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Abstract Substructural characteristics of Cu (99.97%)

were examined after the Twist channel angular pressing

(TCAP) process carried out at ambient temperature. Grain

refinement efficiency and resulting thermal stability were

evaluated after three passes with respect to utilization of

various strain paths. Results were obtained using light

microscopy and X-ray diffraction methods; Mechanical

properties of extruded materials were also tested. Thermal

stability was studied after application of three annealing

cycles. Based on the findings, Bc route is the most efficient

strain path with respect to the grain refinement; higher

speed of extrusion (10 mm/s) corresponds with suppression

of the static recrystallization. Measured strength, obtained

after three passes (route A), achieved values around

440 MPa homogeneously along the cross section of the

extruded material. Homogeneity of deformation was also

confirmed by micro-hardness tests. The grain size, deter-

mined after three passes, averaged out 1.2 lm. Application

of TCAP (three passes) brought markedly homogeneous

deformation throughout the processed sample in compari-

son with classical ECAP process.

Introduction

In recent years, SPD (severe plastic deformations) methods

have proved to be a useful tool in the process of micro-

structure refinement, which allowed enhancing of the

strength properties while preserving good ductility [1–3].

At the same time, as has been shown experimentally,

mechanical properties can be improved without significant

debilitation of the utility properties of materials manufac-

tured in this manner [4–7].

Many technologies based on SPD methods have

emerged recently, such as equal channel angular pressing

(ECAP) [8–13], high pressure torsion (HPT) [14], twist

extrusion (TE) [15, 16], cyclic extrusion compression

(CEC) [17, 18], or C-shape equal channel reciprocating

extrusion (CECRE) [19] have been developed. Recent

development of ECAP method also gave rise to some new

technological operations such as non-equal channel angular

pressing (NECAP) [20] and twist channel angular pressing

(TCAP) [21].

Plastic strain in ECAP process is accomplished by uti-

lization of the known paths A (no rotation between passes),

Ba (±90� rotation between passes), Bc (?90� rotation

between passes), and C (180� rotations between passes).
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The effects of utilized strain paths on microstructure and

grain refinement were evaluated using various materials;

however, most of the experiments were carried out using

Al or Al-based alloys [22–29]. It is also well known that

various shear systems can be activated depending on the

used strain path during ECAP [9, 10, 29]. Even the effec-

tiveness of the creation of the equiaxed microstructure can

be evaluated according to the way of extrusion. The order

of the strain path effectiveness on grain refinement is dif-

ferent. According to Refs. [30–32], the Bc path is the most

effective path in the case of application of a die with a 90�
angle. The second most effective path is C and the A path is

the least effective. Information from Segal [33] has brought

certain justification of this finding. He states that the cre-

ation of shear bands along the shear surfaces is a probable

reason for this sequence. Repeating of the process produces

transformation of the shear bands created during the pre-

vious passes.

Gholinia et al. [22] came to different conclusions during

his study of the effectiveness of the strain paths. He carried

out his experiment on Al alloys with application of a die

with a 120� angle. According to his conclusions, the most

effective method of the submicrometer grain structure

creation by severe plastic strain is the A path. The strain is

accumulated in a more effective way thanks to the constant

strain path. The C and Bc paths are procedures with an

excessive (redundant) strain. As a redundant strain is called

process where the shear strain of one pass (n) is reversed by

the strain at each 2n passes, and each 4n passes. This factor

makes them less effective during the HAGBs (high angle

grain boundaries) creation in comparison with the A path.

Every even passage decreases (removes) the imposed shear

strain during the application of the C path. It prevents the

creation of a larger amount of new grains with HAGBs.

The sample is also deformed on two alternating planes on

the Bc path, but the total strain becomes redundant after

every fourth passage. Nevertheless, one of the reasons for

these conclusion (route A is the most effective route) can be

the fact that during ECAP with 120� die is not imposed

enough strain to prevent structure reversion process.

