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The results of experimental studies of the regularities of subgrain structure changing
during plastic deformation of large-grained aluminum specimens with a parquet structure
are presented. For most of the grains it is shown that the main substructure change has
been the fragmentation of the subgrain structure, which is accompanied by an increase in
the spectral width of misorientations. The effect of a dispersal of grain boundaries has
been found and the mechanism of such dispersal is defined. The mechanism of the rotation
of individual grains during deformation of the specimen and the subgrain structure role
in such rotation are investigated. It is shown in experiment that specific and consistent
restructuring of the subgrain structure took place in the individual grains during defor-
mation of the specimen. It led to a change in crystallographic orientation of the grain, on
the one hand, and to the relative deformation of the grain, which was significantly higher
than the relative deformation of the entire specimen, on the other hand. Fine block
structure with a wide spectrum of misorientations which changed during deformation of
the grain was found near the boundaries of such grains. The presence of such a structure
near grain boundaries played an accommodative role and excluded the possibility of
discontinuities in grain and grain boundaries during deformation of the specimen.

Keywords: plastic deformation, spectrum of misorientations, subgrains, grain boundary.

ITpuBenensl peaysbTaThl 3KCIEPUMEHTAJBHBIX MNCCJAEIOBAHUNM 3aKOHOMEPHOCTEH H3MeHe-
HUA Ccy03epPeHHOHM CTPYKTYDPBHI B IIPOIlECCEe ILIACTUUYECKOro Ae)OPMUPOBAHUSA KPYIIHOKPHCTAJ-
JIUYeCKUX 00pasiioB aJNIOMHHUSA ¢ IIAPKETHON cTPYKTypoit. [yd Oosblieil yacTu SepeH IIOKa-
3aHO, UTO OCHOBHBIMHU CYOCTPYKTYPHBIMM M3MEHEHUAMU sABJIsSeTcA (ParMeHTanus cybsepeH-
HOU CTPYKTYPBI, COIPOBOMIAaeMas VyBeJIWUYEHHEeM IIWPHHBLI CIEKTPA PpPasoOpHeHTAUH.
Obuapyxen »@HeKT pacchlaHWs PAHUIL, 3€PeH U ONpPeIesIeH MEeXaHU3M 9TOTO PACCBIITAHUA.
WccnemoBaHbl m ompenelieHbBl MEXaHH3M pPasBopoTa B Ipolrecce medopmupoBamms obpasma
OTIENbHBIX 3€PEeH U POJb B TOM Pa3BopoTe Ccy03epeHHOII CTPYKTYPBI. JKCIEPUMEHTAJIBHO
IMOKAas3aHo, YTO B Iporecce aedopmanum o6pasia B OTASIbHLIX 3ePHAX IPOUCXOLUT crerudu-
yecKas M MOCJeI0BATENbHAs IIepPecTPOiiKa cy03epeHHOI CTPYKTYPbl, IPUBOLSAINAS, C OTHON
CTOPOHBI, K M3MEHEHHI0 KPUCTANIOrPAa(UUECKO OPUEHTAIMH 3€PHA, ¢ APYrof CTOPOHBI, K
OTHOCUTEJNbHOI medopManuy 3epHA, SHAYUTENHHO IIPEBHIIMIAONEH OTHOCUTEIbHYIO medopmMa-
Ui Bcero obpasia. BOumsu rpaHull TaKuxX 3epeH O0OHAPYKUBAETCS MEJNKOOJOUHAd CTPYKTY-
pa ¢ IMIUPOKHM CIEKTPOM Pa3OPHEHTAIUM, KOTOPBLIM MeHseTcsa B Ipoliecce nedopMUPOBAHMS
sepua. Hanuuune taxoii CTPyKTYpPhl BOJIM3U I'PAaHUIL] 3€PEeH HUIPaeT aKKOMOIJAIMOHHYIO POJb U
WCKJIUAET BOSMOMKHOCTh HAPYIIEHNUSA CILIOITHOCTY B O00JACTH 3€pHA M MPaHUL 1pu gedopMu-
poBanuu obpasma.
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Cy6cTpyKTypHaA Ta OpicHTamiilHA HEOTHOPITHiICTH mOJiKpHUCTATIYHUX 3pPA3KiB amoMiHiI0
Ta il smiHenHs y mpomneci maactuunoi medopmamnii. €./0.Badian, A.I'"Tornxonpad, O.B.Ille-
xosyos, P.B.Illypinos, T.P.3emosa.

