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THE CHARACTERIZATION OF THE DANAGE INTRODUCED DURI~r; 
r.f!CRO-EROSION OF MgO SINGLE CRYSTALS 

* J. Narayan 

LBL-887 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

The plastic damage introduced in ~gO sin~e crystals by bot!'ll>ardMent with 

A1p
3 

mi.crospheres (0.3, 20 and 27JJ dia) has been studied usin~ optical, trans­

mission and scanning electron microscopy. Most of the damage is in the 

form of dislocation dipoles (two closely spaced dislocations of opposite 

sign) which lie on {ilO} slip planes. The dislocation density increases 

with the increase in the energy of the impinging particles. Using 

stereo-microscopy the damage has been shmm to be uniformly distributed 

in thin foils. Studies done on indentations produced by a sharo pin show 

a very high density of single dislocations. 

* Present address: Solid State Division, Oak Ridge National Laboratory 
Oak.Ridge, Tennessee 37830. 
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I. INTROOUCTIP~ 

Erosion refers to the disintegration of materials due to imninging 

particulate matter in the form of dusts or other small particles. Ero-

sion is often detrimental, as is evident from recent experiences with 

turbine engines in helicopters .. ·The cost of maintaining such engines 

in dusty environments is appreciable. Air filtration has alleviated 

the problem somewhat, but filtration reduces both payload and engine 

performance. Erosive action of particles are also used for beneficial 

purposes. For example, sand blasting techniques are often employed to 

• clean stone or masonry structures and rock cutting. 

The basic problem of the designer is to optimise the effects of 

erosion and to have a fairly good knm'lledge of erosion rate under a 

given_set of conditions. This. requires an understanding of the 

mechanism of the erosion process; in other words, the nature of the 

plastic damage introduced during erosion. 
. 1-3 

The theories based on 

macro-experi~ental facts to predict the erosion rates lack the firm 

support for the assumptions made. 

The purpose of this paper is to present a detailed study on the 

nature of the plastic damage produced during erosion. The preliminary 

4 results have already been reported. 

.. 
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II. EXPERIME~TAL 

Magnesium oxide in form of large grains had the following impurities 

in PPN: Al-200; Si-200; F-30. Thin {100} slices were obtained by cleav-

ing large grains along {100} faces. The surface damage was removed by 

chemi~al polishing in hot (150-160°C) phosphoric acid. Thinning was 

continued from both sides to a thickness of about.O.OScm. These thin 

crystals '"ere then etched in the solution, 5 parts of saturated ammonium 

chloride.. 1 part of sulfuric acid and 1 part distilled \'later, at room 

temperature for about 15 min. Conical pits develop where dislocations 

• emerge through surfaces. Dislocation free areas were bombarded from one 

side by AI 2o3 particles of n.3, 20 and 27 ll in diameter, at about ~no· from the 

(001) surface of the crystal using a pressurized gun at 65 lbs. The 

crystals were cleaned by air, distilled water and methyl alcohol and 

then re-etched. The plastic damage was examined by optical microscopy, 

scanning electron microscopy and transmission electron microscopy in 

accordance with the following techniques: 

(i) Optical microscopy: A Zeiss optical microscope \vas used. After 

etching, the plastic damage in the regions hit by particles is revealed in 

the microscope. 

(ii) Scanning electron microscopy: since NgO is non-conducting, a 

thin conducting layer \.,ras needed to examine the samples in the scanning 

electron microscope. A thin layer of aluminum ("-' 80 A) \\as deposited on 

samples which \,·ere already etched. A JS'I-F3 scanning electron microscope 

was used to make observations. 

I I 
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·{iii) Transmission electron microscopy: bombarded samples were 

cleaned by the method described above and then chemically polished from 

the unbombarded side using a jet polishing technique. 5 A thin region for 

transmission electron microscopy was cut along ( 100 > bY: a blade. A lOt) keV 

Siemens and the Berkeley 650 keV Hitachi ULicroscopewere used. The high 

voltage microscopy is .superior in resolution, penetration thickness and lens 

aberrations to the low voltage microscope. 

