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Abstract

The wear resistance of crystals of corundum sliding
on cast iron was determined as a function of crys-
tallographic orientation with respect to the plane of
wear and rubbing direction and as a function of
changes of structure of crystals. The experimental
work was based on Verneuil grown single crystals of
synthetic corundum (a-Al,03); non-doped and
doped with: Cr;03 amount 0-5 and 1-5% wt.; TiO,
amount 0-1 and 0-25% wt.; CoO amount 0-1 and
0-5% wt.. Wear resistance (as an inverse of abra-
sion wear) was determined on four crystallographic
planes: (0001); {1120}; {112-12}; {1123} and
twelve rubbing directions, started from [1100]
direction, every 30°. A varying sliding rate of the
specimens of the crystals over the surface of the
cylinder of cast iron was used. The orientation of the
specimens was determined by standard Laue techni-
ques, and after this, was checked by X-ray-line-
reflection techniques (simultaneously the [1100]
direction was determined). The volume of material
lost by wear from the surface of crystals was calcu-
lated from the change of the planimetred profile of
the surface (before and after wear) of two perp-
endicular outlines of specimens. © 1997 Elsevier
Science Limited.

1 Introduction

Mono-corundum, used in the abrasive material
industry, constitutes one form of aluminium oxide
grain. Its method of production was firstly formu-
lated by Hoglund. Mono-corundum grains, pro-
duced on a full-scale basis, are fine and highly
broken-down; they raise serious difficulties in terms
of evaluating the crystallographic orientation.
With regard to such difficulties and the anisotropy
of the properties of corundum the present research
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uses corundum single crystals obtained by Ver-
neuille’s method as a model for mono-corundum
grain. The corundum single crystals, obtained by
this method, are characterised by a highly defected
crystals lattice similar to that of mono-corundum
and by the presence of internal stresses; however,
there is the possibility of orientation.

2 Experimental

In the present study, single crystals of corundum a-
Al,O; (obtained by the method of Verneuille’s)
doped with chromium, titanium and cobalt were
used:
(1) Cry0O3 in the amount:0-5 wt%(denoted K-1)
1.5 wt%(denoted K-2);
(2) TiO5 in the amount:0-1 wt%(denoted K-3)
0-25 wt%(denoted K-4);
(3) CoO in the amount:0-1 wt%(denoted K-5)
0-5 wt%(denoted K-6);
and for the sake of comparison a non-doped
(‘pure’) crystal of corundum(denoted K-0)

In order to determine the effect of doping on the
abrasive resistance of corundum crystals, their
hardness and behaviour in the process of continu-
ous grinding were examined. There was
also determined the effect of doping on the basic
structural parameters on the basis of the following
measurements:

(1) the real content of dopant (chemical analysis
and spectral analysis) — Table 1;

(2) optical absorption (before and after anneal-
ing in oxygen atmosphere at 1500°C) —
Table 2;

(3) electrical conductivity (at 1500°C depend
from different partial pressure of the oxygen)
— Table 3;
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Table 1. Determination of amounts of the dopants and impurities in corundum crystals

Crystal Analysis Cry0; TiO, CoO Si0, Fe,0; CaO MgO K;0 Na,0
type
K-O spectral + + — + + + + — — —
chemical — — — — 0-012 — — 0-04 0-025
K-1 spectral + + + — + + + — — — —
chemical 0-413 — — — 0-018 — — 0.06 0033
K-2 spectral ++ + + + + 4+ + + — —
chemical 1.278 — — — 0-019 — — 0-01 0-022
K-3 spectral ++ — — — ++ — — — —
chemical — 0-069 — — — — — — 0-029
K-4 spectral + + + — + + + — — — —
chemical — 0-153 — — 0.012 — — — 0-029
K-5 spectral + + ++ — ++ + — — —
chemical — — 0-08 — 0-0096 — — 0-02 0-044
K-6 spectral + + ++ — ++ + — — —
chemical — — 0-22 — 0-022 — — 0-03 0053
+ +occur in trace, + + occur, — don’t occur.
Table 2. Optical absorption of the corundum crystals (peak of optical absorption, in {nm])
Measurement K-1 K-2 K-3 K4 K-5 K-6
plane
(0001) 550 ; 470 570 ; 550 560 ; 490 570 + 670 640 ; 470 640 ; 540
400 ; 380 470 ; 400 500 430 470 ; 440
370
570 ; 550 570 ; 550 560 ; 480 570 ; 480 640 ; 530 640 ; 540
_ 470 ; 380 470 ; 400 430 430
{1120} 550 ; 500 570 ; 550 560 ; 490 570 ; 500 650 ; 470 640 ; 470
400 470 ; 400 430 430
370
570 ; 550 550 ; 470 560 ; 480 570 ; 480 650 ; 440 640 ; 540
_ 470 ; 400 400 ; 370 430
{11212} 550 ;470 550 ; 470 570 570 ; 500 640 ; 430 640 ; 540
~ 400 400 ; 370
{1123} 550 ; 470 550 ; 470 570 570 ; 500 640 ; 430 640 ; 540
400 400 ; 370

Italic numbers — before annealing of the crystals.