HageseHno pesynsTaTu eKCIEPUMEHTAIBHUX AOCHIKeHb 3aKOHOMipHOCTEH 3MiHeHHA CyO-
3epeHHOl CTPYKTYypU y mporeci nnactuuHol gedopmariii BeJIMKOKPUCTANIUYHUX 3pasKiB
aMIOMiHII0 3 TAPKETHOI CTPYKTYpor. ia 6isbimol HacTKM 3epeH MOKAas3aHo, IO OCHOBHUMM
CyOCTPYKTYPHUMU 3MiHaMu € )parMeHTaris cyO03epeHHOI CTPYKTYPHU, IO CYNPOBOIKYETHCS
30iIBbIMTeHHAM NIMPUHU CHEKTpa posopieHTarriii. Buasierno edeKT poscHTaHHA MerK 3epeH i
BUBHAUEHO MeXaHisM IboTO po3cumnanHA. ocaimKeHo 1 BusHaueHO MeXaHi3M DPOBBOPOTY Y
mportieci gedopmarrii 3paska OKpPeMUX 3€pPeH, POJIb Y IIBOMY PO3BOPOTI cy03epeHHOI CTPYKTY-
pu. ExcmepuMeHTanLHO TIOKasaHo, 110 y mporeci gedopwmariii 3paska B OKPeMHUX 3epHAX
BibyBaeThea cmenudiuna i mocaizoBHa mepebymoBa cy03epeHHOI CTPYKTYPH, IO TPUBOAUTH,
3 omHoro GOKy, Mo sMiHU KpucTtasorpadiumnoi opieHnTalrii sepua, 3 inmroro 60oky, Ao BigHOCHOI
medopmarlii 3epHa, 1m0 3HAYHO TEPEBUINYE BifHOCHY medopMallito ychroro spaska. Ilo6Gausy
Me)K TaKWX B3epeH BUABJSAECTHCA CTPYKTypa i3 OJOKIiB MajJeHBKOTO pPO3MIpy 3 IITUPOKUM
CIEeKTPOM po3opieHTallill, AKUHN 3MiHIOETHCA y nporeci paedopmanii sepuna. Haasuiers Takrol
CTPYKTYpHU HobGJM3y Me:K 3epeH Bimirpae axoMomamiifiHy poJib i YHEeMOIKJIWBIIOE MOPYITEHHS

migmicHocTi B 00MacTi 3epHa Ta MeyK 3epeH mif uac gedopmartii 3paska.

1. Introduction

The regularities of the plastic deforma-
tion development of polycrystals and their
mechanical properties are determined by the
characteristics of the specimen structure.
They include the average grain size, grain
size distribution, grain shape and crystal-
lographic orientation, the type of the grain
boundaries and characteristics of the sub-
structure and orientation heterogeneity
within each of the grains. In connection
with such a lot of the specimen charac-
teristics before deformation it is impossible
to predict a priori the regularities of the
plastic deformation development in the
specimens and ultimately mechanical char-
acteristics. The above complicated by the
fact that the mechanical properties of poly-
crystalline specimens depend not only on
the original structure and substructure of
specimens but also on the regularities of its
self-consistent change during deformation
of the specimen. Thus, to determine the re-
lationship between changes in the structural
characteristics of the specimen on the one
hand, and the regularities of plastic defor-
mation, on the other hand, it is necessary to
determine the structure, substructure and
orientation changes occurring during defor-
mation of the specimen at the same time for
all areas of its surface.

2. Experimental

For research used the method [1-3] ob-
taining color orientation maps. The tech-
nique is based on discovered by the authors
the effect of diffraction of white light by
quasi-periodic etching relief of the surface
of a crystalline materials. It is shown in
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experiment that the characteristics of this
quasi-periodic structure of a certain region
of the specimen surface depends on its crys-
tallographic orientation. Angular resolution
techniques using method of visualization
[4-6] achieves linear resolution in the deter-
mination of the dimensions of subgrains ~
1 ym and angular ~ 5”.

