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Investigation of damaged layer formed at
mechanical treatment of sapphire using
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The methods of three-crystal X-ray diffractometry were used for investigating struc-
ture perfection in surface-adjacent damaged layer (DL) formed in the process of mechani-
cal and chemical-mechanical treatment of sapphire crystals with the surface orientation
(0001), (1120). Analysis of the diffraction reflection curves made it possible to establish
the structure and character of distortions in the DL. There was established the mean-
square disorientation between the fragments, which allowed to characterize the defects
structure of the surface-adjacent DL.

MeTogaMu IIperM3MOHHON TPEXKPUCTAJBHOU PEHTreHOBCKOU AU(MPAKTOMETPUM MCCJIEI0-
BaHBl COBEPIIEHCTBA CTPYKTYPHl B HpuiloBepxHOocTHOM HapyinenHom ciaoe (HC), obpaszosas-
mIieMcs BO BpeMs MEXAaHHYECKOU M XMMHUKO-MeXaHUUYecKoll o0paboTKu camdupa ¢ OpUeHTa-
uumeit mosepxuoctu (0001), (1120). Ananus KPUBBIX AUMDPAKIMOHHOTO OTPAIKEHUS IIO3BO-
JIAJ YCTAHOBUTH CTPYKTYPY U xapakrep uckamenuii B HC. Ompegenena cpegHeKBagpaTHYHAA
pasopueHTAIIMA MeMXIy (parMeHTaMHu, UYTO II03BOJMJIO OXapaKTepus0BaTh Ae()eKTHOCTH
CTPYKTYPHI npumnosepxuoctuoro HC.

BukopuctraHHA METOAIB TPHKPHCTAJBHOI peHTreHiBcbKol audparxTomerpili mpu go-
CIiM;KeHHI TMOPYNIEHOTO MAapy, M0 YTBOPUBCHA BHACHIMOK MeXaHiuHOI 00poGKH camdipy.
B.®@.Trxauenro, C.I.Kpusonozog, O.T.Byoniros, 0.0.JIyrienrxo, 0.0.Bosk.

MeTtomamMu npenusiiinol TPUKPUCTANBLHOI pPeHTreHiBChbKOI audpaxTomMeTpil pocaimkeno
MOCKOHAJOCTL CTPYKTYPU Y TPUIOBepXHEeBOMY mopyrienomy tapi (IIII), o yTBOpmMBeSA mif
yac MexaHiunol rta ximiko-mexamiumoi o6pobru camndipy 3 opienramiero mosepxui (0001),
(1120). Anaxis KpuBUX IUPPAKIIAHOrO BigOUTTA J03BOJUB BCTAHOBUTH CTPYKTYPY T4 Xa-
pakTep cnoTtBopenb B IIIl. BeranoBieHOo cepefHLOKBAAPATUUHY pasopieHTtalniio Mimk dpar-
MEHTaMU, IO JO3BOJIMJIO OXapPaKTepnsyBaTu MeeKTHICTH CTPYKTYpPH mpumnoepxHesoro ITITT.
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1. Introduction

The problem of damaged layer (DL) in
sapphire crystals has considerable practical
significance while solving various techno-
logical tasks [1]. Such a layer is formed on
the surface at all the stages of mechanical
treatment of the crystal: cutting, grinding,
mechanical polishing.

Up to now a unified model of the struc-
ture of DL has not been developed. How-
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ever, the model reported in [2] is considered
to be most realistic. In its frames the dam-
aged layer consists of three successive
zones: distorted amorphous or polycrystal-
line layer, distorted cracked layer with con-
siderable disorientation of single-crystalline
fragments, and the crystal matrix with ele-
vated vacancy density of vacancies and dis-
locations. As reported in [3], besides the
matrix there is observed a zone with a
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depth up to 1.5—2 um containing crystal-
lites with block disorientation angles of sev-
eral degrees. According to different
authors, the depth of the layer damaged by
treatment reaches 50-70 um. The structure
of each zone is defined by the character of
the action of cutting tool on the crystal, the
treatment conditions, the abrasive grain
size. The processes of deformation in the
DL are essentially influenced by lubricating
and cooling liquors used at treatment [4].
Various ideas of the structure of the dam-
aged surface-adjacent layer may be con-
nected with different investigation methods
which imply fixation of either all the zones
or only some of them [5-T].

