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Theoretical studies of feasible rotations of the crystal lattice during the deformation of samples with an FCC
structure under uniaxial tension are carried out. The results of the experimental determination of the magnitudes of
these rotations for various grains of two-dimensional polycrystalline aluminum samples after their deformation by
the same strain value are presented. For the first time, it has been theoretically shown and experimentally confirmed
that under uniaxial tension of a specimen under the conditions of operation of only one slip system, regardless of the
scheme of rotation, the magnitude of the rotation is determined only by the angle between the direction of the tensile
axis and the slip direction before deformation of the specimen.

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

INTRODUCTION

Crystal lattice rotations always accompany plastic
deformation of samples. They are characterized by the
magnitude of the angle and direction of the rotation. The
problem of studying the patterns of rotation of the
crystal lattice during plastic deformation seems
important enough, since they not only change the value
of the Schmid factor for the existing slip system, but
also the nature of its distribution for other slip systems,
which can change the pattern of development of plastic
deformation and, ultimately, mechanical characteristics.
The question of the combination of possible active slip
systems is still open. The results of well-known
experimental studies of the patterns of crystal lattice
rotations accompanying the plastic deformation of
crystalline samples are quite contradictory [1, 2].

Thus, in [1], based on the analysis of experimentally
obtained paths of the axis of tension of the sample for
various grains of a polycrystalline aluminum sample
during its deformation, it was shown that the rotations in
the central regions of the grains are characterized by the
lowest speed, and the direction of the rotations indicates
the operation of secondary slip systems. It was shown in
[2] that the lattice rotations strongly depend on the
crystallographic  orientation of the grain before
deformation of the sample.

With the help of stereographic projections of various
paths of a rotation and visualization of the orientation
dependence of the Schmid factor, a theoretical and
experimental study of the patterns of rotations of the
lattice of FCC crystals during plastic deformation of
samples by uniaxial tension at a constant speed is
carried out.

1. DIFFERENT SCHEMES OF CRYSTAL
LATTICE ROTATION DURING THE
DEFORMATION OF SINGLE-CRYSTAL
SAMPLES WITH FCC STRUCTURE

At first sight, it is obvious, and this is theoretically
shown that during the rotations of single-crystal samples
in process of their plastic deformation by sliding, the
tensile axis rotates in the direction of sliding, forming an
angle A with it. Certainly, this can only occur when only
one slip system is operating. When more than one slip
system is operating, the direction of rotation of the
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crystal lattice is the resultant interaction of various
existing slip systems.

Fig. 1 shows, with the help of the standard
stereographic triangle, that, depending on the initial
crystallographic orientation of the tensile axis of the
sample during plastic deformation, three different
schemes of its rotation are possible.

1. The rotation takes place in the plane passing
through the axis of tension, the direction of the primary
slip system [101], the direction of the conjugate slip
system [110] and the direction [211], for which the
primary and conjugate slip system become equal. The
value of the Schmid factor for these systems is the same
and is 0.41. This rotation is the only one.

2. In the second rotation scheme, the direction of
tensile axis, the direction of primary slip [101] and the
normal to the conjugated slip plane [111] should be in
the same plane. This way of rotation is also the only
one.

3. For the third scheme of crystal lattice rotation of a
single-crystal sample, it is necessary that only the axis
of tension of the sample and the direction of primary
slip [101] be in the same plane. There are countless
rotation paths of such type.

For any type of rotation of the crystal lattice, when
the projection of tensile axis reaches the [100] — [111]
line, the direction of rotation should change. Due to the
equal significance of the primary and conjugate slip
systems, the tensile axis must move in the [111]
direction. The criterion for the equal significance of
primary and conjugate slip systems is the equality for
them of Schmid factors for all points on the side of the
stereographic triangle [100] — [111] (see Fig. 1).

The maximum possible magnitude of a sample
rotation in one direction during its deformation is
achieved when the projection of the tensile axis before
deformation is on the side of the stereographic triangle
[100] — [110] and depends on the scheme of rotation.
Fig. 1 shows that in the case of a rotation according to
scheme 4, the maximum possible magnitude of a
rotation can be 30°, according to scheme B~ 19°,
according to scheme C up to 30°.