In another set of experiiilents, a given.area of.a thin foil was first 

photographed using transmission electron micro~copy and then the 'same area 

was bombarded and rephotographed. This way one can be SUJ:"e of initial dis- . 

location density. Stereo microscopy was done to find the depth distribu-

tion of the plastic damage. The annealing of the damage either by heating 

the samples outside or by removing the condenser aperture was also studied. 

The plastic damage was also introduced i~ thin crystals (lxlx.os em) 

by indenting with a sharp pin. These crystals were polished from the 

other side and examined in the microscope. 

III. RESULTS 

MgO has. six {110} ( llO ) slip systems, four ( (lOl){lOl], (lOl) [101] 

and (Oll)[Oll], (Oll)[Oll]) at 45·degrees to the (001) surface (hence­

forward to be referred as (101) 45 o and (011) 45 o) and two ((llO)[llO], 

(llO)[llO] at 90 degrees to the (001) surface (henceforward to be referred 

as (ll0) 90o planes). 

Figure la is an optical micrograph of (001) surface ~•hich has been 

bombarded by 0.3 ~ particles at about 85 degree from the surface and sub-

sequently etched. Near the points A, B, C anrl D there is a "rosette" 

shaped structure, showing the slip on {110} planes. Dark contrast in the 

.. 
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center is due to some erosion of the surface. Since· the particles were 

bombarded at -aso from the (001) surface, the resolved stresses on (110) 900 

planes are very small. That is why "rosettes" are more elongated along 

[100] and [010] directions than along [110], [llO] directions. When the 

deformed crystal is viewed along [001] direction, the plastic damage on 

(Oll)[Oli] and (Oll)[Oll] slip systems is projected along [100] direction, 

and the damage on (101) [lOll and_· ClOl) [101] slip systems along [010] 

direction. However, the damage on (110) [llCl] and (llO) [110] slip systems 

is projected along [llO] and [110] diTections respectively. Figure lb 

shows the optical micrograph of the (001) surface bombard.ed by 27 ll parti-

cles at about 75 degrees from the surface arid then etched. In this case 

"rosettes" are revealed clearly because slip is occurring in all six 

{110} ( I_10 ) slip systems. These optical observations are sim:i.lar to those 

of Stokes, Johnston and Li in Mgo. 5 

Figure 2a is the scanning electron micrograph of the surface shown in 

Eig. la. At points A, B and C micro-erosion and associated slip is revealed. 

Figure 2b shows the surface after being bombarded by. 27 l.l particles. At A, 

B and D (Fig. 2b) ther·e is both slip and erosion but at point C there is only 

slip and no erosion. Notice the crack at the point A. 

The plastic damage increases as the size of the particles increases • 

. Figure 3a is an electron' micrograph (100 kV) for 0. 3 l.l particles using the 

diffraction vector g = [200], the damage on (ll0)90o and (101) 45 o planes is 

in contrast. Figure 3b shows the same area for a = 
0 [020], revealing the 

damage· on (ll0) 90 o and (011) 45 o planes. Notice the disappearance of the 

carnage in (101) 45 o planes in Fig. 3b. Figure 4a isa 100 kV electron 

micrograph for 27 l.l particles for g = 200.· Figure 4b is the same area for 
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g = [020]. Notice the disappearance of the damage on (101)
45

o plane in 

Fig. 4b. T~e damage on (110) 90 o planes is less because the direction _of 

bombardment is very close to [001] direction. Notice the higher disloca-

tion density in Fig. 4 than that in Fig. 3. 

Figures · 5 through 7 are 65° kV high voltage mic.rographs. Figure 5a 

is for the diffraction vector g = [200], revealing the damage on (110)
90

o 

planes and (101) 450 planes for 10 ll particles. The damage alorig [110] 

and [llO] is on (110)
90

o planes and that along [OlO] is on (101)
45

o planes. 

