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In the paper we present the results of the experimental studies of structure of the
deformation relief in the form of steps at the exit site of dislocations on polished surface
of polycrystalline specimen of aluminum during plastic deformation. It is shown that,
despite quasiperiodicity of such structure which is characterized by different values of the
grating period and the curved slip lines forming the grate, it leads to diffraction of the
laser radiation on it. The analysis of the diffraction patterns obtained in situ during
deformation allows us to trace the evolution of the deformation structures. It is experi-
mentally shown that the origination of the dislocation slip in the early stages of plastic
deformation can be detected and the direction of slip and change of this direction during
plastic deformation can be determined by using the diffraction patterns. The minimal
distance between the slip lines which characterize intensive development of the dislocation
slip can be detected by the diffraction patterns. Thus the intensity of plastic deformation
at all stages can be studied.

Keywords: plastic deformation, dislocation slip, quasiperiodic surface deformation
relief, diffraction of laser radiation.

IIpuBegensl pesynbTaThbl SKCIEPUMEHTAJNBHBIX HCCIELOBAHUMN CTPYKTYPHI Jed)opMaruoH-
HOTO peabeda B BULE CTYIIeHEK B MeCTe BBIXOJa AUCJIOKAIMHI Ha IIOJUPOBAHHOU IIOBEPXHOCTU
HOJMKPUCTANINUECKOro o0pasia ajlioMUHUA B IIporecce ero gedopmupoBanusa. Ilokasano,
YTO, HECMOTPs HA KBaSHUIIEPUOAUYHOCTDH DTOI CTPYKTYPHBI, KOTOPAd XapaKTepusyeTcsa PasHbI-
MU SBHAUYEHUAMU Iepuoja AU(PPaAKIIMOHHON PEelIeTKM W UCKPUBJIEHHBIMHU JUHUAMU CKOJIbIKE-
HUS, COCTABJIAIOIIMMU 3Ty PelleTKy, OHA IPUBOIUT K AUMPAKIUM Ha Heil JIa3epHOro H3Jy-
veHnd. AHanns rupakIMOHHBIX KapTHH, IIOJNYyYeHHBIX in Situ B Impoilecce medopMupoBa-
HUd, II03BOJIAET IpOCIeSUTDb 3a 9BOJIIOLI e redopMaIuOHHOMN CTPYKTYPBHI.
IJKCIepUMEHTAJbHO IIOKA3aHO, UTO C IIOMOINbI0 JUMPPAKIUOHHBIX KapTUH MOMKHO OOHApY-
JKUTh BOBHMKHOBEHME IHCJIOKAIIMOHHOTO CKOJb)KEHUS Ha PAHHUX CTAAUAX ILIACTHYECKOU
nepopManuy, ONpPeNelUTh HAIIPAaBJIEHWE CKOJbXKEHUS M H3MeHeHWe 5TOro HallpaBJeHUd B
uporecce reopmupoBannd. udpaknoHHAS KapPTUHA IIOSBOJISET ONPELESATh MUHUMAJILHOE
paccTrogHVe MeXAy JWHUAMUN CKOJbMXeHUd, XapaKTepuaylollee WNHTEHCUBHOCTb Pa3BUTHUA
IUCJOKAIIOHHOTO CKOJbKeHusA. TakuMm o0pasoM, MOIKHO IIPOCJIEAUTh 38 WHTEHCHUBHOCTBHIO
pasBUTUA ILJIACTUYECKON gedopMaluy Ha BCEX €€ CTaIUuAX.

HocaigxenHs BUHUKHEHHS Ta PO3BUTKY aedopmaniinoro peabedy Ha moBepxHi Kpuc-
TadiyHEMX MarepiadiB 3 BHKOPHCTAHHAM Jia3epHOoro pumnpominmosanua. €.J0.5adisH,
AT Tonrkonpsad, O.B.Illexosyos, P.B.Illypinos, T.P.3emosa, K.C.Ka3aurxosa.

