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Extrusion and intrusion in plastically deformed copper foils
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It was found experimentally that during the deformation of copper foil of thickness 200 microns, having only the through
twin boundaries, which occur in extrusion and intrusion. Place of localization - twins boundary. This method of relaxation state of
stress usually occurs when fatigue (cyclic) test specimens, which may cross slip of dislocations. Place localization of extrusions and
intrusions - the region of stable slip bands (UPS). Thus, the formation of extrusions and intrusions during static deformation is not
typical for copper samples in which because of the low stacking fault energy can not cross slip. It is shown that a possible cause of
extrusions and intrusions in the copper foil is a specific orientation of the samples, their thickness (200 microns) and the presence of
through twin boundaries through.
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DKCIEepUMEHTAITFHO 00HAPYKEHO, YTO TP Ae(HOPMHUPOBAHUHU (POIBT Menu TOMIIUHON 200 MKM, coep KalnX TOINEKO CKBO3HEIE
JIBOTHUKOBBIC TPAHUIIBI, B HUX BO3HHUKAIOT SKCTPY3UH U MHTPY3HU. MecTo MX JOKaIM3alliy — TpaHuUIla IBOMHUKOB. Takoit cocob
penaKcanuy HanpsHKEHHOTO COCTOSHUSA, KaK MPaBUII0, UMEET MECTO IPH YCTaIOCTHBIX (LIUKIMYECKUX ) HCITBITAHUAX 00Pa310B, B KOTOPBIX
BO3MOJKHO ITOTIEPEUHOE CKOJIBKEHUE AUCIOKAMN. MecTo JTOKaTn3aluu TaKuX SKCTPY3Ui U UHTPY3Hid — 00JIaCTh YCTOWYHMBBIX MOJIOC
cxonbxenus (YIIC). Takum oOpa3om, oOpa3oBaHue SKCTPY3Uil M HHTPY3HH, B IPOIIECCE CTATHIECKOI ieopMaliiy He CBOHCTBEHHO
JUISL METHBIX 00pa3LoB, B KOTOPBIX M3-3a HU3KOH YHEPrUH Jie(ekTa yIIaKoBKH HEBO3MOXKHO MOIepedHoe ckonbxenue. [Tlokasano, ato
BO3MOKHOH MPUYHUHON BO3ZHUKHOBEHNUS SKCTPY3HUH M HHTPY3UH B MEAHBIX (ONIbTax SIBIAETCA crienuuIeckast OpHeHTaIHs 00pasIoB,
ux TommuHa (200 MKM) ¥ HaJIM4Ke CKBO3HBIX ABOMHUKOBBIX TPaHHILI.

KnroueBble ciioBa: 11BETOBbIE OPUEHTALMOHHBIE KapThI, SKCTPY3Hsl, UHTPY3Hs, MEAHBII 0Opasel, IBOMHUKOBAs IPAHHLIA.

ExcniepumeHTanbHO BUSIBICHO, 110 IpH JedopMyBaHHI (oibr Miji 3aBTOBIIKH 200 MKM, 1110 MICTSTh TUTBKH HACKPI3HI ABIHHUKOBI
MEXIi, B HIX BHHHUKAIOTH €KCTPY3ii Ta iHTpy3ii. Micue ix mokaiizamii - Mexa JBiifHuKIB. Takuii criocid penaxcanii Harpy»keHOTo CTaHy,
SIK TIPABUJIO, MA€ MicIle IPU BTOMHUX (IIUKJIIYHIX ) BUIIPOOYBAHHSX 3pa3KiB, B IKIMX MOXKJIMBE ITOTIEpEeYHe KOB3aHHS AUCIOKaIiil. Micie
JIOKaji3amii TaKuX eKCTPy3ii Ta IHTpy3ii - 00macTs cTilikux cmyr koB3aHHS (CCK). TakuM 4nHOM, yTBOPEHHS eKCTpPY3iil Ta IHTpY3iii,
y mporeci craruyHoi nedopmariii He BIACTHBO MUl MIJHUX 3pa3KiB, B SKUX i3-3a HU3bKOI eHeprii JedeKTy ynakoBKH HEMOXKJIMBE
rornepeyHe KoB3aHHs. [lokazaHo, IO MOXKJIMBOIO MPUYMHOIO BHUHHMKHEHHS eKCTpY3id Ta iHTpy3ii B MigHid ¢donb3i € cnenudidna
opieHTaIist 3pa3kiB, iX ToBIHHA (200 MKM) 1 HassBHICTh HACKPI3HUX JIBIHHUKOBUX MEX.