A redundant strain according to Embury et al. [34] is

another factor that influences the course of the restoration

processes, especially recrystallization. A smaller amount of

stored energy and density of highly rotated regions are the

main reasons. These regions can act as nuclei of the new

grains. Other authors Refs. [35, 36] state that the combi-

nation of the shear bands plays a primary role during the

refinement, while the size of the accumulated strain is a

secondary factor.

The efforts of the authors are focused on more effective

grain refinement and particle redistribution on the basis of

the described information. This objective is fulfilled, for

example, by modification of the existing strain paths [37].

The real solution is based on the proposal of a new

deformation route BC-UD2 (ECAP route) executed on the

basis of the transformation matrix analysis. The route

BC-UD2 follows route Bc but the sample is put upside down

once every two passes. Development of these efforts by the

more effective ways of refinement of fine homogeneous

structure during ECAP was also an objective of this article.

The amount of imposed strain per one passage is one of the

limits of this method. Inhomogeneity of the strain through

Fig. 1 Principle of TCAP

process in comparison with

ECAP, with shearing

characteristics for deformation

routes A, Ba, Bc, and C; cw
clockwise rotation, ccw
counterclockwise rotation; red
line in the plane denotes its

position after individual pass

(up to four passes)
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the cross section of the extruded material is another factor.

It results from the essence of placement and shape of the

intersection plane between channels (different velocities of

upper and lower part of the processed sample). This

inhomogeneity causes heterogeneity of the grain size. The

described reasons have led us to the proposal of the TCAP

technology [21].

The main objective of the experiment was mapping of

the influence of the strain paths on the development of the

deformed structures during the TCAP process. Among

other things, the ‘‘known’’ deformation routes as well as

their mutations are described in this article. TCAP effec-

tiveness during the grain refinement was also monitored.

This was related to the mapping of the restoration pro-

cesses. Information about the material behavior from the

standpoint of final properties of the processed material was

also part of the experiment.

Experimental material and procedures

The TCAP process schematic diagram is shown in Fig. 1.

The experiment itself consisted of three passages. The

deformation routes known from the ECAP technology were

used, i.e., A (no rotation), Ba (± 90� rotation), Bc (?90�
rotation), and C (180� rotation). It is obvious from the

principle of the process itself (Fig. 1) that thanks to the die

design the torsion precedes the bending itself. If the strain

paths will be defined in the same way as in the standard

ECAP [30], the same shear systems will not be activated

during them. In the case of ECAP process (e.g., route

A—the strain is imposed on same slip system with sub-

sequent passes) in comparison with TCAP process where

due to twist the sample will be rotated in specific direction.

That is why the imposed strain will not be accumulated on

the same shear system as in the ECAP process. The shear

strain is applied first of all on the processed material during

the TCAP in the part of the channel where the torsion is

situated. This causes a substantial shear strain especially in

the periphery areas of the extruded material. The sample is

exposed to shearing subsequently. Further strain is imposed

into the sample here that is placed mainly in the central

areas (as has been proved by a numerous experiments

[38–40]). Figure 1 shows the change of orientation and

possibly behavior of an ‘‘imaginary’’ plane in the sample

during the TCAP process. It is marked schematically for all

implemented strain paths.

Cu with commercial purity of 99.97% was used for the

experiment. The exact composition of the experimental

material is shown in Table 1. TCAP was carried out at

room temperature (RT). Cu after the thermal treatment in

the mode 600 �C/30 min was used as the initial material.

Thermal processing was carried out with the objective of

obtaining a fully recrystallized state, and possibly to

eliminate a previous history of forming. The samples had a

rectangular cross section, length 80 mm, and cross section

dimensions 8 9 8 mm. The extrusion was executed at a

press crossbar rate of 5 mm/s and the RT. The extrusion on

the Bc route at the rate of 10 mm/s was also executed for

determination of the influence of a higher strain rate.

