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DEVELOPMENT OF PLASTIC DEFORMATION
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Experimental studies of regularities of occurrence and development of substructural and orientational
heterogeneity of polycrystalline copper foils with different twin structure in the process of their deformation in
conditions of active tension have been carried out. It is shown that by selecting the regime of thermal treatment of
fine-grained copper foil three types of samples with different twin structure can be obtained. The first type is
characterized by the presence of twins, which differ in size, shape and type of boundaries. Samples of the second
type contain twins with faceted boundaries. Samples of the third type contain parallel twins with rectilinear
boundaries. Such a variety of twin structures not only predetermines the difference of mechanical characteristics for
samples of different types but also regularities of substructure and orientation changes accompanying the plastic
deformation of samples. The use of a highly sensitive imaging method that allows in situ characterization of
substructural and orientational heterogeneity during deformation and other methods (optical and raster microscopy,
interferometry) allowed us to detect specific features of the course of relaxation processes in samples of different

types.
PACS: 61.82.Bg, 62.20.F-, 61.72.Lk

INTRODUCTION

There are several ways to create materials with
different structures that can simultaneously exhibit high
values of both strength and ductility. One of them is the
creation of annealing twins in the structure of samples
[1]. It is known that materials with low packing defect
energy after annealing contain twins. Crystallographic
parameters of annealing twin boundaries in metals with
FCC structure were studied in detail in [2, 3]. It is
established that the basic part of annealing twins in
copper has low-energy special disorientation X 3.
According to [4], the annealing bounds of such twins
during plastic deformation may be both barriers for
dislocation sliding and sources of dislocations. Thus, the
role of annealing twins and their boundaries in the
development of plastic deformation of materials is
ambiguous.

OBJECT OF THE STUDY AND
METHODOLOGY OF THE EXPERIMENT

Samples for studies with dimensions of 70x10 mm
were cut from copper foil (99.95%) with different
thickness of 100 and 400 pm, the initial average grain
size of which was 0.01 mm. The two dimensional
polycrystalline samples (with one grain across
thickness) with twin structures of three types were
obtained by selecting the regime of thermomechanical
treatment consisting of a preliminary annealing at
T'=700 °C for two hours, deformation under conditions
of uniaxial tension 3...5% and recrystallization
annealing at T = 950 °C for three or six hours (Fig. 1).
The samples were annealed in vacuum at residual
pressure of 107 Pa.

The first type of samples is characterized by the
presence of twins, which are placed and oriented
randomly in the grains. The length of twins was
2...12 mm, width 0.1...1 mm. Such twin structure was
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obtained in samples of copper with thickness of 400 pm
(see Fig. 1, type I). The second type of 100 um thick
specimens contained twins with faceted boundaries
(see Fig. 1, type II). The third type of 100 um thick
specimens contained only parallel twins with rectilinear
boundaries that crossed the entire surface of the
specimen (see Fig. 1, type IlI).

| type 1l type 11 type
Fig. 1. Micrographs of the surface of two-dimensional
Cu polycrystals with twins located and oriented
randomly in the grains (I type), twins with facetted
boundaries (11 type), and parallel twins with rectilinear
boundaries (111 type)

The samples were deformed under conditions of
active uniaxial tension with constant strain rate
¢=5-10°s" at room temperature. In the process of
deformation, a strain curve in “stress-strain” coordinates
and color orientation maps were automatically recorded
using a PC [5-8]. Color orientation maps obtained in
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situ  characterize  structural,  substructural, and
orientation changes in any region of the sample that
accompany plastic deformation. The microstructures of
samples before and after deformation were further
investigated using optical microscopy (MIM-8),
interferometry (MIM-4) and scanning electron
microscopy (TESKAN VEGA 3).

