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Influence of conditions of recrystallization on the structure of polycrystalline samples of copper and type of
boundaries is investigated. It is experimentally shown that depending on the degree of deformation preceding recrys-
tallization annealing, all the samples may be divided conditionally into three types — “monocrystals” with the twins
crossing all over the sample; coarse-grained samples containing boundaries of the general type and special type (in-
cluding twinning); fine-grained samples — of the general type. In the grains of such samples special boundaries in-
cluding twinning and boundaries of the general type are found. It is shown that during plastic deformation of sam-
ples various mechanisms of tension relaxation are realized depending on the type of structure and, finally, determine

their mechanical characteristics.

INTRODUCTION

It is well known that regularities of plastic defor-
mation development of crystalline solids, and finally,
their mechanical characteristics, are defined by not only
structural and substructural heterogeneity of samples
before their deformation, but also by mechanisms of its
changing during deformation process. First of all, the
question is about the boundaries between the areas of a
sample with various crystallographic orientation which
are formed in the course of deformation. Formation of
new boundaries may result in changes of the ratio be-
tween translation and rotational modes of plastic defor-
mation and, finally, and of regularities of plastic defor-
mation development in general. Emergence of the
boundaries of deformation origin which are a barrier to
moving dislocations may reduce the degree of plastic
deformation by sliding. The degree of disorientation of
separate areas of the sample may lead, on the one hand,
to considerable increase in plasticity of the sample
[1-3], on the other hand, the contribution to plasticity
may give also changes of crystallographic orientation of
separate areas of sample favorable for sliding.

The variety of ways to change substructural and ori-
entation heterogeneity in the course of plastic defor-
mation has been revealed at the investigation of alumi-
num the two-dimensional polycrystals containing, on
the whole, boundaries of the general type [1]. It is ex-
perimentally shown that in two-dimensional polycrys-
tals, in the form of grains containing only penetrating
boundaries, perpendicular to sample surfaces due to the
lack of constraint in the direction, any orientation ef-
fects are shown most brightly [1] mJ/cm?[2] in copper
samples, unlike aluminum samples, practically are al-
ways found twins of growth and, therefore, twinning
boundaries the role of which isn't obvious in defor-
mation processes. All this provokes a special interest for
carrying out investigations of interrelations between
structural, substructural and orientation changes and
regularities of plastic deformation in copper samples.
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MATERIALS AND INVESTIGATIONS
METHODS

To prepare the samples, copper foil (99.97%),
200 um thick was used, the average size of grains was ~
0.1 mm. The samples, size 70x10 mm?, were cut out
from a sheet of foil. For having samples with various
grain size the so-called method of “critical defor-
mations” (which consists in primary annealing at tem-
perature of 700 °C for two hours; sample deformation
value of 2...7%; subsequent recrystallization annealing)
was used at temperature of ~ 1000 °C for five hours.
Before the last annealing the both surfaces of samples
were polished. Annealing of samples were carried out in
a vacuum furnace. The depth of vacuum was ~ 10 Pa.
Samples boundaries became apparent by means of spirit
solution of concentrated nitric acid. The time of etching
was of 3...10 s. All the samples were deformed in con-
ditions of monoaxial stretching with constant speed of
deformation 2x10°s™ at a room temperature. For all
samples of in situ with the period 0.02 s in the course of
deformation the color orientation maps (COM) were
registered [5, 6], allowing to define the characteristics of
substructural and orientation heterogeneity. If neces-
sary, the visualization technique [7, 8] of color shades
on COM allowing to reveal the slightly disoriented are-
as on the sample surface was used. For a part of sam-
ples, in certain areas, their crystallographic orientation
was determined by Laue's method and the complete
certification of grains boundaries was obtained. These
areas of researches are specified in microphotos.

EXPERIMENTAL RESULTS

Color orientation maps of the surface of polycrystal-
line samples obtained by recrystallization method are
given in Fig. 1.

The increased fragments of these structures are giv-
en in Fig. 2. All the samples can be divided into 3 types
conditionally.
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The value of preliminary deformation was the only
parameter which changed to obtain such a variety of
structures. So, for the samples (their surface structure is
given; it makes — 2% Fig. 1 e, Fig. 1 a — 4 %,
Fig. 1,b,c,d-6...7% .

a b
Fig. 1. The microstructure of copper samples obtained
by recrystallization depending on the value of prelimi-

nary deformation: a) € = 4%; b, ¢, d) £ =6...7%;

e) €= 2%.

Fig. 2. Microphotos of the increased fragments of the
surface of copper samples (the structure is given on
Fig. 1,a,c,d)

The samples of the first type contain only twinning
boundaries (Fig. 1,a, Fig. 2,a) crossing all over the sur-
face. In Fig. 1,b,c,d and Fig. 2,b variety of structure of
samples of the second type is given. They contain twins
differing in form, sizes and orientation of grain bounda-
ries of special and general type. The increased fragment
of this structure containing boundaries of grains and
twinning boundaries 2 is shown in Fig. 2,b. Boundary
certification according to X-raying data showed that the
boundary 2 is coherent twinning boundary X3, 60°,

[111], boundary 1 — boundary of the general type, and
grain boundary 3 — similar to the special type.