Three modes of thermal processing were applied on

TCAP in the samples later. You can find detailed infor-

mation on the annealing processes in ‘‘Thermal treatment

of samples after TCAP’’.

The microstructure of the processed copper was inves-

tigated by optical microscopy (OM) using an Olympus

GX51 optical microscope with computerized imaging

system and evaluation software. The mean grain size was

calculated using the ‘‘analySIS work’’ software package by

Olympus Soft Imaging Solutions GmbH

X-ray diffraction (XRD) was used for determination of

the presence of restoration processes. The MICRONA I

machine with semi-focusing Bragg–Brentano arrangement

was used. Final XRD patterns were made by photoregis-

tration of all the processed samples. Azimuthal profiles of

the diffraction line planes (1 1 1) and (2 0 0) were also

carried out by means of counting registration.

Mechanical properties of the processed copper were

evaluated by tensile tests. All tensile tests were done on an

Instron 3382 machine at RT. In addition, measurements of

Vickers micro-hardness (HV100) of the Cu were carried

out with a micro-hardness tester of type FM ARS 900

(Future Tech) equipped with a diamond Vickers indenter

(100 N, indentation time 15 s).

Results and discussion

Cu mechanical properties after TCAP

Specimens for the tensile tests were taken from surface areas

(PR) as well as central areas (CR) of extruded material

(Fig. 2). The homogeneity of mechanical properties at the

specimen cross section was investigated in this way. The

testing was carried out on all processed specimens. Figure 2

shows obtained courses of true stress–true strain after three

passes. It is obvious that the differences among the achieved

strength values between CR and PR are very small. Table 2

summarizes the achieved mechanical properties after the

tensile test, if all strain paths are used.

Table 1 Chemical composition of copper (wt%)

Element Zn Sn Fe Ni Si Cu

Content 0.0030 0.0058 0.0031 0.0074 0.0023 Bal.
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It is obvious from the results shown in Table 2 that the

yield strength was growing in the following sequence:

C \ Bc \ Ba \ A. The sequence is reversed in comparison

with the sequence described by Dobatkin [41]. However,

we have to take into account the fact that the published

results are related to oxygen-free copper after the classical

ECAP process. The sequence is different if we take into

account the sequence determined by the formula YS 9 (d/

100) (meaning quality number) where YS is yield strength

and d is ductility. The quality number changes the path

sequence so it will approach the sequence determined by

Dobatkin C C A C (Ba, Bc).

As has been described above, all deformation routes are

modified by the sample rotation. It means that different

shear systems are activated in comparison with ECAP.

Aside from this factor there is also the factor of the sample

rotation direction before the extrusion itself. A similar

situation can also be found with the TE process [42] or

HPT [43]. This factor will play a substantial role especially

on the strain paths Ba and Bc. The activated shear system

will depend on the direction of rotation (cw-clockwise or

ccw-counterclockwise) during these procedures. This

means that the TCAP process enables the creation of new

mutation of the existing strain paths: Bc (cw), Bc (ccw), Ba

(cw), Ba (ccw) (Fig. 1). All of the described facts will

influence the development of deformation structures. It is

necessary to emphasize that the procedure will be different

in comparison with the ECAP standard technology. This

enables clarification of differences in the obtained values in

comparison with Dobatkin. It is expected generally that the

property changes are caused by the overall grain refinement

[44, 45]. As has been explained already, each path during

the ECAP is characterized by given effectiveness during

the grain fining. It is also reflected in the changes of actual

properties and it is also valid in the case of TCAP

technology.

Micro-hardness after TCAP

The influence of the strain paths on the achieved micro-

hardness was evaluated after the extrusion. HV 100 micro-

hardness measurement was carried out on the whole width

of the sample cross sections. Attention was paid to the fact

that the individual indentations must be placed sufficiently

far from each other. In total, about 36 indentations were

made on each sample. Figure 3 shows distribution of the

micro-hardness values on the cross sections (at mid-length)

of the extruded samples.