Fig. 1 gives an example of the color ori-
entation map of the surface of one of the
grains of the polycrystalline aluminum

Fig. 1. Color orientation map of the surface
of one of the grains of an Al polycrystal in
hues of red color.
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Fig. 2. Size distribution (S,) and conditional
crystallographic orientation distribution (n)
of the grain surface fragments with a differ-
ent orientation.
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c)

Fig. 3. Color image of the surface of the grain which is shown in Fig. 1 after visualization of
substructure and orientation heterogeneity with different angular resolution An (a — An =5; b —

An = 10; ¢ — An = 20).

specimen obtained in hues of red. COM dem-
onstrates, at first glance, a substructure
and orientation uniformity of the test
grains.

Using method of wvisualization of the
color image of the surface grain illustrated
in Fig. 1, shows that the surface of the in-
vestigated grain substructure and orienta-
tion is heterogeneous (Fig. 2).

Visualization of this heterogeneity on the
grain surface according to Fig. 2 may be
performed by the replacement is visually in-
distinguishable hues of color visually dis-
tinet from pre-selected color space RGB [6—
8]. The main criterion of visualization sub-
grain structure is the value of An,
characterized by minimal misorientation
neighboring subgrains. In Fig. 3 in an ex-
ample of the visualization substructures of
heterogeneity on the surface of the grain,
shown in Fig. 1, depending on én.

From Fig. 8 it can be seen that a de-
crease of the An, the number of subgrains
identified at the grain surface increases.
Thus, by changing the value of An it is
possible to increased or decreased (if neces-
sary) an angular resolution of method to
identify subgrain structure on the grain
surface.

As objects of study used two-dimensional
large-grained Al polycrystals, contains only
continuous grain boundaries (the parquet
structure). To obtain the specimens used
fine-grained foil (d =0.1 mm) of the alumi-
num purity of 99.96 % . The thickness of
the foil, and all received from her speci-
mens was 0.150 mm, and working part
100x20 mm2. The average grain size in the
specimens (10—20 mm) was achieved by se-
lection of the conditions of recrystallization
(the magnitude of pre-strain of 2-8 % and
a temperature of recrystallization anneal-
ing). All specimens were thoroughly ground
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and polished. For color orientation maps on
the surface of specimens of chemical etch-
ing method was created quasi relief. Quasi-
periodic surface topography on a specimen
created by chemical etching for 5-10 sec
using a known etchant Keller’s [7]. For each
of the grains of the polycrystalline specimen
before and after the destruction of deforma-
tion defined crystallographic orientation
with respect to the stretching axis and the
normal to the specimen surface. For all the
grain boundaries held them full certifica-
tion. All specimens were deformed in the
conditions of active uniaxial tension at a
constant rate of 5:107% s71 while automat-
ically recording the deformation curve in
the coordinates o = o(g). Color orientation
maps during deformation of the specimen
were detected using WEB-cameras Logitech
C 920 HD Pro Webcam with a period
=~ 0.01 sec.

3. Results and discussions

3.1 Substructural changes at an initial
stage of plastic deformation

Using the method for producing the color
orientation maps of the surface of the speci-
men and visualization to determine the sub-
structure inhomogeneity on the surface of
various grain polycrystalline possible to de-
termine the state of stress relaxation
mechanisms occurring in polyerystalline
aluminum specimens in the early stages of
plastic deformation.

So, during the deformation of almost all
the specimens by a value not exceeding
=0.1 %, observed effect substructure
changes as a way to relax the stress state of
the specimen during its alignment.

Fig. 4 shows an exemplary color orienta-
tion maps obtained from the surface of a
polycrystalline aluminum grain specimen
during deformation of the specimen to
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Fig. 4. Changing substructure and orientation heterogeneity of one of the grains of an Al polycrystal
during its deformation by: a — € =0 %; b —€=0.04 %;¢c —€=0.08%;d —e=0.1%;e —¢e=02%;

f—e=0.6%.
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Fig. 5. Subgrain size distribution and conditional crystallographic orientation distribution of sub-
grains for one of the grains of an Al polycrystal: a — before deformation of the specimen; b — after

deformation by 17 %.