Certainly, such magnitude of the maximum possible
rotation of a single-crystal sample during its
deformation cannot be physically reached. It is limited
by the possible value of plastic strain of the sample.
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Fig. 1. Different schemes of rotation (4, £, ¢i, &) of the
crystal lattice during plastic strain of samples with FCC
structure

2. THE RELATIONSHIP BETWEEN
RELATIVE STRAIN AND THE
MAGNITUDE OF THE CRYSTAL LATTICE
ROTATION

Due to the fact that the cause of the rotation of the
axis of tension of the sample is its strain, one can
determine the dependence of the angle of this rotation
on the magnitude of the strain. It is easy to show [3, 4]
that under the conditions of plastic uniaxial tension by
sliding of a single-crystal sample, the relation holds:

ll/loz sin A‘O / sin A‘l y (1)

where Iy and 1, is the length of the sample before and
after the tension; 4, and A, the angles between the axis
of tension o and the direction of the primary slip [101]
before and after its strain, respectively.

Expression (1) can be written as follows:

(L — Lp)/ly=(sin 4y —sin4,)/sin A,
or sind; = (sindy)/(1 + &), (2)

where € = (I; — ) /!, is the value of the relative strain
of the sample.

The resulting expression (2) shows that the rotation
of a single-crystal sample A1 = A, — 4; occurring during
its deformation depends on the magnitude of plastic
strain & and the value of the angle A, between the
direction of tension o and the direction of primary slip
before deformation. The result shows that when the
same value of plastic strain is achieved, the magnitude
of the crystal lattice rotation in single-crystal samples or
individual polycrystal grains should be determined only
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by the angle A, between the axis of tension of the
sample and the slip direction before deformation.

Fig. 2 shows the plots characterizing the change in
the Schmid factor m during plastic strain of a single-
crystal sample, depending on the magnitude of rotation
AA for different schemes of this rotation. Primarily
attention is drawn to the fact that these dependencies are
non-monotonic in nature and have an extremum
(maximum).

To determine the extremum points, an orthogonal
coordinate system X, Y, Z is chosen in which the Z axis
is parallel to the primary slip direction [101], the X axis
is parallel to the normal to the slip plane [111], and the
spherical coordinate system in which the direction of the
tension axis o is determined by the zenith angle A and
azimuth angle ¢ (Fig. 3).
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Fig. 2. The change of the Schmid factor m as a result of
the rotation of the crystal lattice AA = 4y — A during the

process of strain of the sample for different rotation
schemes shown in Fig. 1
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Fig. 3. Orientation of the tensile axis ¢ = 6(4, ¢) of the
specimen in a spherical coordinate system (4, ¢)

The direction of the axis of tension G can be
determined as follows:

6 =0(4¢) = |cos@sin i

cos A

sin ¢ sin /1]

And the expression for the Schmid factor can be
written as follows:

m(4, @) = |(6,X)(6,2)| = |sing-sinA- cos A,
where angle A characterizes the magnitude of the
rotation, and ¢ the direction (scheme) of the rotation.
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The maximum values of the Schmid factor can be
found from the condition:

dm_o
da
dm
- [sin@ - cosA-cosA— sing-sini-sini| = 0.

Which implies that:
cosA=sind = A4, = 45°.

Thus, the maximum values of the Schmid factor for
all feasible schemes of rotation corresponds to an angle
of 1 =45°

Thus, for values of A<45° the Schmid factor
increases during the process of the rotation of the crystal
lattice, regardless of the scheme of rotation, and for
values A > 45°, the rotation of the crystal lattice during
strain of the sample is accompanied by a decrease in m.
The stereographic projection of the tensile axis
corresponding to A =45° is shown as dashed line in
Fig. 1.

