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On sOme Features OF the Grain and subGrain size in a Cu-Cr-zr allOy  
aFter eCaP PrOCessinG and aGinG 

A Cu-1Cr-0.1zr alloy has been subjected to eCAP processing via route bc and aging at 250-800°C. electron backscatter 
diffraction (ebsd), Transmission electron Microscopy (TeM) and X-ray diffraction line Profile Analysis (XrdlPA) techniques 
have been used to unveil some peculiarities of the grain and subgrain structure with a special emphasis on the comparison of the 
grain size estimated by the three techniques. For the alloy eCAP processed and aged up to 16 passes, the grain size (from ebsd, 
0.2 < d < 5 µm), subgrain size (from TeM, d ~ 0.75 µm) and “apparent” average crystallite size (from XrdlPA, d < 0.25 µm) 
are manifestly different. The results were compared to the published data and analyzed based on the fundamental aspects of these 
techniques. 
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1. introduction

Cu-Cr-zr alloys are mainly used in electric/microelectronics 
and nuclear fusion reactors [1]. The high conductivity of the alloy 
is ascribed to the low solubility of Cr and zr in copper at room 
temperature [2], and its strength is due to the precipitation of Cr 
clusters and Cuxzry phases in the copper matrix [3,4]. 

The structure, precipitation sequence, thermal stabil-
ity and mechanical properties of Cu-based alloys after severe 
plastic deformation (sPd) have been extensively studied 
[5-12]. sPd is a way to generate significant grain refinement 
[13]. The main result of sPd processing is a considerable and 
complex grain fragmentation and subdivision owing to the con-
siderable hydrostatic pressure and changes of the deformation  
path [13].

ebsd technique has been confirmed a powerful tool to 
highlight the peculiarities of grain and subgrain size evolution 
even at moderate to high strain [14-18]. in practice, the highly-
strained microstructure of sPd materials may be characterized 
only locally by TeM. TeM methods are very suitable to study 
the evolution of nanograins by quantitative analysis of their 
structural morphology including grain subdivision, boundary 
spacing and boundary misorientation [13].

Moreover, XrdlPA has an overall advantage in providing 
detailed information on the mean crystallite size, the crystallite 
size distribution, the internal microstrains and the related dislo-
cation densities [8,9]. Thus, a comprehensive characterization 
of the microstructure may be achieved most easily through 
a simultaneous application of ebsd, TeM and XrdlPA. 

However, in the literature, an evaluation and/or discus-
sion about the characteristic difference between the grain and 
subgrain size after sPd processing and aging, provided by the 
three techniques, is still lacking.

The present study attempts to fill this lack in Cu-1Cr-0.1zr 
(wt.%) alloy after sPd processing by eCAP and aging at tem-
perature ranging from 250 to 800°C for 1 and 4 h using ebsd, 
TeM and XrdlPA techniques.

2. experimental procedure

The material considered in this study is a commercial 
Cu-1Cr-0.1zr (wt.%) alloy that was supplied in the form of 
rod bars by Goodfellow (uK). billets of 10 mm diameter and 
60 mm length were then machined for eCAP processing and 
solution heat-treated for 1 h at 1040°C in a protective inert gas 
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atmosphere followed by a subsequent water quenching. The rods 
were then processed by eCAP at room temperature up to 1 and 
16 passes using route Bc. The full details of the eCAP process-
ing can be found in references [11, 12]. After eCAP processing, 
annealing was carried out at 250-800°C for 1 and 4 h under high  
vacuum.

After eCAP processing, the samples for ebsd (slices of 
1 mm thickness) were cut near the center of the eCAP billets in 
a plane parallel to the extrusion direction (sample 1 in Fig. 1). 
After eCAP processing and aging, discs of 1 mm thickness 
(sample 2 in Fig. 1) were cut perpendicularly to the axis of the 
cylindrical billet and then mechanically polished with 0.02 μm 
colloidal silica solution. ebsd measurements were performed 
for eCAPed and eCAPed and annealed samples on the transverse 
plane (nd-ed) by means of a scanning electron Microscope 
(seM) with a Field emission Gun Jeol JsM-7001F (at a 20 kv 
voltage) using HKl Channel 5 oxford instruments software 
and a Field emission Gun (FeG) suPrA 55 vP operated at 
20 kv using the oiMTM software, respectively. The collected 
ebsd data enabled the determination of the mean grain size, 
the grain size distribution and the distribution of the boundary 
misorientation angles [19]. 