Bold numbers — after annealing in oxygen atmosphere at 1500°C

(4) lattice constants of an elementary cell —
Table 4;

(5) density of the crystals (evaluated from X-ray
analysis and measured) — Table 5;

(6) approximate values of density of the disloca-
tion — Table 6.

The hardness of the crystals was determined
using the microhardness tester PMT type, employ-
ing Vickers pyramid at a load of 100G (Fig. 3-4).
The abrasive resistance of the crystals was deter-
mined as a function of abrasive wear in process of
continuous grinding of an oriented grain (a rec-
tangular prism 2 x 2 x 7 mm, cut out from a large
oriented crystal) over the surface of a cylinder of
cast iron (Fig. 1).

The rate of abrasive wear has been presented in
the form of volumetric wear of crystals (V) per
unit of the abrasion path, determined by means of
double planimetrizing (before and after grinding)
of the grain in two projections perpendicular to

each other (Fig. 2) and calculated according to the
relation:

_ (F] +F2)(h1 + hy
48

v, ) i)

where:

F,, F, — denote the surface abrasive wear of the
grain, planimetrized before and after grinding, in
two projections (perpendicular to each other).

hy, h, — denote the linear wear of the grain,
planimetrized before and after grinding, in two
projections (perpendicular to each other).

S — denote the abrasion path.

The measurements of abrasion were carried out
at constant loading: 1kg mm~2 of the grain and
the same abrasion path; 500m, varying the crys-
tallographic planes: (0001); {1120}; , {112-12};
{1123} and varying the crystallographic directions
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Table 3. Electrical conductivity of non-doped end doped corundum crystals
Electrical conductivity of corundum crystals [Q~ cm~!]
Oxygen partial Crystallographic K-0 K-1 K-2 K-3 K4 K-5 K-6
pressure Po, [MPa] plane
10-8 (0001) 4.5010~% 1.6210°7 2.0210~7 88010°7 6.0210°° 5.6010°% 4.5210°3
{1120} 41610°% 1.011077 1.9610°7 206107 53410 1.0310~5 4.0910°°
{112 12} 9.8810° 61210 8341078 9.5410°7 2.0710°¢ 710107 7.5410°¢
i_ll_’3_} 264108 53410°% 8.1210% 9.0610~7 99410-7 2.4010~¢ 455107
10-3 (0001) 7.9510-% 260107 2.5010-7 191107 4.0010-% 9.0710~°% 2.00 10°3
{1120} 7.9210-% 228107 3.0010~7 9-8910-7 1.2210°¢ 84310¢ 1361073
{112 12} 4.1210°% 82910~% 4.4010°% 666107 8071077 85210 686107
{1123} 502107 80010°% 1211077 6601077 7-151077 123107 5.9410°°
0-02 (0001) 6631077 6.8810~7 81510~7 25010°7 6.5010° 9.8210°°% 4.0310°°
{1170} 54010~7 6.8710°7 7.1810~7 57510~ 535107¢ 3.27107° 5131073
{115-_12_} 52710°% 7.5610~% 4.541077 9.8310°7 22110 1.6310~° 8121073
ﬂl_l?_} 8421077 90210 3.8610~7 4.4010~7 2.0310°¢ 3.4010~¢ 7.0510°¢
0-1 (0001) 4201077 9011077 1.2010°°® 2.5310~% 8.1010-° 1.0710~° 1.0010~*
{11Z0} 360107 889107 99710~7 3.1710~> 8871075 5.6610~> 1.0210~*
{11212} 94110°% 1.021077 6331077 9891077 342107 3.0410~> 1941073
{1123} 634107 1.0010~7 6021077 1.0510~% 3.1710°% 3.2210~% 9.07 10~
Table 4. Values of the lattice constants of an elementary cell of the corundum crystals
Parameter K-0 K-1 K-2 K-3 K-4 K-5 K-6
a[A] 4.7426 4.7519 4.7543 4.7569 4.75717 4.7508 4.7543
Aa[A] —0-0165 0-0093 0-.0117 0-0443 0-0151 0-0082 0-0117
c [A] 12-9660 12-9795 12.9761 12-9501 13.0066 12-9701 12-9954
Ac[A] —0.0234 0.0101 0.0235 —0-0159 0-0406 0-0041 0-0294
vV [Af 252.923 253.824 254.205 253.774 254.974 253-516 254.381
AV [A?] —1.857 0-901 1.202 0-851 2.051 0-953 1.458
(2,=47591 A; c,=12-9894 A; V,=254.78 10-28 cm® Handbook of Chemistry and Physics. CRC-Press).
Table 5. Density of corundum crystals (evaluated from X-ray analysis and measured)
Density [g em™3] K-0 K-1 K2 K3 K4 K-5 K-6
p evaluat. 4.0213 4.0068 4.0153 (1) 4.0042 (1) 3.9842 (1) 4-0084 (1) 3-9982
(—0-0245) (—0-0060) (—0-0171) (—0-0371) (—0-0129) (—0-0231)
(2) 4-0030 (2) 39853 (2) 40119 (2) 40071
(—0-0183) (—0-0360) (—0-0094) (—0-0142)
(3) 40113 (3) 3-9867
(—0-0100) (—0-0346)
(4) 4-0063 (4) 3.9946
(—0-0150) (—0-0267)
p measur. 4.0289 4.0142 4.0237 4.0178 4.0049 4.0096 4.0014
(—0-0147) (—0-0052) (—0-0111) (—0-0240) (—0-0193) (-—0-0275)