The highest micro-hardness values were determined on

the samples processed by the Bc route (10 mm/s) and also

on the sample extruded by the route A at lower speed

(5 mm/s). Conversely, the C route is the ‘‘least’’ strain

strengthening path. The values of micro-hardness achieved

after all applied paths have increased at least two times.

These conclusions correspond very well with the tensile

test results. All extruded materials show a very high

homogeneity of micro-hardness. The homogeneity of the

micro-hardness values is more or less the same regardless

of the used strain path. This conclusion is also valid for the

extrusion at a higher strain rate. That conclusion is sup-

ported by recently published conclusions on homogeneity

Fig. 2 True stress–true strain curves after TCAP (three passes) for

chosen routes

Table 2 Mechanical properties of TCAP-processed Cu samples

Sample YS

(MPa)

UTS

(MPa)

d (%) E (GPa) (YS 9 d/100)

0 (initial state) 70 207 47.7 – 33

I (route A) 408 438 12.5 115 51

II (route Ba) 404 439 12.5 110 50

III (route Bc) 392 409 8.3 118 33

IIIv (route Bc)a 395 420 8.3 114 33

IV (route C) 358 379 16.7 106 60

a Higher velocity of extrusion (10 mm/s)

Fig. 3 Micro-hardness distribution over cross section of processed

samples
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of applied strain distribution in the TCAP process [21]. It

should be emphasized that the equivalent strain after the

single passage reached at minimum values *2.1 across the

most of the sample.

Microstructure after TCAP

The microstructure of a cross section of the initial Cu

sample before extrusion (after annealing in the mode

600 �C/30 min) is shown in Fig. 4a. The sequence of the

Fig. 4b–e maps the microstructures after the extrusion

(after the third passage) at the individual strain paths.

The bigger grains are relatively evenly distributed after

the route A (Fig. 4b). The grains smaller than 10 lm are

placed among them. Neither the smaller nor the bigger grains

show a priority orientation (elongation) in any direction. It is

related to the element behavior described in Fig. 1 with a

very high probability. The sample deformed by route Ba has

shown similar behavior, but unlike in the previous case there

was no creation of ‘‘islands’’ of bigger grains as in the case of

the A route. However, the presence of a lesser amount of the

bigger grains has been confirmed. There is a different situ-

ation in the case of utilization of the Bc route (Fig. 4c). We

can see the presence of almost all grains smaller than 5 lm in

one direction. Distinct differences are visible after pressing

by Bc route (10 mm/s) (Fig. 4d) in comparison with the same

path at a lower speed (5 mm/s). A preferential arrangement

of some grains in the given direction can also be observed.

The route C has brought the biggest heterogeneities of the

grain sizes (Fig. 4e).

It is evident that the extrusion has brought about consid-

erable homogenization of the grain size. In spite of this the

structures show a relatively bimodal grain distribution espe-

cially after certain paths (for example C). First of all the fine

grains in some areas are arranged in the form of bands. Similar

results were also found by Zhang and Shim [46] after ECAP

on Cu. He detected localized strain bands containing grains

that are smaller than the size of the grains located outside of

these bands. The sizes of the grains inside these bands

decrease with the strain rate increase. In certain cases, a

rotational dynamic recrystallization can take place at higher

strain rates in the vicinity of these bands according to Refs.

[47, 48]. Very fine grains (with the size of several nanometers)

are created as a consequence of the recrystallization.

We make assumptions from OM about the differences

among the individual strain paths. XRD was used for the

determination of more comprehensible differences.

XRD of Cu samples after TCAP

XRD was used mainly with the aim of obtaining infor-

mation on the restoring processes of the processed Cu as

well as for further characterization of the structure. Dis-

tinction of some differences arising from OM was another

established aim. Among other things the testing was

focused on the distinction of dynamic or static processes.