Fig. 4 shows the dependence of the magnitude of the
rotation of the axis of tension of a single-crystal sample
on the value of relative plastic strain ¢ and angle A,
between the direction of primary slip and the direction
of tension before deformation of the sample. The
abscissa shows the relative plastic strain from 0 to 30%.
The value of 30% is the maximum plastic strain
resource for typical single-crystal samples with an FCC
lattice such as copper and aluminum. From this graph it
follows that the maximum value of the rotation of
specimen tensile axis is achieved when a strain of 30%
does not exceed ~ 18° in case of Ay =60°. These are
overestimated values provided that the strain of the
sample is achieved under the conditions of operation of
only one slip system. As mentioned above, when other
additional sliding systems are activated, the magnitude
and direction of rotation can change.
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Fig. 4. The dependence of the magnitude of the rotation
of the crystal lattice AL = Ag — A on the relative strain ¢
and Aq, Where 4, is the angle between the direction of
the tensile axis and the direction of primary slip before
the strain of the sample. The area of physically possible
values of AZ is shaded (see Fig. 1)
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3. EXPERIMENTAL RESULTS

To verify the above results for experimental studies,
coarse-grained aluminum samples (purity 99.98%) were
obtained by a special method [5] of recrystallization.
The average grain size in the samples is 7...10 mm. The
dimensions of the working part of the samples are
100x20x0.15 mm. With this thickness, the samples have
a parquet structure containing only through grain
boundaries. It is well known that in such samples, due to
the lack of tightness in the direction perpendicular to the
surface of the sample, the rotational component of
deformation predominates most often during their
deformation at the initial stage, and only the primary
slip system operates [6]. In order to detect substructural
and orientational changes using optical techniques [7, 8]
and to register the occurrence and development of
dislocation glide [9, 10], one of the working (side)
surfaces was carefully polished, and the second one
after polishing was chemically etched to reveal a
quasiperiodic structure. All samples were deformed
under conditions of active tension at a constant rate of
~10®° ¢! and upon reaching the strain of 10% were
unloaded. Due to the fact that the relative deformation
of grains even within the same sample can be different
and differed from the deformation of the entire sample,
grains with the same relative plastic strain ¢ were
chosen for research. In the central region of each grain,
before and after deformation of the sample by the Laue
X-ray method, the crystallographic orientation of the
tensile axis was determined and the values of the
Schmid factor m and angles Ao, 44 were calculated. The
error in determining the magnitude of the rotation did
not exceed 1°.

In seven of the 35 grains studied for different
polycrystalline  aluminum  samples after  their
deformation by 7% revealed the formation of a
fragmented structure. The orientation of the tensile axis
for these grains is near the side of the stereographic
triangle [100] —[111]. In the remaining grains, the
crystal lattice was rotated by a different value of AA.
Primarily it should be noted that that the magnitude of
the rotation A4 found to be independent of the Schmid
factor, which is characterized by the crystallographic
orientation of the grain. So in twelve grains with the
same value of the Schmid factor, the magnitude of the
rotation was different. In 16 grains with different values
of the Schmid factor, but with approximately the same
angle Ay, the magnitude of the rotation AA turned out to
be almost the same.

CONCLUSIONS

1. In the process of plastic strain of polycrystalline
samples with an FCC lattice, three different crystal
lattice rotation schemes are possible. For the first
scheme, the rotation takes place in the plane passing
through the axis of tension, the direction of the primary
slip system [101], the direction of the conjugate slip
system [110] and the direction [211], for which the
primary and conjugate slip system become equal. The
value of the Schmid factor for these systems is the same
and is 0.41. This rotation is the only one. For the second
rotation scheme, the direction of tensile axis, the
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direction of primary slip [101] and the normal to the
conjugated slip plane [111] should be in the same
plane. This way of rotation is also the only one. For the
third scheme of crystal lattice rotation of a single-crystal
sample, it is necessary that only the axis of tension of
the sample and the direction of primary slip be in the
same plane [101]. There are countless rotation paths of
such type.

2. It is shown that, in contrast to the well-known
concepts, the magnitude of the crystal lattice rotation
does not depend on the crystallographic orientation of
the tensile axis, but is a function of the relative grain
strain and the angle between the tensile axis and the slip
directions before the deformation of the sample.