Fig. 1. schematic illustration of the cutting of the eCAP samples: (1) 
and (2) refer to as eCAP processed and eCAP processed and aged 
conditions, respectively

Analytical transmission electron microscope Fei Tecnai G2 
at 200 kv equipped with high-angle annular dark-field scanning 
transmission electron microscopy detector HAAdF-sTeM and 
an energy dispersive X-ray edAX spectrometer (eds) was 
employed for microstructural (ultrafine grain size, precipitate 
size distribution, nature and volume fraction) characterization 
of the Cu-1Cr-0.1zr (wt.%) alloy after various heat treatments. 
The TeM specimens were electro-polished using a Tenupol 5 
twin jet polishing unit with an electrolyte of 75% Hno3 and 
25% CH3oH. in HAAdF-sTeM experiments a spot size with 
a beam diameter of about 1 nm has been used. Thin foils were 
sectioned from the plane perpendicular to the working axis (ed) 
of the one-pass eCAPed sample and aged at 550°C for 4 hours.

The X-ray diffraction was conducted on flat and polished 
surfaces of each sample using an X’Pert-Pro Pw 3040 Philips 
X-ray diffractometer (XRD) with CuKα radiation operating at 
40 kV and 20 mA. In this analysis, the 2θ Bragg angle varied 
from 10 to 110°, the step scan was 0.02° and the counting time 
was 4s for each step. To investigate the dislocation density and 
the average crystallite size, the Xrd patterns taken from eCAP 
processed samples were analyzed using the whole powder pattern 

modeling (wPPM) method implemented in PM2K code [20,21]. 
This non-destructive method provides information on specimen 
microstructure by directly comparing model-related Xrd with 
experimental patterns. The main features of interest are the size 
and the shape of diffraction domains as well as the nature and 
concentration of lattice defects [22].

3. results

The microstructure of the as-received and solution annealed 
Cu-1Cr-0.1zr (wt.%) was described in [12]. The microstructure 
of the as-received alloy looked like a fibrous or columnar cast 
grain structure. The columnar structure exhibited lateral dimen-
sions by far greater than transverse ones and following rostoker 
et al. [23], such columnar-type structure resulted from strong 
thermal gradients expected in “chill” casting. After solution an-
nealing at 1040°C during 1 h in an argon atmosphere, a granular 
microstructure (not shown here) with grains nearly equiaxed was 
formed (d ~ 200 μm) [12]. The grains were surrounded by quite 
irregular boundaries and contained a high fraction of annealing 
twins which very probably formed during the solution annealing 
at 1040°C for 1 hour [12]. 

Fig. 2 shows the ebsd maps unique Grain Color mode 
of Cu-1Cr-0.1zr (wt.%) alloy after eCAP processing to 1 passe 
and aging at 250, 400, 550 and 800°C for 1 hour. As already 
mentioned, the eCAP processing via route Bc produced a lamel-
lar and elongated microstructure with grains extending their 
longitudinal dimension approximatively at 45° relatively to 
the extrusion direction (Fig. 2a) [12]. it is to be noted that the 
orientation maps and related herafter results associated with 
annealing at 400°C are not presented.

Fig. 2. ebsd maps in unique Grain Color mode of Cu-1Cr-0.1zr (wt.%) 
alloy after eCAP processing and aging for: a) 1 pass, b) 1 pass+250°C-1 h,  
c) 1 pass+550°C-1h and d) 1 pass+800°C-1 h, respectively
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After one eCAP pass processing followed by annealing at 
250, 550 and 800°C for 1 hour, the microstructure was almost 
similar upon increasing aging temperature (Figs. 2b-d). This 
microstructure was complex and duplex and characterized by 
a large deformed implemented area with small recrystallized 
grains. such microstructure was ascribed to a probable particle 
stimulated nucleation (Psn) mechanism during recrystalliza-
tion [11]. 

A noticeable and strong grain refinement occurred after 
16 eCAP passes (Fig. 3a) due to considerable grain fragmenta-
tion [12]. The microstructure of the sample after 16 eCAP passes 
and aging at 250 and 550°C for 1 hour (Figs. 3b-c) exhibited 
a fine-grained structure inherited from severe plastic deformation 
that remained stable relatively to as-eCAPed state as shown in 
Fig. 3a. Annealing up to 800°C resulted (Fig. 3d) in a rapid and 
grain growth following a discontinuous mode of recrystallization 
as stated by Abib et al. [11]. 