0.6 % after visualization a color image on
them heterogeneity that characterizes inho-
mogeneity of the orientation and substruc-
tural grains. From these cards, clearly it is
visible that the orientation changes happen-
ing in grain at the deformation which is not
exceeding 0.1 % in character in essence dif-
fer from the orientation changes taking
place at deformation € > 0.1 %.

COMs received from the surface of grain
at €¢=0.04 %—-0.1 %, and their visualiza-
tion show that in the course of deformation
the sizes of areas of a surface of specimen
with the same orientation change, however
qualitatively distribution of color on the
image of a surface of grain remains invari-
able. At deformation € > 0.1 % there is not
only a change of the sizes of areas of a
surface of grain to particular orientation,
but also emergence of areas of a surface to
new crystallographic orientation. The size
of a critical strain ¢,,, corresponding to the
end of process of alignment of specimen,
depending on the studied specimen and
grain in it changes ranging from 0.1 to
0.2 %.

When reaching the strain € = 5 % occurs
subgrain orientation and restructuring of
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the specimen of grain that is quite diverse
in nature. Finally, substructural and orien-
tation changes can lead to hardening of
specimen, emergence on a straining curve of
jumps of deforming tension, to increase in a
local plastic strain of grain, fragmentation,
emergence and crack propagation, etc.

3.2 Fragmentation of structure

The fragmentation of structures in indi-
vidual grains during plastic deformation of
a polyecrystalline specimen of Al appears
more often. This is due to inhomogeneity of
the flow of plastic deformation of individ-
ual grains because of her constraint not
only for the shear, and rotary mode of plas-
tic deformation occurring at the expense of
the environment grains adjacent grains.

Fig. 5 shows the results of research sub-
structure changes taking place in one of the
grains of polycrystalline aluminum speci-
men after deformation by 17 %. In the
grain before deformation of the specimen is
detected a microstructure with a narrow
spectrum of conditional misorientations An
= 20 (Fig. 5a). The average size of sub-
grains = 40 um. Deformation of the speci-
men at 17 % leads to fragmentation sub-

Functional materials, 23, 4, 2016
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Fig. 6. Schmid factor distribution for all slip
systems.

grain structure (Fig. 5b). The average sub-
grain size decreases to = 5 um and misorien-
tations range increases by 10 times. The
presence of such a substructure in grain
leads to asterism Laue spots on radiographs.

For an explanation of the possible causes
of fragmentation of substructure were de-
fined crystallographic orientation of grain
in relation to an axis of tension and values
of a factor Schmid for all systems of sliding
(Fig. 6). Crystallographic orientation of an
axis of tension of the aluminum specimen
was the close to the side of main crystal-
lographic triangle "[100]-[111]".

Follows from Fig. 6 that the system of
sliding (111) [101] is the most loaded. The
size of a factor Schmid for this system of
sliding makes 0.47. Schmid factor for the
conjugate system (111) [101] hardly differs
from the primary system. This provides a
fast connection to the primary system, the
secondary slip (conjugate). At such geome-
try of sliding in grain in it appears frag-
mented structure.

40t
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3.8 Influence changes of substructure ac-
companying the plastic deformation of poly-
crystalline specimen, to the shape of the de-
formation curve

It is well known that the most studied of
the active modes of loading is uniaxial ten-
sion. The regularity of deformation in this
method of loading has been well studied,
and on polycrystalline and single-crystal
specimens. In [8] presents an overview of
modern ideas about the staging (the form)
of the deformation curve and influence of
substructure changes on the shape of defor-
mation curves. In [9] is securely installed
four-stage deformation curve for single
crystals with the stretching axis oriented
close to [001], and polyerystalline specimen
in a wide range of grain sizes. In [10] con-
siders various causes that lead to a change
in the form of the deformation curve. In
particular, its draw attention to the change
in the number of active slip systems, incor-
porating rotational modes of plastic defor-
mation and substructural changes accompa-
nying the plastic deformation of the speci-
men.