XRD was established by investigation of appearance of

azimuthal profile of diffraction lines of the mosaic blocks

(Coherent Scattering Regions) in structure of Cu.

Initial state (sample 0)

The sample has a rough mosaic structure after applied

annealing (before TCAP). The blocks are usually much

bigger than 10 lm and they have uneven edges (Fig. 5a).

All of these findings were caused by previous thermal

treatment.

Route A (sample I), route Ba (sample II)

The size of the mosaic blocks of the samples I and II has

decreased substantially after three passages. It was also

valid for their disorientation in comparison with the initial

state. The samples showed all mosaic blocks smaller than

10 lm (Fig. 5b).

Route Bc (sample III)

Substantial decreasing of the mosaic block size as well as

their disorientation was also determined on the sample III.

The mosaic blocks were usually smaller than 10 lm, but

some new ones also appeared. These blocks are perfect,

and they are markedly separated from the fine-grained

matrix. The new mosaic blocks are bigger than 10 lm. The

amount of these new big blocks is relatively low. There is

no doubt about the course of the primary recrystallization

thanks to their presence. The recrystallization occurred

only after the executed strain. This means that the dynamic

recrystallization did not come about during the strain

(boundary between the new grains and the matrix would be

uneven). It implies that a static recrystallization took place

as a consequence of imposed strain. In spite of the fact that

the whole process took place at RT, there was a tempera-

ture increase (up to 53 �C) [21] at the place of shearing as a

consequence of the sample friction. The accumulated

energy of the plastic strain probably contributed to the

activation of nucleation and growth of the new ‘‘disloca-

tionless’’ mosaic blocks. The energy difference between

the deformed and recrystallized metal was the driving force

of the process.

Route Bc (sample IIIv)

The analysis of the sample extruded at a higher speed

(10 mm/s) by the Bc route confirmed a dramatic decrease

J Mater Sci (2011) 46:7865–7876 7869
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Fig. 4 Microstructure of

copper and corresponding grain

size distribution. a initial state;

b after TCAP (route A, 5 mm/s);

c after TCAP (route Bc,

5 mm/s); d after TCAP

(route Bc, 10 mm/s); and

e after TCAP (route C, 5 mm/s)
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of the mosaic block sizes as well as their disorientation. All

mosaic blocks are smaller than 10 lm. The static recrys-

tallization of the extruded sample did not take place in this

case. It is a different course in comparison with the sample

extruded by the same route, but at a lower speed (recrys-

tallization passed off). The higher extrusion rate or the

higher strain rate is a probable reason. It supports the

finding that the nucleation of the new mosaic blocks (i.e.,

the restoration process) takes place during strain in a

dynamic way. Therefore, the higher strain rate does not

have enough time for its course.

Route C (sample IV)

The size of the mosaic blocks and their disorientation in

comparison with the initial state decreased dramatically

after three passes. The mosaic blocks are usually smaller

than 10 lm. A portion of the blocks in the structure are

bigger than 10 lm. They are perfect and they are markedly

separated from the fine-grained matrix (without recrystal-

lization). The primary recrystallization took place during

the route C. The process did not pass during the extrusion,

but only after it. It means that even the sample deformed by

the C route recrystallized in a static way.

The material structure character at the initial state as

well as after the extrusion is in accordance with the

mechanical properties (Table 2). They are in accordance

even in such details as strength of the sample IIIv, which is

markedly higher than in the case of the sample III. The

factor of the lower strain rate enabled the course of

recrystallization and strengthening in the sample III. These

processes did not take place in the sample IIIv. Similar

results were published by Kadri and Hartwig [49] who

demonstrated that the increased plastic strain of copper by

multi-pass ECAP decreases recrystallization temperature

during the heat treatment.