(1); (2); (3); (4) — mean, taken pattern of solve of the dopants: (in brackets) — difference between density of pure and dopened

recorder of
sliding rate

cylinder of cast iron

grain of crystal

clamp
dynamometer

speed governor

grain shift
governor

Fig. 1. Block diagram of the measurement system of abrasive wear.
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Table 6. Approximate values of density of the dislocation of the corundum crystals {linescm~2] (evaluated from X-ray measure-

ments)

Measurement K-0 K-1 K-2 K-3 K-4 K-5 K-6
plane

(0001) 2-89 107 7-69 106 826 10° 1.42 107 2-39 107 9.51 10 1-15 107
{1150} 1-69 107 7.25 106 9.21 108 8-44 10°¢ 9.32 10¢ 6-03 106 8-37 108
{115- 12} 590 10° 8-38 104 1-13 10° 5.65 10° 6-09 10° 7.08 104 842 10*
{1153} 594 10° 7-59 104 2-56 10° 6.02 10° 6-26 10° 9.84 104 1.53 10°

3000

o= A e

Fig. 2. Planimetrizing system of perpendicular projections
before and after wear.

of abrasion: starting from the direction [1100] and
changing direction every 30° around the circum-
ference of a circle, and varying the sliding ratio 1-6;
3.2; 6-4; 12.5 and 25m s~!. The results of abrasion
wear (volumetric wear of crystals per unit of the
abrasion wear [m3m~'] in logarithmic scale) are
shown in Figs 5-24 (all for the crystallographic
planes (0001); {1120} and some selected for the
planes {112-12}; {1123}.

Additionally, to verify the hypothesis about the
influence of the dopant on the mechanical proper-
ties of corundum single crystals calculations were
carried out concerning: the linear correlations
between two variables by the last square method;
the significance of linear correlations between
abrasive wear (for abrasive wear the value V, was
selected for three abrasion directions 90; 180 and
270° at three abrasions rates: 3-2; 6-4 and 12.5m
s~!) and the real density; the dislocation density on
the particular planes of the examined crystals.

3 Discussion

During the formation of corundum single crystals
the volatilisation of a part of the dopant was
observed which suggests the necessity to determine
the part of the dopant retained in a monocrystal-
line block during the production process of mono-
corundum under industrial conditions. The pre-
sence of dopant leads to the creation of different
defects in the crystals.

3.1 Cr-doped corundum crystals
The dopant of chromium (chiefly Cr*3) in corun-
dum crystals substitutes for the ion Al*3, generally

2500

2000

K-l {1120}
K-2 :

K-3 0001

K4 s (0001}

K-6

Fig. 3. Microhardness of corundum crystals measured on crys-
tallographic planes (0001) and {1120}.

without producing any other defects. It becomes
uniformly distributed close to the examined surfa-
ces, and in comparison with non-doped corundum
crystals, it contributes to the formation of crystals
with mosaic blocks of greater dimensions and
lower values of the dislocation density.