Fig. 3. ebsd maps in in unique Grain Color mode of Cu-1Cr-0.1zr 
(wt.%) alloy after eCAP processing and aging for: a) 16 passes, b) 16 
passes+250°C-1 h, c) 16 passes+550°C-1 h and c) 16 passes+800°C-1 h, 
respectively

Figs. 4a and b show the histograms of grain size obtained 
by oiM-ebsd after 1-hour aging at 250, 400, 550 and 800°C 
for Cu-1Cr-0.1zr alloy after 1 and 16 eCAP passes, respectively. 
Fig. 4a shows that for one eCAP pass and annealing at tempera-
tures below 550°C. The eCAP structure remained remarkably 
fine-grained and stable during aging at temperatures up to 400°C 
whereas from 550°C there was a dual size distribution (almost 
bimodal distribution) corresponding to a population of unrecrys-
tallized grains (d ~ 200 µm) and another corresponding to those 
already recrystallized and underwent grain growth (d ~ 20 µm). 
This is because eCAP processing up to 1 (and 16 passes) and 
annealing lead to a nano-precipitation of Cr clusters and Cu5zr 

phase that could strongly hinder the recrystallization process 
below 550°C [11]. it is worth noting that Abib et al. [12], have 
meticulously analyzed the grain size evolution and have adopted 
the definition of the microstructural parameters for the grain size 
evaluation from ebsd maps used by Tirsatine et al. [16]. The 
grain sizes were measured as the mean length (major axis, l) and 
thickness (minor axis, l) of the elongated grains estimated from 
the line intercept Method. Abib et al. [12] clearly stated that 
both decreased substantially to reach the value of L = 0.73 μm 
and l = 0.43 μm after 16 passes. No saturation was observed be-
tween 1 and 16 passes, while the value of grain aspect ratio (L/l) 
decreased from 2.14 after 1 eCAP pass to 1.69 after 16 passes, 
indicating that grains became more or less equiaxed as the eCAP 
pass number increased. very fine and elongated microstructure in 
a similar alloy (Cu-0.44Cr-0.2zr) after eCAP processing through 
route Bc up to 12 passes have been reported [5-7]. 

Fig. 4. Histograms showing the distribution of grain size of eCAP 
deformed Cu-1Cr-0.1zr (wt.%) alloy and aged at 250, 400, 550 and 
800°C for 1 h. a) 1 pass and b) 16 passes

Fig. 4b shows the changes in grain size obtained by oiM-
ebsd after 1-hour aging at 250, 400, 550 and 800°C tempera-
tures for Cu-1Cr-0.1zr alloy after 16 eCAP passes. At 250, 400 
and 550°C, grain size appears to be stable (d ~ 0.2 μm) and then 
there is a clear change in the histogram corresponding to 800°C 
aging, where a net tightening around a mean grain size of 5 µm 
is clearly noticed. This feature is a mark of a recrystallization 
and grain growth process.

The discrepancy between the finding associated with the 
sub-grain size of vinogradov et al. [5-7] with the present data 
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presented in Figs. 2a and 3a may be explained by the difference 
in the definition of the grain size measured by ebsd and TeM 
techniques. in the case of ebsd map, each grain, with a certain 
grain tolerance angle (2° in the present study), is randomly 
colored, while in a TeM pattern, grain or subgrain with defor-
mation features are directly observed. it is worth noting that in 
ebsd, the grain size may also be specified by a diameter. The 
diameter of a particular grain is calculated by determining the 
area of a grain and then assuming the grain is a circle [24].

The conventional TeM bright-field image of the Cu-1Cr-
-0.1zr (wt.%) alloy after eCAP processing to one pass and 
aging at 550°C for 4 hours shows a microstructure of typical 
ultrafine-grained microstructure with an average size of about 
0.75 ± 0.15 μm (Fig. 5a). Vinogradov et al. [5] have reported 
quite lower values (~0.160 μm) in a Cu-0.44Cr-0.2Zr alloy after 
eCAP processing (route bc) to 12 passes. Khereddine et al. [14] 
have also reported very low subgrain size (down to 0.450 μm) 
estimated from TeM in a Cu2.3ni-0.5si alloy after eCAP pro-
cessing using route A up to 12 passes.