The paper was examined over 20 speci-
men of aluminum with large grained size of
10-15 mm. All deformation curves have a
parabolic shape. The reason for this can be
the specificity of specimen for research. All
specimens are two-dimensional polycrystals
containing only through the grain bounda-
ries. Experimentally shown that these speci-
mens due to the absence of constraint in a
direction perpendicular to the specimen sur-
face, rotational changes become significant.
The large grained Al specimen (d > 10 mm)
using methods developed by investigations
orientation and rotation changes in situ
during the deformation of the specimen
managed to detect the deformation stress

0,
a) s, %

25

Fig. 7. A typical deformation curve of a large-grained Al specimen revealing a jump in the flow stress
(a) and the color orientation map of one of the grains of an Al polycrystal after visualization (b).
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d)

Fig. 8. Color orientation maps of an Al polycrystalline fragment before deformation (a) and after

deformation by 9 % (b), 10 % (c) and 11 % (d).

surges. It is shown that the cause of such
jumps is the emergence and rapid develop-
ment of the reorientation region, crossing
the whole grain.

On Fig. 7 shows a typical deformation
curve (a) of Al polycrystalline specimen, re-
vealing a jump in the value of the flow
stress at strain = 7 % and the correspond-
ing deformation of the color orientation
map of the surface of a grain (b) specimen
with a strong reorientation of the wide strip
that crosses all the grain. Experimental pro-
cedure [6] allowed us to estimate the time
of its development. Its development time
does not exceed a few seconds. At this rate
of development, apparently does not have
time to occur relaxation stress state in the
grain, resulting in a jump of the deforming
stress.

3.4 Substructure, orientation heterogene-
ity and cracks

As already mentioned above, substructu-
ral and orientation changes accompanying
the plastic deformation of polycrystalline
specimens, are quite diverse. Within one
and the same polycrystalline specimen in
the grains constituting it may be different
in character and patterns of orientation and
substructural changes. In particular, there
may  substructural and orientational
changes ultimately lead to the emergence of
cracks in the grain. Below is one example of
the emergence and development of cracks as
a result of the preceding substructure and
orientation changes (Fig. 8).

One of subgrain boundaries (in Fig. 8a is
indicated by an arrow) to a deformation of
the specimen is the meandering. During the
deformation of the specimen the boundary
is aligned (Fig. 8b) and moves to the edge of
the specimen (Fig. 8c). Moving the bound-
ary accompanied by an increase in the
misorientation subgrain on the boundary

An (Fig. 9). In the area of intersection of
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Fig. 9. Misorientation changing on the sub-
grain boundary during deformation of an Al
specimen.

the boundary of the specimen with its edge
occurs crack (Fig. 8d), the development of
which takes place along the grain boundary.

Fig. 10 illustrate another example of the
orientation changes and substructural pre-
ceding occurrence cracks in the specimen. It
is shown at color orientation maps derived
from the region of the Al polycrystalline
specimen containing five grains, in situ
during the deformation.

Determination of the crystallographic
orientation of the five grains and attesta-
tion of all the grain boundaries showed that
of the seven grain boundaries of the four
boundaries, taking into account the crite-
rion of Brandon, close to special grain
boundaries. This boundary is "1-2", "2-8",
"8-4" and "4-5". The boundaries of "1-5",
"1-3" were boundaries of the general type,
and the boundary of "3—-5" is small-angle
boundary.

Characteristic for this area of the speci-
men is discovered during deformation the
effect of a dispersal of two grain boundaries
— small-angle boundary "3-5" and general
boundary "1-3". Dispersal of first grain
boundary accompanied by decreases of angle
misorientation of the grain, and this de-
crease is mainly due to the change in crys-
tallographic orientation of the grain 3. On
the color orientation map obtained from the

Functional materials, 23, 4, 2016
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Fig. 10. Color orientation maps of an Al specimen fragment before deformation (a) and after
deformation by 27 % (b).

boundary
3-5

Fig. 11. Color orientation maps of the boundary region of two grains 3 and 5 of an Al polycrystal-
line specimen after visualization of the effect of a dispersal of grain boundaries: a — =0 %; b —

e=27T%.

G %
a)

b)

c) d) e)

Fig. 12. Color orientation maps of one of the grains of an Al polycrystalline specimen after

substructure and orientation heterogeneity visualization: a — €¢=0 %; b — €=8 %; ¢ — €=

15 %;d —e=18 %; e —e=25 %.

specimen surface after its deformation, the
color hues of the image surface of the two
grains are practically indistinguishable.
This is confirmed by the Laue diffraction
patterns derived of the grains after the de-
struction of the specimen. Cause of a dis-
persal of grain boundary "1-8", apparently
is a substantial increase in length of the
boundary "1-3" more than 4 times, result-
ing in the occurrence decompaction and
crack in this grain boundary. Crack growth
occurs in the body of the grain 1 Effect of
a dispersal of grain boundary "38-5" when
the deformation of the specimen was 27 %

Functional materials, 23, 4, 2016

well is illustrated in Fig. 11. In Fig. 11
shows the results of visualization of sub-
grain structure near the boundary.