INVESTIGATION OF PATTERNS OF
PLASTIC DEFORMATION DEVELOPMENT
IN COPPER FOIL SAMPLES WITH
ANNEALING TWINS

Fig. 2 shows typical strain curves for two-
dimensional polycrystalline Cu foil specimens of 400
and 100 um thickness whose structure contains
randomly arranged twins and ordered twins with
rectilinear or faceted twin boundaries.
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Fig. 2. Deformation curves for samples of Cu foils:
a —thickness of 400 um, the twins are placed and
oriented arbitrarily in the grains; b — thickness 100 um,

twins with faceted boundaries; ¢ — thickness of 100 um,
parallel twins with rectilinear boundaries

It can be seen from Fig. 2, curve a that 400 um —
thick copper samples with arbitrarily arranged twins are
characterized by relatively high ductility and high
strength. Three stages can be distinguished in the strain
curve for such samples (see Fig. 2, curve a): |-
transitional stage, which follows the elastic region; Il —
extended stage with linear dependence o(g); 11l — stage
(up to failure), which is characterized by close to
parabolic dependence o(g). The nature of substructural
changes accompanying plastic deformation in the
sample at different stages of plastic deformation is
common for such samples. Analysis of the obtained in
situ color orientation maps using their visualization
method [7] shows that each stage of the deformation
curve at the meso- and macroscopic level is
characterized by a certain distribution of sub-grains in
size and conditional crystallographic orientation. Some
fragments of color orientation maps, the results of their
visualization and the distribution of sub-grains in size
and conditional crystallographic orientation for one of
the grains of a 400 um thick Cu sample are shown
below (Fig. 3). It can be seen that a particular
substructure is characteristic of each stage of plastic
deformation. This confirms the physical nature of stage
deformation curves [9].
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Fig. 2 (curves b and c¢) show strain curves for Cu foil
samples of 100 um thickness, which contain annealing
twins with faceted and rectilinear boundaries,
respectively. It can be seen from the figure that the
second stage with linear dependence o(g) with relatively
low strain-hardening coefficient is observed on the
strain curves after the transition stage. A similar
character of o(g) dependence is observed for the light
sliding stage in monocrystals with FCC lattice.

Table shows the values of mechanical characteristics
of different types of specimens: yield strength (oy5),
tensile strength (o) and maximum deformation of
specimens before failure (en.). The reason for their
noticeable difference, apparently, should be sought in
the peculiarities of twin placement in the sample and the
shape of their boundaries, as well as in the differences
in the thickness of the samples.

Mechanical characteristics
of the investigated Cu samples

gﬁ&gi Mba Mpa | Emao %
Type | 48 225 35
Type Il 66 130 25
Type Il 60 80 14

STRUCTURAL AND SUBSTRUCTURAL
CHANGES IN COPPER SAMPLES DURING
PLASTIC DEFORMATION DEVELOPMENT

The twinned structure and the placement of twins in
the sample predetermine the nature of the onset and
development of dislocation slip, structural and
substructural changes. Thus, in type Il Cu samples
containing parallel twins with rectilinear boundaries a
single slip occurs. Its development continues up to the
specimen failure (Fig. 4). It should be noted that the slip
direction is the same for all twins. This testifies to the
same crystallographic orientation of all twins relative to
the tensile axis.

In some grains of investigated Cu specimens of the
first type, already at early stages of plastic deformation,
multiple sliding occurs (Fig. 5), which, as a rule, leads
to occurrence and development of a rotational mode of
plastic deformation. It is manifested on the specimen
surface in the form of reorientation bands of different
types (Fig. 6). The change in shape of twins of different
types in grain body of first type copper specimens in the
deformation process does not occur, as a rule (Fig. 7).