Fig. 5. (a) TeM bright-field image of the Cu-1Cr-0.1zr (wt.%) alloy 
after eCAP processing to 1 pass and aging at 550°C for 4 h, b) sAed 
pattern corresponding to the analyzed area, c-d) higher magnifications 
showing peculiar details of non-equilibrium grain boundaries shown 
by arrows in d)

enhanced magnification shows that the microstructure 
(Fig. 5c) consists of dislocation-free sub-grains with sharp (high-
angle) boundaries and zones of moderate-to-high distortions and 
dislocation walls (low-angle boundaries). Grain boundaries are 
not easily detectable due to the existence of high dislocation 
density in their neighborhood. Many similar observations were 
reported in the literature after sPd processing and aging of  
Cu-based alloys [25,26]. Higher magnifications showing peculiar 
details of non-equilibrium grain boundaries are presented by ar-
rows in Fig. 5d. non-equilibrium grain boundaries are typical 
for different materials after sPd processing, and their role in 
the mechanical behavior of uFG materials has been discussed 
in many reports [27,28]. 

The sAed pattern (Fig. 5b) shows reflections along the 
rings, typical of a fine-grained polycrystalline material. The 
visible rings are not continuous, which means that the preferred 
orientation of the planes occurs during the eCAP process. in the 
sAed pattern, the azimuthal spreading of spots is also consist-
ent with the presence of internal stresses after processing by 
eCAP. As already stated by vingradov et al. [5] the disordered 
dislocation arrangement is energetically unfavorable, and dis-
locations are irregularly distributed so that the small grains are 
rather dislocation-free and most of them are trapped in the grain 
boundaries, leading to high internal stresses regions.

Fig. 6. dislocation density and “apparent” average crystallite size in 
eCAP deformed to 4 passes Cu-1Cr-0.1zr (wt.%) alloy and aged at 
250-800°C for 1 h

The evolution of the “apparent” average crystallite size (in 
the literature of XrdlPA the average grain size in the direction 
of diffraction vector is also called “column length” following 
the definition of [22] and the concept of column length ideally 
considers grain in a polycrystalline system as made of a column 
of cells along the scattering direction) and the dislocation density 
in eCAP deformed to 4 passes Cu-1Cr-0.1zr (wt.%) alloy and 
aged at 250-800°C for 1h are presented in Fig. 6. The results 
for the remaining specimens (1 and 16 passes) exhibited quite 
similar trends and therefore are not presented here.

Manifestly, both curves exhibit a breakdown near 550°C 
where the dislocation density decreased its initial value by 75% 
and the average domain size raised considerably (more than 
200%). These trends are in total agreement with the findings of 
Abib et al. [11] who studied the thermal stability of the same 
alloy after eCAP processing and aging at the same tempera-
tures. These authors evidenced a collapse of the hardness dur-
ing isochronal annealing around 550-600°C. This collapse was 
ascribed to recrystallization and grain growth phenomena [29]. 
Gubicza et al. [30] have presented quite resembling plots for the 
dislocation density and average crystallite size in technical purity 
copper specimens after eCAP processing. indeed, these authors 
studied the thermal stability of the ultrafine-grained microstruc-
ture by differential scanning calorimetry (dsC) and XrdlPA 
and evidenced a recovery process that occurred in the range of 
 240-310°C depending on the heating rate. Abib et al. [29] have 
stated that a complex precipitation sequence occurred during an-
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nealing the eCAP deformed Cu-1Cr-0.1zr (wt.%) alloy. This se-
quence could very plausibly delay the recovery-recrystallization 
process to higher temperatures (550-600°C for Cu-1Cr-0.1zr 
(wt.%) alloy versus 240-310°C for technical pure Cu).

