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Evolution of dislocation structure in ruby single crystals under four-point bending at
T = 1490°C has been studied using the etch pit method. The small-angle substructure
boundaries have been observed, the dislocation types have been identified and their densi -
ties have been measured. The screw and edge dislocation_density has been shown to be
distributed symmetrically about the sample neutral axis [1100]] and about the [0001] one.
The starting shear stress has been first measured and found to be 200 MPa in the
prismatic slip system. This value is associated with the friction stress of the crystal
lattice, that is, with the Peierls-Nabarro stress value in the (1100) prism plane along the
[1120] direction. The starting stress value is to be known to treat thermomechanically
high-perfection ruby single crystals and to solve the problem of long-term laser stability.

MeTomoM SMOK TPaBJIEHUSA HCCIEIOBAIACH DBOJIIONUS AUCIOKANMOHHON CTPYKTYPHI B MO-
HOKpHCTAJJIaX pyouHa mpu 4-X ToueuHoM marube mpu temmeparype T = 1490°C. BrisiBiaeHbl
CcyOCTPYKTYpPHBIE MAaJIOyIJIOBbIE I'PAHUILI, UACHTU(DUIIUPOBAHLI BUABI AUCIOKAIUN U M3Mepe-
HBI UX IJIOTHOCTU. ITOKA3aHO, UTO IJIOTHOCTH BUHTOBBIX M KPAeBBIX AMCJIOKALUWI pacupene-
JIeTCs CUMMETPUYHO OTHOCHTEJHHO HelirTpanbHoil ocu obpasma [1100] u orHOCUTENBHO OCH
[0001]. BruepBble n3MepeHa BeJUUYMHA CIABUIOBOTO CTAPTOBOTO HANPAMKEHUSA, KOTOPAas B CHUC-
TeMe MPU3MATHYECKOT0 CKOJIbXKEHUs OKasasach paBHoil 200 MIla. Ora BelmunHa CBA3LIBAET-
csl C HAUPSAMKEHNEeM TPeHUs KPUCTAJJINYECKON pelieTKHu, TO eCTh C BeJIMYMHON HAIPAMKEHUS
Tlaitepica-HaGappo B miockoctu mpusambl (1100) B mampasmenum [1120]. Ormeuaercs, uTo
BeJIMYMHA CTAPTOBOTO HANPAKEHUSA HeoO0XoauMa [IJIs HCIOJb30BAHUA TePMOMEXaHUUYECKON
00paboOTKU BBICOKOCOBEPIIIEHHBIX MOHOKDPHCTAJIJIOB PYOWHA W PEIeHusA IMPOOJIeMbl IOJTrOBpe-
MEHHOH paGoTOCIOCOOHOCTH JIa3epoB.
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Ruby single crystals are used widely in
the laser production [1, 2]. Since the ruby
laser long-term operating stability depends
heavily on the structure perfection of the
ruby crystals [3, 4], a need arises in the
production of high-perfection ruby single
crystals by using the optimum temperature
and strain conditions in their thermal and
mechanical treatment. The preliminary
studies aimed at the selection of optimum
temperature and strain conditions of ther-
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mal and mechanical treatment carried out
using the modeling zinc single crystals
(published in part in [5]) have shown a sub-
stantial improvement in the crystal struc-
ture perfection due to thermomechanical
treatment. Thus, the mean dislocation den -
sity was reduced by three decimal orders as
compared to the untreated single crystals.
The small-angle substructure boundaries be -
come destroyed and leave the crystal due to
thermomechanical treatment. These experi-
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Fig. 1. Etch pattern of the sample (1120)
plane after loading, x200.

ments made it possible to establish the ne-
cessity and sufficiency of the selected tem -
perature and force conditions of the ther-
momechanical treatment. To solve the long-
term operating stability problem of the laser,
the high-perfection ruby single crystals are
required. To obtain such crystals, the evolu-
tion of the crystal structure state at high
temperatures under loading should be stud-
ied. It is just the purpose of this work.