Using high-resolution techniques [5—8] to determine
in situ substructural and orientation changes in any part
of the sample surface during their deformation, a change
in the crystallographic orientation of twins and the
effect of disappearance of interfaces at a certain degree
of deformation were found in Cu type 1 specimens.
Fragments of color orientation maps, which illustrate
this effect rather well, are shown in Fig. 8. It can be
seen from Fig. 8 that a change in twin orientation in the
strain range from 0 to 7% leads to the disappearance of
the boundaries between the grain body and the twin.
With increasing strain, further reorientation of the twins
occurs.
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Fig. 3. Color orientation maps (a), results of their visualization (b)
and distribution of subgrains in size and conditional crystallographic orientation (c)
for one of the grains of a 400 um thick Cu sample for different stages of sample deformation
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View field: 129 ym Det: SE 20 ym View field: 41.5 pm Det: SE 10 pm
SEM MAG: 3.22 kx | Date(m/dly): 05/25/18 Karazin National University SEM MAG: 10.0 kx  Date(m/dly): 05/25/18 Karazin National University
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Fig. 4. Fragment of the surface of the deformed sample Fig. 5. Surface fragment of a deformed Cu sample
Cu (Il type), illustrating a single slip in twins with (type 1) illustrating multiple sliding in one of the
parallel boundaries (¢ = 14%,) grains (¢ = 22%)

SEM HV: 30.0 kV WD: 9.90 mm VEGA&& TESCAN|
View field: 3.29 mm Det: SE 1mm
SEMMAG: 105x  Date(m/dly): 06/26/18 Karazin National University
Cu100

a b
Fig. 6. Examples of reorientation bands of different types in the structure of deformed Cu samples
of the first type (¢ = 22%)

Karazin National University

a
Fig. 7. Microphotographs of the surface fragment of the first type Cu sample before (a)
and after (b) deformation (¢ = 16%)
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Fig. 8. Microphotograph of the surface area of the first type Cu sample (a) and fragments of the color orientation
maps for this area obtained in situ during deformation of the sample to & = 36% (b)

The image of the twin on the color orientation map
gradually changes color. This means that the
crystallographic  orientation of the twin after
deformation differs from the initial one. A similar effect
takes place for other twins (e.g., twin 2 in the same
grain).

In Cu samples with facetted twin boundaries (type
I) a deformation relief is formed in the twin region
during deformation (Fig. 9). It represents chaotically
placed in a body of twins microfragments with different

crystallographic orientation. The presence of this relief
on the surface of deformed samples is confirmed by
studies of the surface structure using a raster microscope
(Fig. 10) and the results of interferometric studies
(Fig. 11). The interference pattern obtained from the
twin surface with faceted boundaries (see Fig. 11,b)
indicates the irregularities of this surface. The linear
dimensions of the irregularities are difficult to estimate,
since the curvatures of the interference lines are too
large.

3 ‘3mm

Fig. 9. Microphotographs of surface fragments of Cu (type 1) sample with faceted twin boundaries after
deformation (¢ = 25%)
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SEM MAG: 141 x  Date(m/dly): 11/19/19

Fig. 10. Microphotograph of Cu (type 1) sample surface fragment with faceted twin boundaries
after deformation (¢ = 25%)
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Fig. 11. Microphotograph of a surface fragment of a 20% deformed Cu (I fype) sample at the boundary “sample
body (1) — faceted twin (II)” (a) and the interference pattern obtained from the twin surface (1) (b)

The color orientation maps obtained from the
surface of doubles with faceted boundaries in situ
during deformation of type Il Cu samples show that
already at the initial stage of deformation of the sample
in doubles with faceted boundaries the reorientation of
individual fragments in the body of the doubles is
observed. This process continues until the specimen
fractures (Fig. 12).

In the deformation process, shear processes also
develop due to dislocation sliding. It can be assumed
that plastic deformation in such Cu samples occurs by a
self-consistent combination of shear and unfolding of

individual structural elements of the deformation
volume. Apparently, these processes occur due to the
fact that numerous short facets of boundaries are active
sources of dislocations, as indicated by the results of [4,
11]. The authors of [4, 11] show that dislocations
emitted by twin boundaries on short facets necessarily
cause curvatures in the crystal lattice. This curvature
manifests itself by creating disorientation at the grain-
twin boundary. It can be assumed that such relaxation
processes at the mesolevel are carried out according to
the “shear + rotation” scheme. In the process of sample
deformation these processes are activated (see Fig. 12).