As already mentioned above, one of the
features of plastic deformation of polyecrys-
talline specimens is its local heterogeneity.
It was shown experimentally that the local
relative plastic deformation of individual
grains of two-dimensional Al polycrystals
can significantly exceed the relative defor-
mation of the entire specimen. This defor-
mation is usually accompanied by a marked
reversal of grain. Fig. 12 shows a fragment
of color orientation maps of the surface of
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one of grains of Al specimen derived in situ
during the deformation. The relative defor-
mation of that grain by the time of destruc-
tion of the specimen is almost twice above
the relative deformation of the entire speci-
men. Appreciable orientation change of
grain as a whole show the pattern of Laue
diffraction obtained from the surface of the
grain before and after deformation of the
specimen. Shown in Fig. 12 COM allow to
determine the mechanism that changes the
orientation of grains and explain its abnor-
mally high relative plastic deformation.

The Fig. 12 show forming substructure
of the grain during deformation of the
specimen. When the strain ¢ =8 % on top
of the grain (on the picture) is formed re-
gion with grain orientation different from
the orientation of all other areas of grain.
With further deformation of the specimen,
the area of region increases. When the de-
formation of the specimen was €= 25 %
this area of the grain is = 85 % of the sur-
face area of all grains. Results of changing
the width of the spectrum of misorienta-
tions subgrains (An) in grain, depending on
the relative deformation are presented on
Fig. 13. Over the entire period of deforma-
tion, the value of An decreases by more than
5 times. It should be noted, that with such
substructure and orientation changes in
grains during the deformation of the speci-
men achieved the highest level of relative
deformation.

For the given in Fig. 12 grain critical
relative deformation is more than 40 % (for
the specimen it is 25 %). And, the last, fine
blocks structure (1-5 um) with a wide spec-
trum of misorientations which changed dur-
ing deformation of the grain was found
near the boundaries of grains with abnor-
mally high relative deformation. Whose
spectrum of misorientation changed during
deformation. Apparently, the presence of
such a structure near grain boundaries
played an accommodative role and excluded
the possibility of discontinuities in grain
and grain boundaries during deformation of
the specimen.

4. Conclusions

Systematic studies of the substructure
and orientation changes occurring in differ-
ent grains of polycrystalline aluminum
specimens with a parquet structure in situ
during the deformation of the specimen
were carried out. It is shown that the main
mechanism of these changes has been the
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Fig. 13. Changing spectrum of misorientation
of subgrain structure of the grain during de-
formation of the specimen.

fragmentation of the subgrain structure
with a wide spectrum of misorientations.

It is shown in experiment that a new
observed effect of a dispersal of small-angle
and general grain boundaries during plastic
deformation was typical for researched
specimens. Subgrain and orientation re-
structuring took place near the boundaries
of the first type during plastic deformation.
It led to a change in crystallographic orien-
tation of the grains. In the second case,
there was an abnormally high relative de-
formation of the region which contained the
grain boundary. It leads to decompaction of
the grain boundary and the emergence of
crack in its area.

For a small part of all the investigated
grains the relative deformation of the grain
which was significantly higher than the
relative deformation of the entire specimen
has been observed. The deformation of such
grains is accompanied by a noticeable
change in their crystallographic orientation.
Color orientation maps which obtained from
the surface of these grains during the plas-
tic deformation of the specimen allowed to
determine the mechanism of plastic defor-
mation and orientation changes in the
grain. It was in a specific and consistent
orientational restructuring of the subgrain
structure within grain. Fine block structure
(d < 5 um) with a wide spectrum of misori-
entations which changed during deforma-
tion of the grain was found near the grain
boundaries. The presence of such structure
near grain boundaries played an accommo-
dative role and excluded the possibility of
discontinuities in grain and grain bounda-
ries during deformation of the specimen.
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