The laser ruby single crystals of high
optical homogeneity were grown from the
(Al,03 + 3 %CrO3) raw material using the
modified Verneuil technique by controlling
technologic regimes during growing [6]. The
samples were cut out using a diamond saw.
Those were shaped as rectangular parallele -
pipeds of 90x15x2 mm3 size with faces cor-
responding to the basis plane (0001) and to
the prism ones with longitudinal axis di-
rected along [1100]. The samples were loaded
by four-point bending about the [1120] axis at
the temperature of 1490°C. The load appli-
cation points were positioned on the upper
and lower (0001) planes of the sample. The
structure state was studied using the selec-
tive chemical etching of the basis and prism
planes as described in [7]. It is worth to
note that the sample surface should be pre-
pared thoroughly prior to etching. This can
be provided by the surface grinding and
polishing using special laps.

The structure state of the initial (un-
loaded) ruby samples is characterized by
the average density of prismatic disloca-
tions p = 5105 cm~2 and that of basis ones
P = 106 cm~2. The small-angle twisting
boundaries are formed with the linear den-
sity of screw dislocations p, = 3103 cm™!
and the slope ones with linear density of
edge dislocations py=1.5003 cm™!. The
dislocation net of twisting boundaries is
formed due to the reaction

Lo 5012 Limo Tha s L Tont -
321 101 + 5[12 10] + 21 120] = 0. (1)
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Fig. 2. Distribution of screw and edge dislo-
cations along the sample neutral axis [1T00]
and along the [0001] axis.

This reaction is energy-favorable.

The ternary dislocation nodes hinder the
displacement of the screw basis dislocation
net and retard the dislocation rearrange -
ment during the sample loading. Fig. 1 pre-
sents the etch pattern of the prism (11 20)
plane of a ruby sample after the loading is
applied. A substantial redistribution of the
dislocation structure is observed as com-
pared to the above-mentioned initial struc-
ture state. The maximum dislocation den-
sity is seen to be near the upper and lower
(0001) planes of the sample symmetrically
about the neutral [1100] axis. It is to note
that, at the selected crystallographic orien -
tation and the loading geometry, there are
essentially no shear stresses in the easy basis
slip system (0001)[1120] while in the pris-
matic slip system (1100)[1120], substantial
components of shear stresses act, thus
forming the sample structure state.

Consideration of the etching pattern
crystal geometry on the (1100) plane makes
it possible to identify the dislocation type,
to measure the density p values for each
type and the distribution character with re-
spect to the sample neutral axis. In Fig. 2,
presented are the edge and screw dislocation
densities along the longitudinal axis as
functions of the coordinate perpendicular to
that axis. For the dependences obtained,
that coordinate is directed along [0001].
The p(L) plots demonstrate the symmetric
distribution of dislocation density with re-
spect to the sample neutral axis. The dislo-
cation density decrease along the [0001] di-
rection characterizes the decreasing shear
stresses from the maxima at the upper
(stretched) (0001) and the lower (com-
pressed) (0001) sample surfaces down to a
minimum ion the sample middle. The re-
sults obtained allow us to measure the fun-
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damental characteristic of dislocations, that
is, the starting stress for their motion. In
ideal crystals, this stress answers to the
crystal lattice resistance, that is, to the
Peierls-Nabarro stress, while in real crys-
tals, it can be the value of local fields of
internal long-range stresses resulting from
the dislocation accumulations. In our case,
the dislocations in the (1010)[1210] slip sys-
tem move in the variable field of shear
stresses from the sample upper and lower
surfaces towards its neutral axis and stop
near it, since the stress applied is equal to
the internal one, that is, the starting one.
To estimate the normal stresses at the dislo -
cation stopping point, let the following ex-
pression be used [8]:

_60PCK . _ (2)
O'y—WDy~11.0 M-Pa,

where P = 5 kg is the load applied; K = 15 mm,
the distance between the loading points at
the (0001) sample planes; a = 15 mm, the
sample width; 2 = 2 mm, the sample height;
y = 0.3 mm, the distance from the sample
neutral axis to the dislocation stopping
point.