In this connection, precision methods of
three-crystal X-ray diffractometry (TCD)
are informative enough [8]. They have been
used for characterization of the structure
perfection of sapphire single crystals grown
under reducing conditions [9-13].

The aim of the present work was to in-
vestigate the structure of the damaged sur-
face-adjacent layer formed in the process of
mechanical treatment of sapphire single
crystals, using the methods of TCD.

2. Results and discussion

The study was performed on
200x200x35 mm3 crystals grown by the
method of horizontally oriented ecrystal-
lization in reducing gaseous medium [14,
15].

The rectangular part of an ingot of sap-
phire crystal with the orientation (0001)
was used to cut out ingots with the dimen-
sions 40x40x35 mm?3 and the orientation of
the faces (0001), (1120) and (1010), the
orientation accuracy being <0.5°. From
these ingots there were obtained plates of
the orientation (0001) and (1120) with a
thickness of 0.4 and 0.7 mm. For cutting
we applied a diamond wheel with attached
abrasive of a graininess of 125/100 using
lubricating and cooling liquor. One side of
these plates was subjected to mechanical
polishing (MP) by means of a diamond abra-
sive ACM 28/20 followed by chemical-me-
chanical polishing (CMP) in silicon dioxide
suspension to completely remove the dam-
aged surface-adjacent layer [12-14]. The
other side of the plates meant for X-ray
investigations underwent one of the follow-
ing kinds of treatment: cutting by means of
diamond disk, MP using ACM 28/20 abra-
sive, or CMP. X-ray diffraction study was
carried out on a three-crystal X-ray diffrac-
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tometer in Cu K, j-radiation [16]. Diffrac-
tion reflection curves (DRC) were recorded
in the Bragg geometry for symmetric and
asymmetric reflections, different values of
the Bragg angle © (Table) and the angle of
incidence of the primary beam on the inves-
tigated sample o at asymmetric survey. This
allowed to obtain information concerning
the structure perfection of the DL at differ-
ent depth. At the angle ©® ranging from
18.89 to 62.19 ang. deg. the depth of X-ray
penetration changes by 13.6 times. This
value can be essentially varied depending on
the radiation wavelength A. For Cr K, the lin-
ear coefficient of absorption p for AlL,Oj is
388.97 em™!, for Cu Ky uw=126.0 em 1, for
Mo K, n=18.97 em 1, ie. for the given
radiations w changes by 27.8 times. Pre-
sented in Table is the depth of penetration
of monochromatic ray estimated on the as-
sumption that it is equal to 1/2u, taking
into account the reflection angle ©® for sym-
metric reflections and the angle o at asym-
metric survey.

When using a 4 mm vertical slot located
behind the second monochromator the
height of X-ray beam incident on the stud-
ied sample is 14 mm. For the beam with a
width of 0.05 mm it is easy to calculate the
area of the irradiated sample surface S tak-
ing into account the angle © (Table). Since
the total intensity of all the peaks is pro-
portional to the area S, the area of a frag-
ment of DRC peak is determined from the
quantity of fragmented DRC peaks for the
reflections (4048) and (3030) (Fig. 1-3)
and the intensity I,,. of the considered
peak. Assuming that a fragment of a crys-
tallite on the sample surface is of round
shape with the area S = nD2/4 one can de-
termine the crystallite diameter (Fig. 4).
The irradiated sample surface contains dis-
oriented crystallites which produce reflec-
tions at angles O; lesser or larger than Opg.
Therefore, one can determine the mean-
square turn of the crystallites ¢ as

@O

n-1 "~

where n is the quantity of the crystallites.