As a dopant in corundum, chromium causes
considerable hardening by doping, based on the
mechanism of solid-solution hardening, which is
especially noticeable at the content 0-5 wt% of
Cr,0;, at which the most advantageous mechanical
properties have been obtained (increasing abrasion
resistance, microhardness). On the other hand, a
higher content of chromium; 1.5 wt% of Cr;O3
induces a marked deformation of the lattice,
caused by the difference in the ionic radii Cr*3(+2
and Al*3, and by the appearance of a part of the
dopant in the form of microprecipitations which
are manifested by an increase in the dislocation
density, by the occurrence of finer mosaic blocks
and, as a consequence, by a deterioration in the
mechanical properties.

The lattice deformation of corundum crystals
doped by chromium ions arises from the following
incorporation reaction:

xCryO3 + (1 — x)A1203 = Al _2,Cr;«0;

3.2 Ti-doped corundum crystals

The dopant titanium (chiefly Ti**4 and small
amounts of Ti*3) in corundum crystals substitutes
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2000

1500 _
{1123}
K-3 {11212}

Fig. 4. Microbardness of corundum crystals measured on
crystallographic planes {112-12} and {1123}.

for the ion Al™3, which induces the occurrence of
additional defects: Al vacancies (V4;) and/or oxy-
gen interstitial ions, O~2. Because of considerable
differences in ionic radii between Ti*#*3 and
Al*3, deformed crystals are formed with consider-
able internal stresses, and with dislocation density
values and the magnitude of the mosaic blocks not
much different from the corresponding values in
non-doped corundum crystals.

The dopant titanium in the amount 0-1 wt% of
TiO, produces the effect of hardening by doping,
based on the mechanism of solid-solution harden-
ing. An increase in TiO, content up to 0-25 wt%
resulted in considerable worsening of the examined
mechanical properties to values comparable with
those obtained for non-doped corundum crystals.

The proposed models of the lattice deformation
of the corundum crystals doped by titanium ions:

(1) for Ti*3=3xTi0; + (1-x)ALO; « Al_,
Ti3,03;

(2) for Ti** — with Al vacancies 3xTiO, +
(1-2x)A1,03 > Aly_4,Ti3 03 + Vay

(3) for Ti** — with interstitial ions O~2 —
2xTiO; + (1-x)AL0; « Aly_5,TiryO3_4;
(4) for Ti** — with vacancies Al and inter-

stitial ions O~2 —xTiO0;+ (1-x)Al,03; «
Alz_ZXTiXO3_x + XVAI + XVo.

3.3 Co-doped corundum crystals

The dopant of cobalt (Co™3 and Co*?) in corun-
dum crystals substitutes mainly for the Al*3 ions
with the following results:

(1) in the case of Co™*3 it does not produce any
additional defects;
(2) in the case of Co™? it causes additional for-
mation of the vacancy O(Vop).
The presence of Co*2 ion of a great ionic
radius causes considerable ‘swelling’ of the
structure of corundum and the occurrence of

stresses. Besides this it is responsible for a
decrease in the dislocation density and for
the formation of the largest (among the
examined crystals) mosaic blocks.

Similary, as for chromium, cobalt induces
considerable hardening by doping, based on
the mechanism of solid-solution hardening at
the content 0-1 wt% of CoO; at the content
0-5 wt% of CoO distinct changes in the
mechanical properties were not observed in
spite of great ‘swelling’ of the structure. This
suggests that besides the mentioned mechan-
ism of solid-solution hardening the mechan-
ism of precipitation hardening begins to
interact.

The proposed model of the lattice defor-
mation of the corundum crystals doped by
cobalt ions:

(1) for Co*? — with vacancies O — 2xCoO
+ (1-x)AL0; < Al_5,C0303_ +
xVo;

(2) *for Co*" — 3xCo00; + (1-x)ALO; «
Aly_2,Co03,0;.

Application of chromium, titanium and cobalt
dopants in the production of modified mono-cor-
undum crystals will be advantageous on account of
the marked improvement of the mechanical prop-
erties of corundum crystals (abrasion resistance,
microhardness).

The dopants chromium and cobalt have a parti-
culary advantageous effect, while titanium gives
this effect only up to the content 0-1 wt% of TiO,.
All dopants additionally caused an increase in the
brittleness of the monocrystals which should have
an advantageous effect on the self-sharpening abil-
ity of mono-corundum.

The examined samples revealed distinct aniso-
tropy of the properties depending on the crystallo-
graphic plane and the direction of abrasion. Very
good results (high microhardness and abrasive
resistance) were obtained on the crystallographic
planes basic (0001) and prismatic {1120}, which
are especially advantageous as these planes occur
in a natural way on the corundum surface.