Hagpemeno peayiabraTy €KCIEePUMEHTAJBHUX MLOCHiIMKEHb CTPYKTypu gedopmarilimoro
penpedy y BUIVIALL CXOAWMHOK y MicIi BuUXOomy AMUCJOKANill Ha MmOJipoBaHili moBepxXHI mo-
JiKkpucrajgiuHoro 3paska aJMiHiI0 B mpolieci itoro medopmyBaHHs. IlokasaHo, 1[0, He3Ba-
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JKaloun Ha KBasdinmepioguyHicTh Iiel CTPYKTYpPU, KA XapaKTepU3YEThCSA PI3HUMU 3HAUYEHHS -
MU mepiony mudpakxiifinol pemriTKM T4 BUKPUBJEHUMM JIIHIAMM KOB3aHHA, M0 CKJIAJAIOTH
II0 PelIiTKy, BOHa NPUBOAUTL N0 AUPPAaKIii Ha HIfl sazepHOro BUIPOMiHIOBaHHA. AHAaJi3
InpakIifonx KapTuH, ofep:KaHUX in situ y nponeci nedopMyBaHHS, TO3BOJSE TPOCTEIKU-
T 38 eBoJIollieio gedopmaniinol cTpykTypu. EKcnepuMeHTaNbHO MOKAa3aHO, 110 3a AOIIOMO-
roio AUGPaAKIifHNX KapTUH MOMKHA BUABUTU BUHUKHEHHS AWCJAOKAIIHOTO KOB3aHHS Ha
PaHHIX cTagigax mJgacTUUYHOI gedopMmarlrii, BU3HAUYUTHM HATPAM KOB3aHHS i 3MiHEHHSA IILOTO
HAIPAMKY y npoiteci gedopmyBanud. Judparnifina kapTruHa 103BOJAE€ BUBHAUYATU MiHiMab-
HY BifcTamb MK JiHiAMU KOB3aHHA, IO XapaKTepusye IHTEHCHBHICTL PO3BUTKY [AUCIO-
Karifinoro KoB3anHg. TakumM ynHOM, MOKHA IPOCTEKUTU 3a IHTEHCUBHICTIO PO3BUTKY ILJIacC-

TUYHOI gedopmarii Ha Bcix ii cTamiax.

1. Introduction

It is well known that plastic deformation
of the crystalline specimens is carried out
by dislocation slip. Thus the deformation
relief occurs in the form of traces of slip
(slip lines) that have shape of steps on the
polished specimen surface as a result of the
emergence of dislocations. The character of
the deformation relief is changing during
plastic deformation. Analysis of informa-
tion on the character of the deformation
relief and its changes during deformation
gives an indication of the physical processes
which accompany and determine the plastic
deformation of crystalline materials.

Typically the surface structure of plasti-
cally deformed specimens is studied by
means of light or electron microscopy. In
recent papers tunneling microscopy [1],
photoemission techniques [2] are used. Re-
cently the possibility of scattering of white
light and laser radiation on quasiperiodic
structures, which appear on the crystalline
specimen surface after chemical etching was
shown [3, 4]. For example, micrograph of
such quasiperiodic structure which origi-
nates on the surface of one of the grains of
an Al polycrystalline specimen after chemi-
cal etching is given in Fig. 1la. This quasipe-

riodic structure is formed by etch grooves,
the direction of which is determined by
crystallographic surface orientation. The
crystallographic orientation of the grain
relative to the normal to the grain surface
and the direction shown by arrow is pre-
sented in the basically crystallographic tri-
angle. Photomicrograph was obtained using
scanning electron microscope Jeol JSM-840.
Intensity distribution of the laser radiation
(A = 633 nm) scattered by this quasi-peri-
odic structure is shown in Fig. 1b, where the
value of radius-vector R in any direction is
proportional to the intensity of laser light
scattered in this direction. Such intensity dis-
tribution was observed on the screen which is
parallel to the sample surface and perpendicu-
lar to the laser beam (Fig. 2). Figures la, b
show that scattering indicatrix is fully deter-
mined by the character of the quasi-periodic
structures. The maximum scattering (R =
R,,,,) is observed in the direction which is
perpendicular to the grooves of the quasi-peri-
odic structure with a minimal period.

In view of the foregoing, it can be as-
sumed that the similar effect of scattering
may occur as a result of interaction of laser
radiation with the deformation relief which
originates on the specimen surface during
plastic deformation.

b)

Fig. 1. Quasiperiodic surface structure of one of the grains of Al polycrystalline specimen surface
after chemical etching (a), and scattering pattern of laser radiation on this structure (b).
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Fig. 2. Recording scheme of scattering pat-
tern of laser radiation by the specimen sur-

face: I — laser; 2 — specimen; 3 — screen
with a hole for observing the radiation scat-
tered by the specimen surface; 4 — com-

puter-connected digital camera.

