Lawrence Berkeley National Laboratory
Recent Work

Title
THE CHARACTERIZATION OF THE DAMAGE INTRODUCED DURING MICRO-EROSION OF MgO
SINGLE CRYSTALS

Permalink

https://escholarship.org/uc/item/4975k623

Author
Narayan, J.

Publication Date
1973

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4q75k623
https://escholarship.org
http://www.cdlib.org/

Submitted to Wear LBI1.-887

Preprintn- /

THE CHARACTERIZATION OF THE DAMAGE INTRODUCED
DURING MICRO-EROSION OF MgO SINGLE CRYSTALS

J. Narayan

January 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

4 )
For Reference

Not to be taken from this room

_ )

\

L88-TdT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '



=

‘Inorganié Materials Research Division, Lawrence Berkeiey Laboratory and

. in thin foils.

RS

sz
L g
L O
£
LY

- LBL-887

-THE:CHARACTERIZATION OF THE DAMAGE INTRODUCED DURING
MICRO-EROSION OF MgQ SINGLE CRYSTALS-

J. Narayan

Department of Materials Science and Englneerlng, College of Engineering;
Unlver51ty of California, Berkeley, Callfornla

ABSTRACT

The plastic damage introduced in Mg0 single crystals by bombardment with

A1203 microspheres (0;3,20 and 27 dia) has been studi,éd using optical, trans-

mission and scanning e1e¢tron micro;copy. Most of thé.damagevis in the
form of,diSldéation dipoles (two closely spaced disiééétions of opposite
sign) which lie on {ilO}_slip planes. The dislocafioh~density increases
with fﬂé inc;ease iﬂ the energy.of the impinging particles. Using

steréo-micfos;opy the damage has been shown to bevunifOrmly distributed

~ Studies done on indentations produced by a sharp pin show

a very high density of single dislocations.

Present address: Solid State Division, Oak Rldge Natlonal Laboratory

‘Oak.Ridge, Tennessee 37830
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1. INTRODUCTION

Erosiqnurefers to the disintegration of materials due to imminging
particulatevmattér in the form of dusts or other small particles. Ero-
,szdn is:qffen detrimental, as is evident from fe?eqt experiences'wifh
turbine éhgines in heiicopters.',The cost of méiﬁtaining such engines .
in dusty environments is appre;iable. Air filtrétion has alleviated .
the problem'Soﬁewhat, but filtration reduces bofh‘payload and engine
performance,- Erosive action of particles ére al#o'used for beneficial
purposes. For'examﬁle, sand blasting te;hniquesy;rerften employéd to ‘ | i
clean stone or masonry structures and rock cutting: |

The basié problem of the designer is to optimise the effects of
erosion énd ;o have a fairly good knowledge of erosion rate under a
givehgset.of'conditions.‘ This. requires an understandiﬁg of the
mechanism of the erosion process; in other words, the nature of the
plastic damage introduced during erosion. The théco.r‘ivesl.3 based on
macro—éxpé;iﬁental facts to predict the erésion rates lack the firm
suppoft fof the assumptions made. | |

The‘purpose of this papér is to present a défaiigd Study on the
nature of the p1astic damage produced during erosiOn; The preliminary

results have already been reported.4 : R -
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I1. EXPERIMENTAL

Magnesium oxide in form §f large grains had_;ﬁéfféilowing impurities
in PPM: AI-200; $i-200; F-30. Thin {100} sliceser"_ré:_‘obtained by cleav-
,i;é largé graihs along {100} faces. The surface démééé was removed by ’
chemical pdlisﬁing in hot (150-160°C)  phosphoric ;éid.‘ Thinning was
1continuéd'ffoh Eotﬁ sides to a thickness of about O.bS“cm. These thin
cryétals,were then etcﬁed-in the solution; 5 parts 6f saturatédvammonium
chidride, l’pgft of sulfuric acid and 1 §a¥t_distilied_water, at room
temperature for about 15 min. Conical pits develo§EWhere'diSIOcations

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

side by AI0, particles of 0.3, 20 and 27 y in diameter, at about 80° from the

205
(001) surface of the crystal using a pressurized gun at 65 1bs. The
crystais were cleaned by air, distilled water and‘ﬁethyl alcohol and
‘then're-etchéd." The plastic démagevwas examined by‘§ptica1 microscopy,
séanning.eiectrbn microscopy and transmission electrbn microscopy in
éccordancebwith'the foiléwing techﬁiques: |

(1) Optical microscopy: A Zeiss optical micrq$c0pe was used. After
étching, the plastic damage in the regions hit by particles is revealed in
the microscbpe;,

(ii) Scaﬁning eiectron.microscbpyi  since Mgdlié non-conducting, a
.thin conducting layer was needed to examine the sahﬁles in the scanning.
beiectron microscope. A thin layer of aluminum (%_8@:R) was deposited on
. sémples which ﬁére alfeady etched. A JSM-U3 scanﬂing,eiectroh miérbscope

was used to make observations.