4. discussion

The present investigation was conducted on a Cu-1Cr-0.1zr 
(wt.%) alloy after eCAP processing and aging at 250-800°C for 
1 and 4 hours using three different techniques for microstruc-
tural observations. The results show both agreements and also 
inconsistencies and it is essential to examine these apparent dif-
ferences. it is worth noting that there was no intention to discuss 
the mechanisms which govern grain fragmentation or subgrain 
formation. exhaustive details about the grain subdivision during 
eCAP processing can be found in the literature [30-34]. only the 
achieved size and its evaluation through the three above-cited 
techniques will be considered here.

in this frame, one has to keep in mind some basic recom-
mendations inspired by the literature. ebsd data collection 
and analysis are based on the definition of a “grain”. indeed, a 
grain is generally defined as a continuous set of pixels in space 
(a dedicated algorithm groups sets of connected and similarly 
oriented points into “grains”), larger than a threshold value and 
bordered either by the edge of the map or by disorientation 
greater than a threshold. Threshold values should be carefully 
chosen by the user as grain size and distribution are closely 
dependent on them, especially when most interfaces are low 
misorientation grain boundaries [35]. An ebsd map is by es-
sence a virtual transcription of real microstructural features under 
well-defined conditions. especially, when high magnification is 
used to analyze the subgrain microstructure, it is strongly recom-
mended to have large scan areas instead of small ones due to 
the existence of a maximum value of index points as a function  
of step size [36]. 

sPd processed materials have an extremely “fine-grained” 
structure. Following Hebesbberger et al. [37], this term has to 
be avoided since two adjacent grains should be separated by 
a ”true” grain boundary. This is not true for most sPd processed 
metals. even at large misorientation angles, the subgrains seem 
to be separated by layers of finite thickness, which might be 
better described as arrangements of dislocations. nazarov et al. 
[38] commonly used the term “non-equilibrium boundaries”. 
it is only after deformation at elevated temperatures or after 
subsequent annealing that grain boundaries in the classical sense 
are observed [39].

indeed, Humphreys and Hatherley [40] stated that in an 
alloy of medium or high stacking fault energy (sFe), the dislo-
cations are classically organized after deformation in the form 
of a three-dimensional cell structure. After subsequent anneal-
ing, owing to recovery, the tangled cell walls transform to more 
regular dislocation networks or low angle grain boundaries and 
the number of dislocations in the cell interiors also weakens. 
The cells become subgrains. 

with the addition of Cr and zr, the sFe of Cu-Cr-zr alloy 
becomes lower than that of pure Cu [41]. The sFe of pure cop-
per is 78 mJ/m2 [42]. under such conditions, the Cu-Cr-zr alloy 
will probably behave quite differently after eCAP processing 
and aging and the microstructure will exhibit quite irregular and 
chaotic aspects as shown in Fig. 5.

As shown in Fig. 5d, some grain boundaries are mostly 
diffuse, indicating their non-equilibrium nature. The concept of 
non-equilibrium grain boundary was first defined by valiev et 
al. [43,44] and then it has been used by many other researchers 
[45,46]. it refers to grain boundaries of materials with ultrafine-
grained microstructures obtained through eCAP or high pressure 
torsion (HPT). such grain boundaries have high densities of 
trapped lattice dislocations [47,48] and an elastically-distorted 
layer near the grain boundary. 

Fig. 5 clearly shows a non-uniform microstructure in gen-
eral and grain size scattering in particular. indeed, as stated by 
An et al. [49], alloys with high sFe are characterized by a high 
rate of recovery and a rapid evolution into a uniform microstruc-
ture [9], whereas in the materials with low sFe, as in the case 
of Cu-Cr-zr alloys, the recovery occurs slowly because of the 
significant difficulty of cross-slip.

one can speculate that the sub-grains size and “apparent” 
average crystallite size visible in Fig. 5 and 6 are quite different. 
The subgrain size assessed via TeM technique (~0.75 µm after 
eCAP processing to 4 passes and aging at 550°C for 4 hours) 
is, by far, greater than “apparent” crystallite size or coherently 
scattering domains obtained by XrdlPA (all estimated values 
are below 0.25 µm). This finding is in line with published data 
for bulk ultrafine-grained alloys produced by sPd techniques 
even if these data did not deal with aged specimens. Certainly, 
the grain size determined by TeM was about four to six times 
higher than the crystallite size obtained by XrdlPA [50-54]. 
TeM investigations indicated that the grains in sPd materials 
are divided into subgrains and/or dislocation cells which were 
separated from each other by low-angle grain boundaries. The 
crystallite size in sPd metals obtained by X-ray diffraction is 
equivalent to the mean “apparent” size of domains that scatter 
X-rays coherently. Consequently, X-ray diffraction makes a dif-
ference between the dislocation cells which are separated from 
each other by low misorientations, typically under 1-2°. it is 
well-known that one can “see” the dislocations cells whose walls 
desorieted by few degrees. However, the coherent diffraction 
domains are less defected than dislocation cell. XrdlPA anly-
sis concerns almost “pure” crystal in the sense dislocation-less. 
whereras, in TeM, a sub-grao,n or a cell can conta dislocations 
which one may always not detect. Therefore, a coherent domain 
of diffraction is a subset of the cell, may be its sub-strucyure. 
Consequently, the TeM grain size is higher than the dislocation 
cell size obtained by XrdlPA [50,51]. Moreover, the size of 
the grains and/or subgrains measured on TeM micrographs is 
often smaller than those measured from ebsd maps. An other 
paradox may originate from technical consdiedations is the fact 
that ebsd technique is very prone to noise and is tributary of the 
image quality and confidence index parameters, Consequently, 
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a manifest underestimation of the grain size may occur during 
the data acquisition from grains having very small size since 
these may be biaised by “dark” indexed noises. 