An analysis of correlations between abrasive
wear and densities of crystals (as a function of lat-
tice deformation) and between abrasive wear and
dislocation density has shown that there exists a
linear correlation between these parameters for
all dopants on the basic (0001) and on the pris-
matic {1120} planes. On the remaining planes a
correlation has been found for the dopant cobalt
(on the planes {112 - 12}; {1123} and chromium (on
the plane {112~ 12}).
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Fig. 5. Abrasive wear of non-doped corundum crystals versus wear directions and at the different sliding ratio; crystallographic
plane (0001).
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Fig. 6. Abrasive wear of non-doped corundum crystals versus wear directions and at the different sliding ratio; crystallographic
plane{1120}.



Wear Resistance of Crystals of Corundum Doped with Cr;03, TiO; and CyO 1603

270 90

—-Tccl6ms —-®-—32ms — =4 = 64mis cct - 125mk —8—— 25mks

Fig. 7. Abrasive wear of Cr-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane (0001).
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270 p——— *— 3.000 90

240

180

—-{F--16ms —-®-—32ms ——4& — 64mis "¢ - 125ms — B — 25mis

Fig. 8. Abrasive wear of Cr-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {1120}.
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Fig. 9. Abrasive wear of Cr-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {112-12}.

180

—----16ms —-®-—32ms — & — 64mis

¢ 12.5mfs 8 25mb

Fig. 10. Abrasive wear of Cr-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {1123}.
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0 {1100]

270

180

—-O---16mk —-®-—32ms =& — 6dmk ---<-- 125ms —B— 25ms

Fig. 11. Abrasive wear of Cr-doped (1-5 wt%) corundum crystals versus wear directions and at the different sliding ratio;
crystallographic plane (0001).
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270 o 60008 3 90

240

180

—-O-ccléms —-®-—32mk — —A = 6dmis ---o-- 125mk —8—— 25mh

Fig. 12. Abrasive wear of Cr-doped (1-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {1120}.
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—-{--16ms —-€-—32mk ——A — 64mk - - 125mis — B 2BSmk

Fig. 13. Abrasive wear of Ti-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane (0001).

180

1—'43-"1.6mls —-®-—32ms ——& = 64mis - O 125ms —@— 2Smk

Fig. 14. Abrasive wear of Ti-doped (0-1 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {1120}.
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0 [1100]

90

270

180

—-DO-—16ms —-®-—32mks — —& — 64mh @ 125mis —8— 25mk

Fig. 15. Abrasive wear of Ti-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {112 - 12}.

90

“cD~--16msk —-®-—32mk — =k — 64mk @ v 125mls — 8 25mis i

|

Fig. 16, Abrasive wear of Ti-doped (0-5 wt%) corundum crystals versus _wear directions and at the different sliding ratio; crystal-
lographic plane {1123}.
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0 {1100
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180

=D 16mks —-®-—32mis ——A — 64mis - O-- 125mis —8— 25mis

Fig. 17. Abrasive wear of Ti-doped (0-25 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane (0001).

270

180

=D l6ms —-9-—32ms — =& = 64mis ----- 125mis —8—— Smis

Fig. 18. Abrasive wear of Ti-doped (0-25 wt%) corundum crystals versus wear directions and at the different sliding ratio;
crystallographic plane {1120}.
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[

270 90

180

Sl L6ms —-®-=32mk — —A = 64mk ---¢-- 125m5 —8— 25mk

Fig. 19. Abrasive wear of Co-dcped (0-1 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane (0001).
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270 90

180

—-O---léms —-®-—32mis — -4 = 64mk - 125mis -l——25m/sj

Fig. 20. Abrasive wear of Co-doped (0-1 wi%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {1120}.
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o (100}

270

180

—-{--16ms —-O®-—32mis — —&k — G4mis < 125mfs ——&— 25mis

Fig. 21. Abrasive wear of Co-doped (0-1 wt%) corundum crystals versus wear directions and at the different sliding ratio; crystal-
lographic plane {112 - 12}.

90

180

—-O---léms —-®-—32ms ~—k — 64mE O 125mks —8— 25 mis

Fig. 22. Abrasive wear of Co-doped (0-1 wt%) corundum crystals versus wear directions and at the different sliding ratio;
crystallographic plane {1123}.
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0
[1100]

270 9

180

=l 16ms T ®-—32mk — A = 64mis " "¢ 125ms —8—— 2Smis

Fig. 23. Abrasive wear of Co-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio;
crystallographic plane (0001).

180

=~-ri=--l6ms —-®-—32mis A — 64ms " 125mis 8 25mk

Fig. 24. Abrasive wear of Co-doped (0-5 wt%) corundum crystals versus wear directions and at the different sliding ratio;
crystallographic plane {1120}.
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