From DRC (Fig. 1) it is easy to measure
the maximum angle between two crystallites
located on the irradiated surface A®,,,,. The
characteristics halfwidth of the DRC f, the
width (' measured at 10 % height of the
DRC maximum, integral reflection power Rp,
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Table 1. Parameters characterizing structure perfection of investigated samples

Fig. 1. DRC recorded in the Bragg geometry
using TCD for the asymmetric reflection
(4048), the crystallographic orientation of
the surface (0001): I — without damaged
layer (the scale 1000 pulses/sec), 2 — with
damaged layer (the scale 100 pulses/sec).

mean-square turn of the -crystallites o,
angle between the fragments A®,,,.  and the
distribution of the crystallite sizes (Table,
Fig. 4) describe the DL completely enough.

The use of X-radiation with different
values of A, the diffraction angle © for dif-
ferent reflections and survey geometry
makes it possible to obtain information con-
cerning structure distortions in the depth of
the surface-adjacent layer. Step-by-step re-
moval of the DL using CMP [14, 15] allows
to determine its thickness 2 from the de-
pendences P(#) and Rg(h).

For the samples of a chosen thickness ex-
amined in the Laue geometry with registra-
tion of reflected and anomalously transmit-
ted X-rays, (R;) and (T;), respectively, there
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Reflection | @, S.10—6, d, um Cutting using diamond disk Mechanical Chemical-
deg. | pm? with a graininess of 125/100| treatment using mechanical
ACM 28/20 polishing with SiO,
B, B/a R106 o, A®, B, B/, RlOG B, B/a RlOG
sec | sec sec | sec | sec | sec sec sec
(0006) |20.84| 1.96 [14.12|59.1| 252 | 7.14 |91.2550.8 14.1 |59.2| 5.4 6.7 | 25.2 | 4.82
(00012) |45.83| 0.98 |28.24|54.3 |108.2|88.25|85.4318.8 12.6 |52.9| 22.5 | 6.5 | 24.1 | 18.1
(1120) |(18.89| 2.16 |12.85|61.7 | 321 | 33.6 126.6/ 504 | 18.9 |58.4| 37.9 | 7.6 | 30.4 (29.6
(2240) (40.36| 1.08 |25.70|30.9 |141.4| 32.4 (85.9|312 | 23.4 [96.0| 19.2 | 6.7 | 26.2 | 12.4
(8360) |[76.25| 0.71 |38.54|32.1|138.8| 14.2 (84.2|280 | 26.8 | 182 | 39.4 | 18.8 76 |36.2
(4048) |62.19| 8.48 | 3.25 | 249 | 501 | 35.1 | 204 | 682 | 24.8 | 104 | 32.8 | 11.2 | 46.2 |12.87
surface
(0001)
o=4.7°
(3030) 34.1 | 9.79 | 2.84 [267.4| 494 | 22.2 | 175 | 784 | 25.4 102.2 78.6 | 8.2 | 33.4 | 32.2
sur{ace
(1120)
o=4.1°

Fig. 2. DRC recorded using TCD in the Laue
geometry, the reflection (8030), the crystal-
lographic orientation of the surface (1120):

1 — in the absence of the damaged surface-
adjacent layer (the scale 1000 pulses/sec),
2 — in the presence of the damaged surface-

adjacent layer (the scale 200 pulses/sec).

is fulfilled the condition of dynamic reflec-
tion in the approximation of "thick crystal”
(500-1500 um), where R;=T; [8, 9]. The
DRC measured on the crystal surface with
the DL after their cutting are characterized
by widening of the rocking curve [ and {’,
the increase of the Rp, as well by fragmenta-
tion caused by the presence of turned crystal-
lites in the cracked layer.