The smaller dislocation density on (110)
90

o plc;mes is due to less resolved 

shear stress along [110] and [llO] d],rections, the direction of bombard-

ment being close to [001]. Figure 5b .shows another area for g = [200], 

revealing the damage on (110) 900 and (101) 45 o planes. At point A in 

Fig. 5b, the particle (20 ll) hit, but the nearby area was dislocation free 

because the damage popped out of the surface from the other side during 

polishing. Figure 6a for g = [020] shows how the damage (20 lJ) from t~~o 

sources meets along A-A. In Fig. 6b, particles probably hit at C and D 

where very dense slip on (011)
45

o started. Notice the relatively small 

damage. on (110) 900 planes. Figure 7a (27 ll particles) is for .the diffrac-

tion vector g = [020], therefore the damage on (110) 900· and (011) 45 o planes 

is in contrast. Probably the particle hit at A where dense slip started. 

Again notice the relative small damage on (110)9()0 planes. Figure 7b (27 ll 

particles) is for the diffraction vector [220), revealing the damage only 

on (~lO)[llO] slip system; and (101) 450 and (011)
45

o slip planes. Parti-

cles probably hit at D, E and F, where there is severe damage. 

During polishing the dislocations sometimes are introduced and/or 

there is rearrangement of the dislocations already present. To test the 

~ossibility of such effects, a thin electron microscope foil was first 

' 
. l 
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photographed and then dislocation free areas were bombarded. Figure 8 

shows the damage after bombarding with 27 lJ particles. The diffraction 

vector is [220], revealing the damage on the (110) [110] slip system and 

(101)45 o and .(011) 45 o planes. The nature of the plastic damage is similar 

to that observed in bulk crystals. However due to smaller foil thickness, 

the observed damage is less. 

The plastic damage is urdform.ly dist:L"ibuted only in the vic.inity of 

the point of impact. It gets shallower with distance from the point of 

impact. Figure 9 shows the stereo pair at 15° of the damage introduced 

by bombardment of 27 l.l particles. This pair when viewed along lllaximum 

parallax direction, i.e., perpendicular to diffrac~ion vector gives three-

dimensional distribution. This showed that the damage is uniformly dis-

tributed throughout the foil. This was iu a thin sample which was pre-

"' pared from a thick bombarded crystal. Figures 10 and 11 are micrographs 

from samples which were bombarded with 27 lJ particleswhen they were thin 

enough for the microscopy. l-lhen this foil is annealed at 1100°C for 1 hr 

outside the electron microscope and rephotographed, most of the damage is 

annealed out. Some prismatic dislocation loops (A, B, C and D in ~ig. lOb) 

appear, showing that during bombardment point defects are also being pro-

duced. Figure 11 shows a series of pictures (a, b and c) where condenser 

aperature was removed. Since MgO is fairly non-conducting, localized tern-

perature might go as high as 900°C and dislocations are lost to the sur-

face. A definite loss of dislocations from Fig. lla to llc is apparent. 

From Figs. 10 and 11, it can be inferred that most of the damage is con-

centrated at one surface of the foil. The plastic damage observed in 

Figs. 10 and 11 was from the areas away from point of impact. Therefore 

~he damage is concentrated at the surface of the foil. 
! I! 
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Figure 12 shows the damage introduced due to indentations by a sharp 

pin. Actual indentations are shown at A and B. Most of the damage is 

iri the form of pileups of single dislocations which run frop top to 

b~ttom of the foil. Also notice the micro-cracks associated with the 

indentations. When many indentations are made close to each other, pile 

ups from different sources result. Figure 12c shows the latter where 

different sources of pileups can be traced. 

' IV. DISCUSSION 

When a ball strikes the surface, the maximum pressure p under the 
0 

. . . 7 ' area of contact under statical conditions is given by the Hertz theory 

as: 

_._2p_ 
Po - 2 

21Ta 
, (1) 

where p is the total compressive force and a is ·the radius of the area 

of contact. 

a can be expressed as: 

2 2 1/3 1-v 1-v 
(--1 + __ 2)] 

El E2 
(2) 

or 

2 2 1-v 1-v 1 2 
[-·- + --] 

El E2 
(3) 

where R is the radius of the ball; v1 , E1 and v
2

, E2 are Poisson's ratios 

and elastic moduli of the surface and the ball respectively. TI1e dura-

tion of impact t has been derived to be 

. ' 

• i 
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t = 2.94 

2 2 2/5 

[~ m2 (l-v1 + l-v2)J 
16 IR El E2 

1 2 1 2 2/5 
t = 2. 94 [5rrp ( -vl + -v~J] 

4 E
1 

E
2 

1 

R 

where m2, p and u2 are the mass, density and velocity of the impinging 

ball respectively. 