Samples of the third type (Fig. 1,e and Fig. 2,c) con-
tain fine-grained structure with boundaries of the gen-
eral type. The average size of such grains makes
~ 1 mm. Almost in each grain (Fig. 2,c) twins breaking
in the grain body are found. It should be noticed that all
the samples (their structure is shown in Fig. 1 and
Fig. 2), are through.

In the course of plastic deformation of copper sam-
ples of the 1st type the emergence of extrusion (Fig. 3,a,
b,c) and intrusions (Fig. 3,c ) is found, their form being
various, but all of them are localized near the twins so
that at least one of boundaries of extrusion or intrusion
was perpendicular to twinning boundary.

c N B
Fig. 3. Fragments of surface of copper sample (Fig. 1,a)
after its deformation for 12%. Near twinning bounda-
ries, extrusions (a, b, ¢) and intrusions are found (c)

The feature of emergence of extrusion (Fig. 4,a) on
one of the sample surfaces at plastic deformation of
copper two-dimensional polycrystals containing only
twinning boundaries is that on the opposite surface of
the sample (thickness of 200 um) there are always intru-
sions, Fig. 4,c. The interferograms of the both surfaces
obtained by means of Linnik's interferometer testify to
being of extrusions and intrusions. The interferogram of
the sample surface area on a boundary “grain body —
extrusion” is given as an example on Fig. 4,b.

Formation of extrusions and intrusions, as a rule, oc-
curs in the course of fatigue tests of samples and de-
pends on easiness of cross sliding which is always com-
plicated in copper because of the low value of defect
packing energy. The place of their localization — steady
strips of sliding [9]. To explain the phenomena of emer-
gence of extrusions and intrusions at plastic deformation
of copper samples, apparently, it is necessary to consid-
er also the phenomena of sliding in secondary systems.
For the area of extrusion (intrusion) emergence the crys-
tallographic orientation of axis of stretching of the sam-



ple was defined and it was close to the direction [112].
At that orientation of axis of stretching at the same time
the primary system of sliding (111)[011] at plastic de-
formation is carried out according with secondary, inter-
faced system of sliding (111)[101] too. Thus, specific
crystallographic orientation of axis of stretching of the
sample, its thickness and penetrating twinning boundary
being in a place, may be a possible reason of extrusion

emergence on the surface of sample and at the same
time on the opposite side of intrusion.

c
Fig. 4. Increased fragments of the surface of a copper
sample deformed for 12% , extrusion on one side — (a),
and intrusion on the opposite side — (c) and the interfe-
rention picture of area between the boundary grain
body and extrusion (b).

Fig. 5. Fragments of the surface of copper sample given
on Fig. 1 (d), after deformation for 14%

Samples of the second type possess coarse-grained
structure. The most part of grains contain twins various
in form, sizes and orientation. The other grains do not
contain twinning boundaries. Plastic deformation in
such samples is realized by development of dislocation

sliding (Fig. 5,a) or rotational effects (1) (see Fig. 5,b).
In certain grains phenomena of dislocation sliding
through twinning boundaries (see Fig. 5,c) is revealed.
Plastic deformation of the 3rd type-samples containing
grain boundaries of the general type is characterized by
formation of rotational structure (1) (Fig. 6,a) and de-
velopment of dislocation sliding (see Fig. 6,b). In these
samples because of grain boundaries of the general type
which are an obstacle for moving dislocations, and in-
tensive development of sliding in each grain, the highest
values of strength o, and the maximum plastic defor-
mation (emax) take place before destruction of samples in
comparison with the samples of the 1st and 2nd type
(table).

Mechanical characteristics of the studied samples in
comparison with samples of the 1st and 2nd type

Maximum
Conditional deformation
Type of flow limit Strength before destruc-
simple G0, MPa G, MPa tion
’ Emaxs Y0

| 35 100 6

I 30 125 12

Il 60 480 21

Fig. 6. Microphotos of various areas of the surface of
copper sample given on Fig. 1 (e) after its deformation
for 10%, a — emergence of rotation (1), b — development
of dislocation sliding

CONCLUSIONS

It is experimentally shown that the changes of re-
crystallization conditions of copper foil 200 um thick is
possible to change in the samples not only the grain
average size, but also the type of all the boundaries
which are through. Conditionally all the variety of struc-
tures can be divided into three types. The samples of the
first, “monocrystals”, type containing only twinning
boundaries crossing the whole sample. Only fine-
grained samples belong to the second type (d ~10 mm).