KorouoBsi ci1oBa: konipHi opieHTaIiHI Mary, eKCTPy3is, IHTPY3is, MiJHUH 3pa30K, IBIITHUKOBA MEKa.

Introduction

When loading crystalline samples due to their structure
and orientation of heterogeneity in them there is difficult -
the state of stress, relaxation is realized in different ways,
leading to plastic deformation. The main methods of
relaxation state of stress should include dislocation glide
and the diversity of rotational changes. Ultimately, the state
of stress relaxation processes determine the mechanical
characteristics of the samples.

In [1, 2] in the study of relaxation processes occurring
during plastic deformation of polycrystalline aluminum
samples containing only through grain boundaries (two-
dimensional polycrystalline), found the variety of specific
rotation changes, many of which are not found in ordinary
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three-dimensional polycrystalline. As an example, the
formation of the body arising from rotations rotations
secondary crystallographic orientation favorable to
the development therein of crystallographic slip. It is
experimentally shown [3] that in the two-dimensional
polycrystalline due to lack of constraint when they are
deformed in the direction perpendicular to the sample
surface all methods of relaxation state of stress are
manifested most clearly.

Samples and investigations methods
Copper, as well as aluminum, is a bright representative
of fcc - crystals, however, because of low value of defect
packing energy in copper samples, unlike aluminum
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Fig. 1. Microphotograph of a typical structure of copper
samples.

samples, practically are always found twins of growth
and, therefore, twinning boundaries the role of which
isn’t obvious in deformation processes. It can be argued
that the choice as an object of study of two-dimensional
polycrystalline copper, as well as two-dimensional
polycrystalline aluminum, will reveal the features of the
structural changes in their plastic deformation.

For polycrystalline copper samples with different grain
size and containing only through twin boundaries and grain
boundaries was chosen copper foil (99,98%) 200 microns
thick was used. The samples, size 100x10 mm?, were cut
out from a sheet of foil, the average size of grains was
~0,1 mm. Changing modes of thermomechanical
processing, which consists in primary annealing at
temperature of 500 °C, sample deformation value 2 — 7%

subsequent recrystallization annealing vacuum ( ~107 Pa),

polycrystalline samples were obtained, the average grain

1 3

Fig. 2. Scheme of formation of extrusions and extrusions
in copper foil: 1 — twin; 2 — extrusion; 3 — extrusion; ¢
— the direction of stretching of the sample.

size of which varies in the range from 1 to 12 mm. Before
recrystallization annealing both surfaces of the sample
carefully ground and polished. Samples boundaries became
apparent by means of spirit solution of concentrated nitric
acid. The time of etching was of 1-15 sec. All the samples
were deformed in conditions of monoaxial stretching

with constant speed of deformation & =107 sec™ with
registration of the deformation curve. For all samples of in

situ in the course of deformation the color orientation maps
(COM) were registered [4].