The total force p can be expressed (using Eqs. 1 through 5) as: 

f p [ 
4/R 12/5 

. 2 2 ] ' 
1-'Vl 1-'V2 . 

3(-.- + - ... -, 
El '"2 i 

Therefore the maximum pressure p
0 

is equal to 

2 2 -4/5 

[
! (l-v1 + l-v2)] · 
3 E

1 
E

2 

(5 2) 1/5 
3 4 m2 u2 

Po = 2 R3/5 

or 

. . 2 2 -4/5 

(4) 

(5) 

(6) 

(7) 

3 Srr 2 1/5 [4 l-vl l-v2] 
Po = -(- P u ) - -- + --2 3 2 3 E

1 
E

2 
(8) 

The maximum shear stress on which the yielding of a plastic solid 
1+2'V 

depends, is( 2 
1
)p

0 
This occurs at about a/2 along the center line of 

the ball. 

The failure of a perfectly brittle material is determined by the 

maximum tensile stress. This occurs at the circular boundary of the sur-

face of contact. It acts in the radial direction and has the magnitude 
l-2v1 ( 

3 
)p

0 
The other principal stress, acting in the circumferential 

direction, is numerically equal to the above radial stress but of oppo-

site sign. 

II 
I 
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A complication arises if the impinging ball is not spherical and/or 

if the flat surface contains dirt particles which can act as stress con-

centrates. 

The .estimated particle velocity was in the range of 500 ft/sec. 
. 3 . 12 2 

Using pMgO = 3.58 gm/cm , vMgO = 0.3, ~~gO= 1.3 x 10 dyn~s/cm and 
3 . 12 . 2 

p = 3.97 gm/cm , vAl 0 = 0.254, EAl 0 .= 3.8 x 10 dynes/em , the 
Al203 2 3 2 3 10 2 

maximum pressure p from Eq. (8) is "" 2.0 x 10 dynes/em 
. 0 

The maximum 

10 2 9 shear and tensile stresses are 1.6 x 10 dynes/em and 3.0 x 10 

dynes/cm2. These·can be compared with the. yield stress along <100> in 

9 9 2 MgO at room temperature of about 3.0 x 10 cynes/cm . In this situation 

if there are no flaws or sources of stress concentration, the fracture 

probably cannot occur because the tensile stress is not sufficient to 

initiate the crack. However, the shear stress is enough to ~ause the 

plastic damage in the material and sri ~ost bf the erosion is occurring 

by shear cutting typical of a plastic solid. 

The total plastic damage estimated from the micrographs after 

taking into account the foil thickness decreases as the particle size 

decreases. This is reasonable as the total force ~ varies as R2. 

Therefore, energy transmitted by the impinging particles decreases 

as the size of the particle decreases. The aMount of energy stored 

in the form of plastic damage is simply dislocation density times 

energy of the dislocation per unit length plus the interaction 

energy of dislocations. The nature of the dislocatio~ should 

II 
. I 
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also be taken into account; for example, the dislocations introduced 

during pin indentation are J'llostly of screw character. '·The line energy 

of an edge dislocation is l/(l-v1) times larger than that of a screw 

dislocation. The importance of the knowledge of the transmitted energy 

in developing the theories of erosion has been emphasized by Head and 

6 Harr. They showed that steady-state erosion is directly proportional 

to the energy transmitted from impinging particles to the target. It 

should be further en,phasized that thout:h_ MgO is a typical brittle solid, 

when bombarded by small particles (< 27 ~) it is eroded like a plastic 

solid. This gives a firm support to the probabilistic theory based on 

flaws, according to which, as the particle size gets smaller, the pro-

bability of its encountering a flaw gets lower. Therefore fracture, 

the mode of failure of a brittle solid, cannot be initiated and the 

material behaves like a plastic solid. The damage introduced by a 

sharp pin causes plastic damage and fracture because the end of a sharp 

pin acts as a stress concentrat~r. It is interesting to note that most 

of the plastic damage is stored in the form of dislocation dipoles. This 

10 is probably because cross slip is favored at higher strain rates. The 

duration of impact from Eq. (5) is 2.2 x 10-S sec. The strain rate 

produced is of the order of 105/sec. 