2. Experimental

Scheme for method to verify this as-
sumption is shown in Fig. 2. Specimen (2) is
fixed in the capture of the deforming de-
vice. A beam of He—Ne laser (1) is directed
perpendicularly to the specimen surface
through the aperture in the screen (3). The
laser beam scattered by the specimen sur-
face is recorded in the form of scattering
patterns on the screen (3). The scattering
patterns were recorded using computer-con-
nected Web-camera (Creative PC CAM 300)
with a period of 0.02 seconds. Thus, it was
possible to follow the scattering indicatrix
change which characterizes origination and
development of the surface deformation re-
lief in situ during plastic deformation.

Polycrystalline aluminum specimens were
used as the study objects. To reveal the
grain boundaries, the Keller etchant [5] was
used. Then, one surface of the specimen was
ground and polished to register the defor-
mation relief arising during plastic defor-
mation. The other side of the specimen re-
mained intact to be selected on the specimen
surface (with identified grain boundaries)
area for investigation. The specimens were
strained under active uniaxial tension con-
ditions at the constant straining rate
e=~10° gL

3. Results and discussions

Photographs of the Al specimen surface
with grain boundary after chemical etching
before deformation and after deformation
by 15 % are shown in Fig. 3. Regions in the
grain boundary and on the surface of each
of the grain away from the boundary have
been selected as the study areas. These
study areas are shown by dots in Fig. 3b.
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Fig. 3. Photograph of Al bicrystal surface
with grain boundary after chemical etching
before deformation (a) and after deformation
by 15 % (b).

Recording of the scattering patterns of
laser radiation on the deformation relief
and microscopic studies of the structure of
this relief were carried out in these areas
but on the opposite (polished) surface of the
specimen.

Figure 4a shows the microphotographs of
the typical structure of the polished speci-
men surface and the corresponding scatter-
ing patterns of laser radiation before defor-
mation. The scattering indicatrix indicates
the isotropic scattering of the laser beam by
the polished specimen surface. The photomi-
crographs of the deformation relief which
was formed in the different regions of the
polished specimen surface after deformation
by 15 % and scattering patterns of laser
radiation on this structure are shown in
Fig. 4b, ¢, d.

Specific quasiperiodic structure in the
form of slip lines was detected in each of
the three studied areas of the deformed
specimen surface. The character and orien-
tation of the slip lines are determined by
crystallographic orientation of this area.
The scattering indicatrix indicates the an-
isotropic scattering of the laser radiation on
this quasiperiodic structure. Only one direc-
tion of maximum scattering which is per-
pendicular to the slip lines was registered
on the surface areas where only one slip
system was identified. Two directions of
maximum scattering each of which is per-
pendicular to the certain slip system were
registered on the grain boundary region of
the specimen surface where the two slip sys-
tems are identified. Thus, the character of
the laser light scattering by the deforma-
tion relief reflects its structure.

As will be shown below, the use of laser
radiation for investigation of regularities of
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Grain 1

Grain 2

Grain

boundary
1-2

Fig. 4. Microphotographs of typical structure of the polished Al bicrystal surface and the corre-
sponding scattering patterns of laser radiation before deformation (a) and after deformation by
15 % (b, ¢, d). Areas of study are shown by dots in Fig. 3b. Direction of tensile of the specimen is
shown by arrow.
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Fig. 5. Deformation curve of the Al polycrys-
talline specimen.

origination and development of the defor-
mation relief is quite effective and informa-
tive.

For example, it is shown in experiment
that this technique allows to detect the
origination of the slip at the early stages of
plastic deformation when it is visually in-
visible. The scattering indicatrix allows
with sufficiently high accuracy to detect the
slip direction and change it during plastic
deformation of the specimen, and the exact
same appearance of the new slip systems. It
allows estimating the contribution of the
slip systems in the plastic deformation of
the speci men as a whole. Laser radiation
scattering by the deformation relief arising
during deformation of crystalline materials

can be used to determine the intensity of
the dislocation slip which has density of the
slip lines.