Thermal treatment of samples after TCAP

The deformed samples were placed into the furnace for the

determination of thermal stability after TCAP and they

were heated at a constant rate up to the requested tem-

perature with a subsequent dwell at this temperature. The

thermal treatment was executed in three selected modes.

Mode (R1) ? 280 �C/15 min, mode (R2) ? 400 �C/

15 min, and mode (R3) ? 500 �C/15 min. All thermal

treatment modes were carried out in the protective atmo-

sphere (Ar2).

Micro-hardness after TCAP and thermal treatment

The micro-hardness was evaluated by the same method as

in the case of deformed samples after the executed

annealing in the modes R1–R3. The obtained values after

R1 are slightly higher in comparison to the state before

TCAP with respect to the temperature of the annealing

(Fig. 6a, b, and c). The situation during comparison of the

individual strain paths is completely different. While the

material shows the highest micro-hardness values in the

case of the Bc route (10 mm/s) after R1 mode, the hardness

drops to the level of other samples after the R2 mode. So

the higher extrusion rate also meant a higher thermal sta-

bility (up to the temperature of 280 �C) in comparison with

the lower extrusion rate. Nevertheless, the influence of the

higher rate is removed at the higher temperatures (R2, R3)

and the values of micro-hardness are very similar. The

determined difference is probably related to the course of

the static restoration processes. The higher extrusion rate

caused a limitation of the static recrystallization course.

On the contrary, the most stable values of micro-hard-

ness at the higher temperatures can be found in Cu after the

C route.

Microstructure after TCAP and thermal treatment

R1 mode The microstructures after the paths A and Ba

and subsequent R1 annealing are very similar (Fig. 7a).

Homogenizing of the grain sizes took place in both sam-

ples. However, the bimodal distribution can be found only

locally in the structure after the annealing. It should be said

that the grain size is more uniform. There is a different

situation after deformation by the route Bc (Fig. 7b) and

subsequent annealing. Even here the homogenizing of the

grains size took place in comparison with the state before

Fig. 5 X-ray diffraction lines of the planes (1 1 1) and (2 0 0).

a Initial state (before TCAP) and b after TCAP (route A, 5 mm/s)
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the annealing. The grain size is nearly uniform, especially

after the higher extrusion rate (Fig. 7c). The sample

deformed by the route C after this annealing mode

(Fig. 7d) probably shows the highest heterogeneity of the

grain sizes from all tested and investigated materials,

although the refinement of the original bigger deformed

grains also occurred in this sample.

R2 mode There is a slight growth of the grain size during

route A after annealing (R2) in comparison with the R1

mode. Nevertheless, there are no visible signs of an

abnormal grain growth in the microstructure (Fig. 8a). This

phenomenon is sometimes called secondary recrystalliza-

tion. It has been documented, for example, after ECAP and

subsequent annealing of Cu [50]. Similar behavior is

characteristic for route Ba. The microstructure of the

sample extruded at the Bc route (5 mm/s) seems to be the

most stable from the standpoint of the grain coarsening

(Fig. 8b). It can be seen (Fig. 8c) that different extrusion

velocity caused different behavior of the microstructure.

While in the case of lower velocity fine grains are dis-

tributed equally in the volume. At higher extrusion velocity

very fine grains are visible in form of islands. The differ-

ences among the grain sizes increase after the strain on the

route C and annealing in the R2 mode. A relatively large

fraction of the small grains still remains intact.

XRD diffraction of Cu samples after TCAP and thermal

processing

The evaluation of structural changes of the samples after

annealing in R1–R3 was carried out on the samples

extruded at the rate of 5 mm/s.

The annealing of the extruded samples causes processes

on their structure that are demonstrated in Fig. 9a, b. The

states after the deformation can be distinguished by means

of the differences in the mosaic structure of the samples

after the annealing. The states after the annealing accen-

tuate the mosaic structure differences created by various

ways of extrusion (A, Ba, Bc, and C) before annealing.