€ 0% 4%

8%; 12% 18%

Fig. 12. Color orientation maps (1) for the surface of a sample fragment with twin faceted boundaries obtained in
situ during deformation of the sample and the same fragments after visualization (I1)
of orientation changes in the grain

It should be noted that such substructural changes
are observed only in 100 pm thick copper samples that
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contain annealing twins with faceted boundaries in their
structure.
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CONCLUSIONS

It is experimentally shown that from fine-grained
copper foils by selection of a regime of
thermomechanical processing and thickness of a sample
it is possible to receive various twin structure. It differs
in the size of twins, their placement and orientation in a
sample (I type), a form of twins and a way of their
placement in a sample and type of twin boundaries:
twins with faceted borders (Il type), parallel twins with
rectilinear borders (111 type).

Relaxation mechanism of stress state during plastic
deformation of copper samples with high content of
twins located randomly in the sample was revealed:
twins reorientation in the process of plastic deformation
occurs with their shape preservation. It was found that
twins with parallel boundaries which occur in one grain
have identical crystallographic orientation. During
deformation of samples shear processes on twin
boundaries, migration of twin boundaries and possible
twin merging were not observed.

In 100 pm-thick copper samples, the relaxation
processes that can be characterized as “shear + rotation”
in mesoscopic deformation volumes are actively
developing in annealed twins with faceted boundaries.
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PA3BUTHUE IIJIACTUYECKOM JE®OPMAIINU B IBYMEPHBIX ITIOJTUKPUCTAJLJIAX
MEJM C PA3JIMYHOM JIBOMHUKOBOM CTPYKTYPOM

E.B. ®mémos, E.E. baouan, A.I. Toukonpno, O.B. Illexosuyos, P.B. Illypunos

[IpoBeneHbl  HKCHEPUMEHTANBHBIE  UCCICAOBAaHMA  3aKOHOMEPHOCTEH  BO3HUKHOBEHMS W Pa3BUTHUS
CyOCTPpYKTYpHOH ¥ OpPHEHTAaIMOHHON HEOJHOPOJHOCTEH MONMKPUCTANIMYECKAX (oIbr Memu ¢ pasiudHOi
JIBOMHUKOBOH CTPYKTYpO#l B mporecce ux AeGopMHUpOBaHUS B YCIOBUSAX aKTUBHOTO pacTskeHus. IloxasaHo, uto
MoI00POM PEKUMA TEPMOOOPAOOTKH MEJIKO3EPHUCTON (HOJIBIM MEId MOXKHO MOJYYHTh OOpasipl ¢ PasIHYHON
JIBOMHUKOBOM CTPYKTYPOU Tpex THUIOB. JlJIs IEpBOro TUIA XapaKTEPHO HAJIWYME JIBOMHUKOB, KOTOPbIE OTIIMYAOTCS
mo pasmepam, ¢opme u Ty rpaHur. OOGpas3mbl BTOPOTO THIIA COJEPKAT IBOMHUKH ¢ (DaceTdyaThIMHU TPaHUIIAMH.
OO0pasipl  TPeThero THIMA COAepXKaT NapayjielbHble IBOWHUKHM C IPSIMOJMHEHHBIMH TpaHWIAMH. Taxoe
pa3HooOpas3ue ABOHHHUKOBOM CTPYKTYPHI MPEAOPEEseT He TOJIBKO Pa3IMunue MEXaHHUYECKUX XapaKTePUCTUK I
0o0pasloB pa3HOrO THMA, HO ¥ 3aKOHOMEPHOCTH CYOCTPYKTYpHBIX W OPHEHTALMOHHBIX HW3MEHEHUH,
COIIPOBOXK/IAIONIMX IUIACTHYECKYIO aedopmario obpasnoB. lcnonp3oBaHne B paboTe BBICOKOUYBCTBHTEIHHOTO
METO/la BH3yaJM3allMM, IIO3BOJISIONIEro in situ B mpomecce aedoOpMaIlld ONPENENATh XapaKTEPUCTUKU
CyOCTPpYKTYpHOH ¥ OpPHEHTAllMOHHOM HEOZHOPOJHOCTEH, W JpYrux MeToJoB (ONTHYECKOW U pacTpoBOM
MHUKpPOCKOIINY, HWHTep(HEpOMETPHN) MO3BOJIMIO OOHAPYXKUTh OCOOCHHOCTH TPOTEKAHUsSI PEIaKCAILMOHHBIX
MIPOLIECCOB B 00pa3ax pa3iInyHOIo THIIA.
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PO3BUTOK ILIACTHYHOI I[EQOI:MAI.[Ii B AIBOMIPHUX ITOJIKPUCTAJIAX MIJI
3 PI3HOIO JIBIMHUKOBOIO CTPYKTYPOIO