Experimental results and discussion
As a result of the recrystallization annealing
depending on the primary deformation € the 3 types of
samples were obtained. The samples of the first type
contain fine-grained structure (¢ = 2%). The average
size of such grains makes ~ 1 mm. Almost in each grain
twinning structure are found. The samples of the second
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Fig. 3. Microphotographs (COM) of the various extrusions occur on the polished surface of the copper sample, after

12% deformation.
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Fig. 4. Microphotos of extrusion occurred near twin
boundary on one of the surfaces of the deformed sample
and the intrusion occurred on the opposite surface.

type (¢ = 7%) contain boundaries of grains and twinning
boundaries. The average size of grains makes = 10 mm.
They contain twins differing in form, orientation and sizes.
Finally, samples of the third type (& = 4-5%), contain only
twinning boundaries crossing all over the surface. It should
be noted that all twins in the samples of the third type are
oriented identically to the axis of stretching of the samples.
Boundary certification according to X-raying data showed
that all of the boundaries is coherent twinning boundaries
(£3,60°,[111]).

Research using the color orientation maps (COM)
substructural and orientation changes in situ during the
deformation of copper samples first and second type
showed that the latter is fundamentally no different from
similar studies found in the polycrystalline aluminum [5].

The third type of samples that are essentially “single
crystals” are contained in the body, of identical orientation,
through twin boundaries detected not typical samples of
copper, structural relaxation as intrusions and extrusions.
The observed effect is of particular interest for two reasons.
Firstly, extrusion and intrusion usually found in fatigue tests
[6,7], and secondly, they are the source of a transgranular
fracture [8]. On Fig. 1 is a microphotograph of a typical
structure of the samples of the third type, and Fig. 2 and
Fig. 3 scheme of formation of extrusions and intrusions,
and microphotograph of various extrusions occurring on
the surface of the sample after deformation by 12%. Form
and size of extrusion being various, but all of them are
localized near the twins so that at least one of boundaries
of extrusion was perpendicular to twinning boundary.

A feature of all extrusions that have arisen during
plastic deformation of copper samples with twins is the
appearance on the opposite side of the sample opposite
extrusions intrusions. This is shown schematically in
Figure 2.

The microphotographs of extrusion and intrusion
occurred on opposite sides of the sample are shown in
Fig. 4. The interferograms of the both surfaces testify to
being of on one surface of the stamping material occurs
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Fig. 5. The crystallographic orientation of the axis of
the tensile specimen (1) with respect to possible slip
systems.

[011]

(extrusion) and depression of another material (intrusion).

In [6,7] it was shown that the intrusion and extrusion
occur in fatigue tests, and the main criterion for their
occurrence is quite developed cross slip. Extrusion and
intrusions occur on one of the surfaces of the sample in the
stable slip bands.

Deformation of copper samples in the present study
was carried out in a static test. Because of the low value
of defect packing energy in copper samples indispensable
for the development of cross slip. Thus, the experimentally
observed effect of occurrence of pairs of “extrusion-
intrusion” in the static tests of samples of copper requires
explanation.

Studies have shown that the possible cause of a pair
of “extrusion-intrusion” is the availability of pass-through
twin boundary, a small thickness of the sample and the

specific orientation of the axis of tension, close to [ 1 12]

(Fig. 5)
At what orientation in crystals with fcc - structure,

along with the system (Tl l) [01 1] possible development

of the secondary slip system (111)[TOT:|. Given all

the above, we can assume that the observed effect of
occurrence of extrusion of copper samples at their specific
structure deformation obliged samples containing through
twin boundaries, the thickness of the sample and the
specific orientation of the axis of the tensile specimen that
is conducive to development in a sample of secondary slip.

Conclusion

1. It was found experimentally that the plastic
deformation of copper samples with twin structure at room
temperature under uniaxial tension at a constant rate of
extrusion and intrusions occur.

2. It is shown that finding ways to relax the stress
state that is not characteristic patterns of copper due to the
impossibility of cross-slip (low stacking fault energy), can
be explained by three factors - the small sample thickness
(200 microns), the presence of only through the twin
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boundaries and the specific crystallographic orientation the

extension axis of the sample close to the [TIZ:I , leading

to the emergence of dual-sliding systems (Tl 1)[011]
and (111)[ T0T].
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