The results of the experimental investi-
gation of laser radiation scattering by the
surface of one of the grains of the Al poly-
crystalline specimen are shown below. The
scattering patterns were recorded in situ
during deformation of the specimen. The
distance between the sample and the screen
was 170 mm. The study area on the surface
was =2 mm?2.

Figure 5 shows the deformation curve of
the Al polycrystalline specimen. In Fig. 6 it
is shown the fragments of movie of the
scattering patterns of laser radiation on the
deformation relief which originates on the
surface of one of the grains during the
specimen deformation. On the deformation
curve (Fig. b) arrows indicate the values of
the specimen relative deformation corre-
sponding to these scattering patterns.

The scattering patterns in Fig. 6 show
that only one slip system in the investigated
grain is active until failure of the specimen
and the slip direction does not change dur-
ing the plastic deformation. The average (or
minimum) distance between the slip lines
may serve to characterize the intensity of
the slip. It is well known that the deforma-
tion relief occurs in the form of steps on
the crystalline specimen surface in place
where the emergence of dislocations [6]. The

..
/ J
( ( ¢

Fig. 6. Scattering patterns of laser beam on the deformation relief which occurs on the polished
specimen surface during plastic deformation: e =0 % (a); e =6 % (b); € =10 % (c); € = 13 % (d);
e=18 % (e); € =24 % (f); e =31 % (g); € =37 % (h).
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process of formation of the slip lines is car-
ried out at different scale levels [7]. At the
initial stages of plastic deformation the
steps are formed in the nanometer scale,
and this formation has stochastic nature.
Formation of the deformation quasiperiodic
structure of micron scale comes from this
nanometer scale level [8]. This structure can
lead to diffraction of the laser radiation on
it as will be shown below. The quasiperiodic
structure on the specimen surface which
consists of the slip traces (lines) can serve
diffraction grating. The diffraction equa-
tion for normal incidence of light on the
diffraction grating can be written as d sing,,
= mA, where A is wavelength, d is the grat-
ing period, ¢, is angle of diffraction of m
order (m =0, 1, +2...).

For the diffraction maximum of the first
order there is A/d < 1 or d > A. For recorder
of the diffraction pattern it is necessary
that d > 0.633 um when using laser radia-
tion with wavelength of 0.633 pm. Periodic
structure of the deformation relief on the
specimen surface which is represented in
the micrographs (Fig. 4) corresponds to this
condition. The value d within the investi-
gated area of the specimen surface varies
from 1 to 25 um. The quasiperiodic struc-
ture which is shown in Fig. 4 is charac-
terized by two features: non-permanent
value of the period d and the curvature of
the slip lines that form diffraction grating.
The first one should lead to blurring of the
diffraction pattern in the direction of dif-
fraction. The second one has the same effect
in the direction perpendicular to the dif-
fraction direction. The both effects are ob-
served experimentally (Fig. 6). The experi-
mental results show that the parameters of
the quasiperiodic structure on the specimen
surface can be determined by shape and pa-
rameters of the diffraction pattern in situ
during the specimen deformation. In par-
ticular, the value of [, (Fig. 6) allows de-
termining the minimal distance between the
slip lines which characterizes the intensity
of development of the plastic deformation.
Fig. 7 shows dependence of the minimal dis-
tance between the slip lines d,;, and the
quantity 1/d,,;, on the specimen relative de-
formation for one of the investigated grains
of the Al polycrystalline specimen.
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Fig. 7. Dependence of the minimal distance

between slip lines d and the quantity
1/d

min
min ON the specimen relative deformation &.

4. Conclusions

It is shown in the experiment that qua-
siperiodic structure in the form of steps at
the exit site of dislocations which occurs on
the polished specimen surface after defor-
mation can lead to diffraction of laser ra-
diation on it. The diffraction patterns ob-
tained from the specimen surface in situ
during plastic deformation provide informa-
tion about the regularities of origination
and development of the dislocation slip. For
example, such studies allow determining the
slip direction and its changes during the
deformation, the origination and develop-
ment of the secondary slip, the relative con-
tribution of each of them in the plastic de-
formation of the investigated specimen
area. The minimal distance between the slip
lines which characterizes the intensity of
the dislocation slip can be determined from
the diffraction pattern.
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