Presented in Fig. 2 is the character of
the shape of DRC for the reflection (3030)
in the Laue geometry (R;) for 0.4 mm thick
sample with the DL on the surface (1120).
The DRC has the fragments I, II, III of
macrocrystallites formed in the cracked
layer. The diameter of the fragments is
~700-730 um, the angle between the frag-
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Fig. 3. DRC recorded using TCD in the reflect
Laue geometry (I) and in the Laue geometry
transmission (2) for the reflection (3030). The
thickness of the sample is 0.7 mm.

ments I-III A®,,,, is ~154 sec, the angle
between the fragments I-II A®,,, is
~92 sec. As seen from Fig. 2, each DRC
fragment is split into a great number of
smaller fragments. This is due to the pres-
ence of smaller microcrystallites with
smaller angles between them. The character
of the distribution of the microcrystallite
sizes in the DL is shown in Fig. 4b. Distinc-
tions in this distribution (Fig. 4) are caused
by the fact that in the asymmetric Bragg
diffraction (Fig. 1) the data are obtained
from the upper DL surface, whereas the
survey in the Laue geometry is carried out
within the whole of the DL bulk. In the case
of the Bragg geometry, fragmentation of
the microblocks which results in fragmenta-
tion of the DRC is mainly due to the pres-
ence of turns around (1120). In the Laue
symmetric diffraction this fragmentation is
caused by the presence of turns in the direc-
tion (1010). The maximum turn of the mi-
crofragments in the DL of the irradiated
sample surface does not exceed 0.3 deg.
Such a turn is caused not by the neighbor-
ing microfragments, but by the crystallites
with the maximum deviation ©; from the
calculated value Op, thereat ©; <Op and
©’; > ©p. The values AQ,, =0, + 0 are
presented in Table. The averaged parameter
of the turn of the crystallites in the DL is
characterized by the values f, P, ©
(Table). The presence of the DL on the sam-
ple with a thickness of 400 um did not
allow to record the DRC for the anomal-
ously transmitted X-ray T;, i.e. in the in-
vestigated sample the Bormann effect was
absent. At the same time, for the sample
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Fig. 4. Character of distribution of the sizes
of crystallite fragments in the surface-adja-
cent damaged layer after cutting of the crys-
tals using diamond disk. The calculations are
made for DRC: a — shown in Fig.1; b —
recorded in the Laue geometry, the reflection
(3030), the sample thickness is 400 pm.

with a thickness of 700 um and the DL on
the surface (1120) DRC have been regis-
tered both for the reflected (R;) and for
anomalously transmitted X-rays (T;) with
fragmentation clearly seen for both R;, and
T; reflections (Fig. 3). For these reflections
there is established DRC widening up to
B = 17.5” caused by the presence of turns
of the crystallites in the cracked layer (Fig. 3).

The presence of the Bormann effect in
the crystal bulk and in microfragments of
the crystallites formed due to mechanical
treatment testifies that there is no essential
rise of dislocation density in the DL. The
same conclusion was also made in [17].
Using the method of X-ray topography at
indentation of the surface of sapphire crys-
tal by means of diamond indenter, the
authors observed only diffraction contrast
from dislocations at the top of cracks, but
not in the crystal bulk.

4. Conclusions

The use of the methods of precision
three-crystal X-ray diffractometry in sym-
metric, asymmetric Bragg and Laue diffrac-
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tion geometry makes it possible to obtain
qualitative and quantitative characteristics
of the DL in surface-adjacent layers of sap-
phire crystals which appear due to mechani-
cal and chemical-mechanical treatment. The
presence of cracked layer formed after me-
chanical treatment leads to fragmentation
of the DRC. This allows to determine not
only the structure-sensitive parameters such
as B, f';, Rg, but also to calculate the mean-
square disorientation between the frag-
ments o0, the maximum angle between the

crystallites A®,,,., as well as to establish
the character of the distribution of the
crystallite sizes on the surface of the inves-
tigated sample.

The presence of the fragments with small
(up to 0.8°) angles of turns formed in the DL
of sapphire crystals due to mechanical treat-
ment testifies that even at cutting of the
crystals by means of diamond disk using lu-
bricating and cooling liquid the mechanism of
DL formation comprises not only brittle frac-
ture, but also plastic deformation.
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