The structure of these samples is the most diverse. They
contain twins differing in form, sizes and orientation of
grain boundaries of special and general type. The third

type includes fine-grained samples (d ~10 mm), all the

boundaries belonging to the general type. Practically in
each grain of such samples twins are found. Such varie-
ty of structure in copper two-dimensional polycrystals
results, at plastic deformation, in specific ways of ten-
sion relaxation and finally in changes of mechanical
characteristics of samples. So, in the samples of the first
type in the course of their plastic deformation at the
room temperatures near twinning boundaries there are
extrusions and intrusions — the ways of tension relaxa-




tion being not proper to copper. In the samples of the
2nd type rotational changes and the effect of transparen-
cy of twinning boundaries for sliding of dislocations are
found. In the samples of the third type within each of
grains an intensive sliding is observed. Plasticity of
such samples increases simultaneously with increasing
of strength.
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OCOBEHHOCTHU CTPYKTYPbI IBYMEPHBIX IIOJIMKPUCTAJIUIOB MEJIM,
HOJYYEHHbBIX METOAOM PEKPUCTAJIJIN3ALIUU, U XAPAKTEP EE UBMEHEHU A
B NTPOLECCE INTACTUYECKOT'O JE®@OPMHUPOBAHUA

E.E. baousan, A.I. Toukonpsno, T.P. 3emosa, P.B. Illypunos, C.B. Tanax, A.B. /lepeauesa

HUccrenoBaHbl BIUSHUS YCIOBHH PEKPHCTAINIM3ANNN HA CTPYKTYPY HONHKPUCTAIUIMICCKAX OOpas3IoB MeIu U
THUTI TPAHUII pa3aenia. DKCIEPUMEHTAIBHO TOKa3aHO, YTO B 3aBUCHMOCTH OT BEIIMYHHBI JTe(hOpMAIIH, TIPEAIIECTBY-
IOIIed peKPUCTALTH3AIMOHHOMY OT)KHTY, BCE TOJYYEHHBIE 00pa3ibl MOXKHO YCIIOBHO Pa3/ICiHTh HA TPU THUMA —
«MOHOKPHCTAIIIBD) ¢ TBOWHUKAMH, TIEPECEKAIONINMHA BeCh 00paselr; KpyITHO3EPHUCTHIE 00Pa3Iibl, CoIepIKaIue Tpa-
HUIIBI OOIIET0 U CIIEIUAIFHOTO THIIOB (B TOM YHCIE W TBOWHHUKOBBIC), U MEIKO3EPHHICTHIC 00pa3Ibl, BCE TPAHUIIBI
3epeH KOTOPBIX 00IIero Tuma. BHyTpu 3epeH Takux o0pa3IoB OOHAPYKMBAIOTCS ClelUaIbHbIE TPAHUIIBI, B TOM
4ucie NBOWHHMKOBBIE U 00Iero Tuna. [lokasaHo, 4To B mpoliecce IIacTHYecKoro AeopMHUpoBaHus 00pasloB pea-
JIU3YIOTCS, B 3aBUCUMOCTH OT THIA CTPYKTYPHI, PA3IMUHbIE MEXaHU3MBbI pellakcalluyd HAIpPsDKEHHOTO COCTOSIHUS, B
KOHEYHOM UTOTE OIpeAeIIONINe UX MEXaHUIECKUE XapaKTePUCTUKU.

OCOBJIMBOCTI CTPYKTYPH JJBOBUMIPHUX NOJIKPUCTAJIB MIJI, IIIO OTPUMAHI
METOJIOM PEKPUCTAJIIBALIL, I XAPAKTEP Ii 3MIHM B ITPOLIECI IMJIACTUYHOI
JE®OPMAIIII

€.JO. baoian, A.I'. Tonxonpao, T.P. 3ecmoea, P.B. lllypinoe, C.B. Tanax, I.B. /lepeauoea

JlocmipKkeHo BIUTMB YMOB PEKpHUCTaNi3allii Ha CTPYKTYpy MONIKPHUCTATIYHUX 3pa3KiB Mili Ta THI MEX 3€peH.
EkcriepuMeHTansHO MoKa3aHo, IO 3aJI€KHO Bia BeTMUMHU jAedopmarlii, sika nepenye peKpucraitizaniiHoMy Bima-
JIy, YCi OTpHMaHi 3pa3kd MOXHA YMOBHO PO3JITUTH Ha TPHU THIH — «MOHOKPHUCTAIMY 3 ABIHHUKAMHU, IO MEepETHHA-
IOTh YBECh 3pa30K; KPYMHOKPUCTAIIYHI 3pa3KH, IO MICTATh MEXI1 3arajbHOTO 1 CIEialbHOTO THITIB (y TOMY YHCIHI
IBIHMUKOBI), 1 APIOHO3EPHUCTI 3pa3KH, yCi MEXi 3epeH SIKUX 3arallbHOro THUIY. BeepenuHi 3epeH Takux 3pasKiB BU-
SIBISTIOTBCS CIEialbHI MEXi, y TOMY YHCIi JBITHUKOBI Ta 3araibHOro THIB. [Toka3aHo, 0 B MpoIeci IacTHYHOT
nedopmartii 3pa3kiB peasli3yroThCsl, 3aJI€XKHO BiJl TUILY CTPYKTYPH, Pi3HI MEXaHi3MU pellakcallii HapyKeHOro CTaHy,
SIKI BU3HAYAFOTh 3PEIITOI0, IX MEXaHIUHI XapaKTCPHCTHKU.