€E.B. ®mvomos, €.10. baoian, A.I. Toukonpno, O.B. lllexosyos, P.B. Illypinos

[IpoBeneHo exkcriepuMEHTabHI JOCHIIPKEHHS! 3aKOHOMIPDHOCTEH BHHUKHEHHS Ta PO3BUTKY CYOCTPYKTYpHOI Ta
opieHTaliiHOT HEOJHOPIMHOCTEH MOJIKPUCTATIYHUX (OJBI MiJl 3 PI3HOIO JBIHHHUKOBOIO CTPYKTYPOIO B Hpoleci
ixHporo nedopmMyBaHHS B yMOBAaxX aKTUBHOTO pO3TAryBaHHs. [lokazaHo, mo miaboOpoM pexuMy TepMOoOPOOKH
JpiOHO3epHUCTOT (POJIBTM MiJi MOXKHA OTPUMATHU 3pa3Ky 3 ABIHHHKOBOIO CTPYKTYPOIO TpboX TumiB. J{Jist meprioro
TUIy XapaKTepHa HAasABHICTh ABIMHUKIB, SKi BiIPI3HAIOTHCA 32 po3MipamMu, popMOIO Ta THIIOM MeX. 3pa3Ku JPyroro
TUIY MICTATh ABIMHUKK 3 (hacCeTOUYHNMH MeXaMH. 3pa3Kd TPEThOTO THITY MICTSATh IapajieibHi IBIHHHUKH 3
OpAMOIIHITHIMA MexaMu. Taka pi3HOMAaHITHICTH IBIHHMKOBOI CTPYKTYPH 3yMOBIIOE HE TUTBKH BiIMiHHICTBH
MEXaHIYHUX XapaKTePUCTUK IS 3pa3KiB PI3HOTO THITYy, a W 3aKOHOMIPHOCTI CYOCTPYKTYpHHX Ta Opi€HTAIlIfHHX
3MiH, SIKI CYNIPOBOKYIOTH INIACTHYHY AedopMarifo 3pa3kiB. BukopucTanHS B poOOTI BHCOKOUYTIMBOTO METOIY
Bizyaumizamii, mo mo3Boisie in Situ B mpomeci medopmarii BH3HAYATH XapaKTEPUCTHKH CYOCTPYKTYpHOI Ta
opieHTalifiHOI HEOTHOpIAHOCTEH, Ta IHIIMX MeToHiB (ONTHYHOI Ta PacTpoBOi MiKpOcKoIii, iHTepdepomMeTpii)
JIO3BOJIMJIO BUSIBUTH OCOOJIMBOCTI MPOTIKAHHS peNakcalifHUX MPOLECiB y 3pa3Kax pi3HOTO THITY.

ISSN 1562-6016. BAHT. 2022. Nel (137) 39