3. A non-monotonic dependency of the Schmid
factor on the magnitude of the rotation AA = 4y — A of
the crystal lattice was found. Its maximum value,
regardless of the rotation scheme, attained at A = 45°.

4. The experimentally studied patterns of crystal
lattice rotations during plastic strain of samples of
typical FCC aluminum crystals showed quite good
agreement with the results of theoretical studies.
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PA3BOPOTHI KPUCTAJUVIMYECKOM PELLIETKHU IMPU IIJIACTUYECKOM
JE®OPMUPOBAHNU IBYMEPHBIX ITOJIUKPUCTATINYECKHUX OBPA3IIOB Al
E.E. baousan, E.B. ®mémos, O.B. Illexosyoe, A.I'. Tonkonpso

IIpoBeneHBI TeOpETHYECKHE WCCICIOBAHUS BO3MOXKHBIX Pa3BOPOTOB KPUCTAUTUYECKOW PEIIETKH IPU
nepopmupoBanun 00pa3noB ¢ ['IK-cTpykTypoii B yCIOBHSIX OJHOOCHOTO pacTsDkeHHUs. [IpHBeneHBI pe3ynbTaThl
SKCIICPUMCHTAIBHOTO  ONPEACICHUS BEIMYMH OSTUX Pa3BOPOTOB IS Pa3IMYHBIX 3€peH  JIBYMEPHBIX
MOJMKPUCTAIUINIECKUX 00pa3IoB alIOMHUHUS IMOcie WX Je(hOpMUPOBAHUSA HA OJHY U Ty JXKE BEIMYHHY. BriepBbie
TEOPETUYECKH MOKa3aHO M SKCIEPUMEHTAIHLHO MOATBEPKICHO, YTO MPU OJHOOCHOM paCTsDKEHHWH o0pasia B
YCIIOBUSAX pabOTHI TOJBKO OJHOM CHCTEMbI CKOJBXKEHHS HE3aBHCHMO OT CXEMBI Pa3BOpPOTa BEIMYHMHA Pa3BOPOTA
OTMPENENACTCS TOJABKO YIJIOM MEXKIY OCBIO PACTSDKCHHMS W HANPABICHHEM CKOJIBXKCHHSA 10 Ae(HOpMUpPOBAHHMS
obpasia.

PO3BOPOTHU KPUCTAJTYHOI ITPATKHU ITPU IIJIACTUYHIN JTE®OPMAIIII
JBOBUMIPHUX MMOJIKPUCTAJIYHUX 3PA3KIB Al
€.10. baoian, €.B. ®movomos, O.B. Illexosuos, A.I'. Tonkonpso
[IpoBeneHO TEOpETHUHI TOCTIHKEHHS MOKIMBHAX PO3BOPOTIB KPUCTANIYHOI I'PaTKK NpH Aedopmartii 3pas3KiB i3
TI'IK-cTpyKTypoto 3a YMOB OJHOBICHOTO PO3TATYBaHHS. HaBeneHO pe3yapTaTH eKCIIEpHMEHTATbHOTO BU3HAUCHHS
BEIMYMH LUX PO3BOPOTIB A PI3HUX 3€peH ABOBUMIPHUX IONIKPHUCTATIYHUX 3pa3KiB AJTIOMIHIIO MicisA IXHBOTO
nepopMyBaHHS Ha OIHY ¥ Ty > caMy BEIMYMHY. Brepiie TeopeTHYHO MOKa3aHO I eKCIepHMEHTAIbHO
MiATBEPIKEHO, IO TIPH OJHOBICHOMY PO3TATYBaHHI 3pa3ka 3a YMOB, KOJH MPAIIO€ TUTBKH OJHA CHCTEMa KOB3aHHS,
HE3aJIe’KHO Bi/l CXEMH PO3BOPOTY BEIMYMHA PO3BOPOTY BHU3HAYAETHCS TUIBKM KyTOM MDK BICCIO PO3TATYBaHHS Ta
HarpsiMKOM KOB3aHHS JI0 1Ie()OpMyBaHHS 3pa3Ka.
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