A, Ba routes (samples I, II) Thanks to the thermal pro-

cessing in the modes R1–R3, the growth of all mosaic

blocks took place in the samples I and II within the whole

range of temperatures.

Bc route (sample III) The portion of ‘‘big’’ mosaic blocks

[10 lm in size increases during the annealing in R1

(Fig. 9a). As can be seen, the portion increases even more

with the growing temperature (R2) (Fig. 9b). The ther-

modynamic potential of the growing big mosaic blocks has

increased as a consequence of the R3 mode. It was a

consequence of accumulation of paracrystalline distortions

(i.e., lattice distortions of the second kind) [51, 52]. It

caused disintegration of the majority of the mosaic blocks.

The energy created during the disintegration became a

driving force of repeated growth of the mosaic blocks. This

process can take place during the annealing in R3 mode.

The repeated increasing of the portion of the big mosaic

blocks in the structure was the final result of the annealing.

C route (sample IV) The sample IV already contained a

higher amount of ‘‘big’’ mosaic blocks [10 lm in size

before the thermal processing. The amount of mosaic

blocks was higher in comparison with the sample III. These

blocks coexisted with smaller mosaic blocks (\10 lm in

size). The annealing R1 also caused an increase of the

thermodynamic potential in a similar way as in the case of

the C route. This potential has grown so much that it

caused disintegration of nearly all blocks. The main reason

Fig. 6 Micro-hardness distribution over cross section of TCAP-

processed samples after heat treatment. a in mode R1; b in mode R2;

and c in mode R3

7872 J Mater Sci (2011) 46:7865–7876
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for the process in this case was also the accumulation of

paracrystalline distortions that also increased interfacial

energy of the structure. This worked later as a driving force

of the repeated growth of the mosaic blocks during

annealing in the modes R2 and R3.

The strain energy introduced by the extrusion to the

samples I and II did not produce a subsequent (measurable)

static recrystallization of the deformed samples at RT.

Only the annealing initiated the recrystallization, which

was higher, the higher the recrystallization temperature.

The reversion process (disintegration of the mosaic struc-

ture) occurred in the sample I, especially in the case of

applications of the modes R2 and R3.

The accumulated strain energy was higher in the sam-

ples III than in the samples I and II. It produced a sub-

sequent static recrystallization of the deformed samples at

RT. The recrystallization increased the size of the mosaic

blocks even further during the annealing in the modes R1

and R2. The R3 mode caused an accumulation of the

paracrystalline distortions in the mosaic blocks and their

subsequent disintegration. As a result of this, there was an

increase of the structure interfacial energy within blocks,

which has become a driving force of the repeated growth of

the mosaic blocks during annealing in the R3 mode (higher

temperature).

The accumulated strain energy is even higher in the

samples IV in comparison with the samples III, and it

causes a subsequent static recrystallization of the deformed

samples. The level of the recrystallization is higher than in

the case of the sample III.

Finally, the recrystallized volume is also influenced in

this way. It has caused an increase of the anchorage effect

(pinning) of the boundaries of the new (‘‘big’’) mosaic

blocks in the prevailing non-recrystallized matrix. The

effect is proportional to the quadrate of the size of the area

occupied by the big blocks. It means that its influence has

outweighed the decrease of Peierls–Nabarro stress in the

volume occupied by the new big blocks. This stress is

proportional to the cube of the size of the area occupied by

the new big blocks.

The recrystallization course continued by the annealing

in the R1 mode. It produced further growth of the mosaic

blocks. The accumulation of the paracrystalline distortions

in the mosaic blocks took place again during this growth,

which subsequently caused disintegration of these blocks;

this means that the reversion process took place. The

process again increased the interfacial energy of the

structure. This energy has become a driving force of the

repeated growth of the mosaic blocks. The higher the

applied temperature, the further the recrystallization pro-

cess in the modes R2 and R3 advanced.