Taking into account the sample crystal
geometry, the starting shear stress is evalu -
ated as

T, = 0, Ccosy [king = 3.5 M Pq, 3)

where  is the angle between the shearing
direction [1120] and the sample neutral
axis; ¢, that between the prism slip plane
(1100) and the sample neutral axis.

It is seen from the etch pattern (Fig. 1)
that in the dislocation stopping point near
the sample neutral axis [1100], there are no
sources of internal long-range stresses, as
the dislocation accumulations or small-angle
subboundaries. Therefore, the measured
value of the starting shear stress can be
related to the friction stress of the crystal
lattice, that is, to the Peierls-Nabarro
stress in the prism plane (1100) and the
[1120] direction. A comparison of the T,
value with the critical shear stress in the
prismatic slip system determined macro-
scopically using strain curves [9] shows that
the latter exceeds T, by several times. Note
that the starting shear stress measurements
are believed to be an effective experimental
method to determine the crystal lattice re-
sistance against the dislocation motion in
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defect-free single crystals. Thus, the start-
ing shear stress measurement and determi -
nation of dislocation distribution under
loading of ruby single crystals at high tem -
peratures make it possible to determine the
optimum parameter values of the crystal
thermomechanical treatment in order to im-
prove its structure perfection and to solve
the problem of the laser long-term operat-
ing stability.

To conclude, the structure state evolu-
tion in ruby single crystals under four-point
loading (pure bending) at T = 1490°C has
been studied. The regularities of dislocation
distribution with respect to the sample neu-
tral axis have been determined and the sym -
metric arrangement along [0001] has been
established. The starting shear stress for
the dislocation motion in the prismatic slip
system (1100)[1120] has been first meas-
ured. The selection criteria of optimum pa-
rameter values for the crystal ther-
momechanical treatment in order to im-
prove its structure perfection and to
provide the laser long-term operating stabil -
ity have been considered.

Authors are thankful to A.V.Ashokin
who assisted the preparation of the oriented
ruby samples.
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Po3nmoain nuciaokaiiit y MOHOKpHUCTAJIax pyoOiHy
NPH BHCOKOTEMIIEPATYPHOMY HaBaHTAKeHHI

M .E.Bocin, 1.d.36a2inyeea, B.M.36azinyes,
D.D.Jlagpenmves, B.H.Hikigpopenrxo

MeTomoM SMOK TpaBJIeHHSA TOCTiIKEHO €BOJIIOIII0 AUMCJIOKAIlillHOI CTPYKTYypPU Yy MOHO-
Kpucrajax pyOiHy Ipu YOTHPHOXTOUKOBOMY BUruHI mpu Temmepartypi T = 1490°C. Busagie-
HO CyOCTPYKTYPHI MaJIOKyTOBi rpaHumi, imeHTmdikoBaHO BUAM AUCJIOKAIilli Ta BUMIpAHO iX
rycruHu. IlokasaHo, IO I'yCTMHA I'BUPTOBHX Ta KPAWOBUX AMCJIOKALIH PO3IOAiNAETHCA CHU-
MEeTPUYHO BimHOCHO HeHTpanbHOI oci 3paska [1100] ta BizmocHO oci [0001]. Buepire Bumipsa-
HO BEJIMUYMHY CTAPTOBOI HANIPYTW 3CYBY, KOTPA Y CUCTEMi IPU3MATUYHOIO KOB3AHHA BUABU-
naca pisaoro 200 MIIa. Il BenwuywHA NOB’A3YETHCA 3 HAIPYrOI TEPTA KPUCTAIIUHOI Ipar-
Ku, TOOTO, 3 BesmumHOIO HampykeHHa Ilaitepsca-Habappo y mmomuui mpmsmu (1100) y
mHanpami [1120]. Beanumnsa crapToBOi Hampyrum € HeOOXiZHOIO [JIA 3aCTOCYBAaHHS TepMOMe-
xaHigyHOI 06POOKYU BHCOKOJOCKOHAJIUX MOHOKDPHCTANIB pybiHy Ta A BUDIIIeHHA IpobieMu
ITOBTOTPUBAJIOL IIpames3laTHOCTL Ja3epiB.
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