V. CONCLUSION 

Magnesium oxide behaves as a plastic solid when bombarded by Al 2o3 

particles < 27 ~. The plastic damage is stored in the form of disloca­

tion dipoles on all {llO}<llO> slip systems. The damage has been sho\in 
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to be uniformly distributed in thin foils and it increases with the 

energy of impinging particles. The plastic damage introduced by 

indentations of sharp pins is mostly in the form of single dislocations. 

or point defects. 
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FIGURE CAPTIONS 

Optical micrographs: a) surface bombarded by 0.3 u Al 2o3 
particles at- 85° from [001] and subsequent'ly etched; b) 

surface bombarded by 27 u Al
2
o3 particles at- 75° from [001] 

and subsequently etched. 

Scanning electron micrographs: a) corresponding to Fig. la; 

b) co~esponding to Fig. lb. 

100 kV transmission electron micrographs for 0.3 lJ particles 

bombarded at 85° from [001]: a) for diffraction vector g = 

[200]; b) the same area as 'a' for diff~action vector g = 

[020]. Point A is the same in both pictu~es. 

100 kV transmission electron micrographs for 27 lJ particles 

bombarded at 85° from [001] direction: a) g = [200]; b) g = 

[020]. Notice the disappearance of one set of dislocations 

1 . 1 -with b = 2 [101] or 2[101]. Point A is the same in both pictures. 

650 kV transmission electron micrographs a) and b) for 10 and 27 lJ 

particles respectiv.e1y bombarded at - 85° from [001] direction: 

a) g = [200] shotv-s the damage on {101) 45 o plane and (110) 90o 

planes; b) g = [200]; Notice the dislocation-free area around 

A, where a particle hit. 

650 kV transmission electron micrographs for 20 lJ particles 

bombarded in the same way as for Fig. 5 .. a) g = [020] shmvs 

the damage from two sources meeting along A-A; b) g = [020] 

revealing the damage on (011) 45o and (110) 90o planes. Parti~ 

cles probably hit at C and D ~here very dense slip started. 

., 
- ' 
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Notice that the majority of the damage is in form of dislocation 

dipoles. 

650 kV transmission electron micrographs~ a) g = [020] reveals 

the damage due to 27 ~ parddes on (110)
90

o and (Oll)
45

o planes; 

b) g = [220] shows the damage due to 27 ll particles on (llO)[IlOf 

slip system and (101) 45 o and (011) 45 o planes. Particles probably 

hit at A, D and E. 

100 kV transmisSion electron mic~ographs of a thin foil after 

bombardment by 27 J.l particles; a and b show the damage on 

(llO)[llO] slip system and on (101) 45 o, (011) 45 o planes. 

Stereo pair at 15° of the damage by 27 ~particles. 

a) The damage in a thin foil after bombardment by 27 1-1 particles 

for diffraction vector g = [200]; b) the same foil after anneal-

ing at 1100°C for one hour outside the electron microscope. 

Notice the prismatic dislocation loops A, B, C and D. 

Annealing due to condenser aperture removal of the damage 

introduced by bombardment of 27 )J particles. 

a) Pin indentation at A. Notice the damage around A in the form 

of dislocations running from top to bottom of the foil. b) Pin 

indentation at B. Notice the damage in the form single disloca-

tions and associate crack. c) Pile up on dislocations from many 

sources (pin indentations). 
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XBB 727-3646 

Fig. 3. 
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Fig. 4. 
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Fig. 6. 
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XBB 727-3642 
Fig. 8. 
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