As has been proved by Blum and Zeng [53], the

deformed structures get rid of the strain-induced defects

during the recrystallization. The ‘‘loss’’ of the imposed

dislocations (or other defects) produces a considerable

softening of the structure. Even ‘‘removal’’ of the severe

strain effect can take place. The deformed grains can go

through strain strengthening repeatedly during this process

[54]. It is probable that the restoration decreases the driving

force at higher strain rates. The driving force is necessary

Fig. 7 Microstructure of

processed copper and

subsequently annealed in mode

R1. a route A (5 mm/s); b route

Bc (5 mm/s); c route Bc
(10 mm/s); d route C (5 mm/s)
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especially for the migration of boundaries and their

mobility. If the value of the driving force is low, the

material is stabilized against the recrystallization course. It

means that the time necessary for the recrystallization is

extended at higher temperatures. On the other hand, the

strain can reduce the restoration effect at RT in the case of

application of lower rates. The process of the recrystalli-

zation is accelerated afterwards. This can be used as an

explanation of bimodal structures [55]. The conclusions

and results obtained from the executed experiment are also

supported by the results of Humphreys and Hatherly [56].

They state that the nanocrystalline matrix may lose part of

its strength after annealing even without significant grain

growth.

Summary and conclusions

Cu (99.97%) was used as an experimental material in the

TCAP process with the aim of determining an ‘‘optimum’’

strain path. The executed experiment has proved significant

refinement of the microstructure in all used deformation

paths. It has been shown that the processing path has a

significant influence on the efficiency of TCAP processing

in microstructural refinement as well as mechanical prop-

erties. In addition to this finding, the experiment has

brought information on the course of the restoration pro-

cesses. Analyzing the results we came to following

conclusions:

(1) The A and B routes seem to be the most effective

ways from the standpoint of the effectiveness of the

grain refinement as well as achieved mechanical

properties during the TCAP process. Relatively

uniform distribution of micro-hardness through the

sample cross section has been proved. It confirms the

homogeneity of the imposed strain.

(2) The restoration processes came about in all samples

extruded at the rate of 5 mm/s. The difference in the

portion of restored structure is probably determined

by the amount of accumulated energy during the

Fig. 8 Microstructure of processed copper and subsequently

annealed in mode R2. a route A (5 mm/s); b route Bc (5 mm/s);

and c route Bc (10 mm/s)

Fig. 9 X-ray diffraction lines of the planes (1 1 1) and (2 0 0). a route

Bc (5 mm/s) and annealing in mode R1; and b route Bc (5 mm/s) and

annealing in mode R2
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extrusion. The higher strain rate applied at the Bc

route meant an exclusion of static recrystallization

after the executed strain.

(3) The higher value of ductility for the C route can be

explained by the lower effectiveness of the strength-

ening (grain refinement) in comparison with other

paths. The course of recrystallization after the strain

at RT is the second possible explanation. The

recrystallization of this sample took place in a bigger

range than recrystallization of other samples.

(4) The material extruded by the route Bc also went

through the recrystallization at RT. Nevertheless, the

range of the recrystallization was much smaller than

in the case of the route C. The activation of different

shear planes for the Bc route than for the route C may

be the reason for this situation. It also means different

effectiveness of the accumulation of the imposed

strain.

(5) The selected annealing modes have proved that the

strain paths had different impacts on the thermal

stability of processed samples. Except the route C, all

specimens were quite stable up to 280 �C. Among

others thermal treatment after TCAP brought almost

uniform grain size, especially after the higher extru-

sion rate. If we consider the total number of passes, it

is necessary to note that TCAP is very effective tool

for grain refinement.

(6) High effectiveness of the TCAP process is confirmed

by the low number of passes in comparison with the

classical ECAP process.

As it has been outlined, the TCAP process enables the

application of mutations of existing known strain paths.

Follow-up research should focus on these possibilities.

Mapping of the sample rotation sense before extrusion

should be the subject of further experiments.
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