For Cu-ni-si alloy processed by eCAP and HPT tech-
niques, TeM and XrdlPA (wPPM) techniques were used for 
microstructural evaluation and the results showed some coher-
ency between these techniques [14]. obviously, both HPT and 
eCAP samples led to a decrease in the mean domain size and an 
increase in the dislocation densities. As an example, the maxi-
mum domain size refinement revealed by XrdlPA obtained 
by HPT was around 40 nm after 3 turns (ε ~ 40) and 45 nm for 
eCAP samples processed after 12 passes (ε ~ 6). However, the 
latter authors have measured (using the TeM technique) quite 
larger value of the subgrain size that was close to 200 nm after 
eCAP processing up to 12 passes .

Contrarily, scardi and leoni [55] have established that the 
grain size distribution provided by TeM and XrdlPA (wPPM) 
techniques for a nanocrystalline ni sample obtained by prolonged 
ball milling agreed remarkably. However, they stated also that 
grain size data may be different since Xrd is sensitive to the 
size of coherently scattering crystalline domains, whereas TeM 
pictures do not always provide a clear distinction between grains 
and crystalline domains in highly defected metals. 

other XrdlPA method (bayesian/Maximum entropy) has 
been agreed in certifying a nanocrystallite-size standard reference 
material (srM) that was developed at the national institute for 
standards and Technology (nisT) [55]. indeed, developments 
in determining the nanocrystalline size distribution from X-ray 
line profile analysis have seen this method comparable to exist-
ing direct techniques such as TeM [55-57].

Globally, the overall values and trends of grain, sub-grain 
and cristallite sizes are almost in line with the published data. 
As a sounding example, Munõz et al. [58] have analyzed the 
microstructure of an ArMCo iron processed by 16 eCAP passes 
via ebsd, TeM and XrdlPA (MAud for Material Analysis 
using diffraction). Quite different values of grain, sub-grain 
and crystallite sizes were obtained from each technique. The 
lower values were obtained by XrdlPA whereas two to three 
times higher values were achieved by TeM or ebsd tech- 
niques. 

5. Conclusions

in this work, a Cu-1Cr-0.1zr (wt.%) alloy was eCAP pro-
cessed via route bc up to 16 passes and aged at 250-800°C for 
1 and 4 hours. based on the experimental results, the following 
conclusions are drawn:
• Annealing up to 800°C for 1h resulted in a rapid grain 

growth (d ~ 5 µm) following a recrystallization after eCAP 
processing up to 16 passes.

• The conventional TEM bright-field image of the Cu-1Cr-
0.1zr (wt.%) alloy after eCAP processing to one pass and 
aging at 550°C for 4 hours shows a typical ultrafine-grained 
microstructure with an average size of about 0.75 ± 0.15 μm. 

• The evolution of the “apparent” average crystallite size 
and the dislocation density in eCAP deformed to 4 passes 
Cu-1Cr-0.1zr (wt.%) alloy and aged at 250-800°C for 1 h 
exhibited a breakdown near 550°C. The average crystal size 
raised considerably (more than 200%) and the dislocation 
density decreased its initial value by 75% between 250 and 
800°C.

• For ECAP processed and aged Cu-Cr-Zr alloy up to 16 pas-
ses, the grain size (from ebsd, 0.2 < d < 5 µm), subgrain 
size (from TeM, d ~ 0.75 µm) and “apparent” average 
crystallite size (d < 0.25 µm) are manifestly different..
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