoms to segregate and pin the dislocations [81].
5. Conclusions

In the present work, EBSD, XRD, compression and nanoindentation (NI) tests were

used to characterize the microstructure and the SRS of Cu-6wt%Zn alloy after ECAP.
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1) For N=3, EBSD images revealed a tendency to a fibrous microstructure and a
high density of twins that nucleates from GBs. A fragmentation of twins (de-
twinning) produces grains 100nm in size.

2) XRD results showed that the maximum twin density was reached for N=2 then
a de-twinning takes place.

3) Imaging with a step size of 100 nm revealed grains 100-200nm in size within
shear bands even though the extent of refinement was not clearly resolved
for the step size used. De-twinning may be the involved mechanism.

4) Compression tests showed that since N=1, deformation occurs by slipping
with a hardening effect of ECAP-induced twins. The shape of the curves is
consistent with a shear banding.

5) SRS experiments in compression and NI lead to an activation volume of 70b3
- 100b3 consistent with the regime of emission of dislocations from GBs and

TBs and agrees with the values estimated from XRD results.
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Figure captions

Fig. 1: ECAP sample (Dashed cylinder) and specimens for compression tests.
EBSD and XRD were carried out on X plane as is defined.

Fig. 2: IPF of the alloy as quenched with the color key for the cubic crystal
orientation maps (a) and after ECAP for 3 passes (b) recorded on the X plane.
Blue zones correspond to deformation twins

Fig. 3: Microstructure of the alloy as revealed by the UGC (a), IQ (b) and the
KAM cartography (c). Color code for KAM converted to dislocation density (see
text) is given in d. Selected zone is magnified in Fig. 7 (discussion section).
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Fig. 4: (a): Diffraction spectra of the alloy for N=0 and N=3 with a magnification
of the (111) and (200) peaks. (b) Crystallite size D, rms strain &ms , dislocation
density p and twin density B calculated from XRD as a function of N.

Fig. 5: True stress — true strain o (g) and the normalized hardening rate 6 (g)
curves in compression for different numbers of passes recorded at different
strain rates.

Fig. 6: Selected nanoindentation force-depth F(h) curves of the alloy for N=3 at
different strain rates. Creep behavior is depicted by the plateau at SR 25.10* to
25.102% s}(see the inserts).

Fig. 7: A magnification of the selected zone of Fig. 3 (IQ and UGC) showing
twins of different colors from the parent grain and starting from GB (white
arrows), fine grains in a fibers (black arrows) and in twin lamella (white
arrows).

Fig. 8: 1Q, IPF and UGC at high magnification (step size 0.1um): Dark zones of
low 1Q correspond to a fibers characterized by fine grains. Several deformation
twins are arrowed on the IPF (b).

Fig. 9: The Ln-Ln representation of the 0.2% flow stress co.2 in compression (in
MPa) for N=1 to N=3.

Fig. 10: Linear and logarithmic plots of the nanoindentation bulk hardness Ho
(in MPa) for N=3 as a function of the strain rate.



Fig.1:

X plane (EBSD, XRD)

—

S5mm

ECAP (=S =T~ =

!C.%;ﬂl — I 5.5-6mm

1 1

1 1

1 1

1 1

1 1 —

L = |—

: : m—C

1 1

1 1

1 1

I : f—

1 1

iy L N

e e P

ECAP Compression

specimen specimens



Fig.2:

30




KAM code

| pono (10*m?) |

I

31



32

Fig.4:

LJNLAL I B B S B R B |

|

2 =)
= - ™ ]
S Lw!l\\.“.-\ [» N. w
8 == % 4
T i Ny
| - .-.a/// & m;
EEEE \S = =
74 J - e &
T a
T3
|
e ]
—— |n|?.//y) i
Sees A 4
L /.“
ot Tl
iy 89 § 3 °® ¢ 5
Aysuayu) pazypunioy - m oy
—s —
=
NN NNEEE FEEES FNEEE SN S SR S
(s3jun-qin) Ayisuayuy

120

110

10

"

50

30

(;.a) d Ay1suap uonesolsiq

) - © © - ~ o
T 1} | 1 ] 1
Xx) g Ausuap uimy
S - «70-8 ) g © td o~ o
s
8 (wu) g azis ayyreyshid =
| ] 1 ] ] 1 ]
o T o« w -« o o
-— o o (= [~}

(%) 442 ulens suu

2 3

Number of passes N

1



True stress o (MPa)
g8 8

6= ll;lﬂddd:

-

50 A
0 01 02 03 04 08 06 OF
True strain &
45 o T T T T 5
S'vas- 1.".10"3"\A
“w ~— N=2 4
¥ n A\ 210!
§ s 43
s w "
o fu s
L L
g 2m |3 42 ¥
Rl b 3
3 o \ =
S 200 | o 3907 =
- e N
n ) 1'e
1% - '.‘. - s -~
% ‘f_-/h-c‘:. -.\ "
10 A Ty 15107
‘
3.107%" .
50 1 s -1
0 01 02 03 04 0s
True strain ¢

True stress o (MPa)
2

ot

3

o

R .

(1/o)dofde

-

True stress o (MPa)
»
8

e

-
8
T
AT
P
-

g
T
.
&
B
o\
.
3
'
& .
.
.
y
‘.
1
'

2
L
E
L
L
L

0= (1/cjdafde

O 005 01 015 092 025
True strain «

33



Fig.6:

Hardness H (GPa)

contact depth h (nm)

4
3
10? 107 10°
10°
2 | | | | |
200 400 600 800 1000 1200

1400

34



35



36



Fig.9:

5.95

Lho

5.85

58

5.75 -

37



Fig.10:
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