(iii) irénsmission electron micfoscopy:"bombardéd samples were
.fcleaned by tbé method described above and then éhemicaily polished from
the hnbombéf&éd'éide using a jet polishing technique;sijA'thin region for
trénsmissibn eléétron microscopy was cut élongv(IOO-) by a blade. A 100 keV
Sieﬁens and the Berkeleyv650 keV Hitachi miqroscopelwéfe used. The high
voltége.ﬁicroséopy is superior in resolution, penetrafion thickness and lens
aberrations tc’the low voltage m@croScope.' |
In andthér‘set of experimenté, # given;érea of;a.fﬁin foil was first

phqtographed:usiﬁg transmission elecgron microscopy.ahd.then the'éame area
was bdmbafded a@d\fephotogfaphed. Thisvway one can ﬁéjsure of initial dis-
locafionidensitf,v Stereo microscopy was done to fihd'ﬁﬁe dépth distribu-
;i@n of the piésfic damage. The annealing of thg damégéveithef by heating
th;"samplés.oﬁtside'of byAreﬁoving the condenser apgtt#re'was also studied.

: The.piasfié-damage was also iqtrgduced in thiﬁ;érYétals (1x1%,05 cm)
b§ indenting Qith a sharé.ﬁip. These crystals were.pdlished'from the

other side and examined in the microscope.

III. RESULTS

 Mgo haslsix {11o} (110 slip systems, four ((101)[T011, (T01)[101]
and (dllj[Oil]i (011)[011]) at.45’degrées to the (0015'Surface (hence-
. for&ard tqibe‘referred as (101)45‘° énd (011)450) and t&o ((110)[110],
(iiO)[llO] at 90 degrees to the-(OOl) surface (henceforward to be referred
as (110)50; planes). |

| Figure la is an optical micrograph of (001)’s§rfé§¢ which has been
bombarded by 0.3 u particles at about 85 degree ffdﬁ»che §urfé¢e and sub-
Seqqenﬁly etchéd. Near the points A, B, C and_D thépg”is a "rasetﬁg" ’

shaped structure; showing the slip on {110} planes. TDark contrast in the
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center is due to some erosion of the surface. Since~the particles were
bombarded at ~85° from the (001) surface, the resolved stresses on (110)9°°
planes are very small. That is why 'rosettes' ‘are more_elongated ‘along
tiOd] and’[Oin,directions than along [110], [llb]'directions. When the. .
deformed crystal is viewed along-[OOi]-direction, the.plastic damage on
(011) [011] ;ﬁa'(oil)[011] slip systems is projected_aiong [100] direction,
and the damage on (101)[I01] and" (iOl)[l’Olj-slip systems' along [010}
directidn. :However, the damage on (110)[ildj,and (ilb)[llO] slip systems
;isvprojectedvalong [110] and [110] directions respectively. Figure 1b
‘shows the optical micrographbof the (001) surface bonbarded by 27 u parti-
cles at;aboutbfs degrees from,the‘surface and then'etched. In this case
"rosettes" are revealed clearly because slip is occurring in all six
:{110} (110 ) slip systems. These optical observations are similar to those
of Stokes, Johnston and Li in MgO 3 o
' Figure 2a. 1s the scanning electron micrograph of the surface shown in
-Eig. la. At'points-A B and C micro-erosion and associated slip 1is revealed.
. Figure 2b shows the surface after being bombarded by 27 U particles. At A,
B and D (Flg 2b) there is both slip and erosion but at point C there is only
_slip-and no erosion.. Notice the crack at the point A. |
The blastic damage increases as the size of theioarticles increases.
'Figure 3a is an eleCtronfmicrograph>(lOO kv) for O.j,u_particles using the
- diffraction rector g = [200], the damage on (110)90;‘and (101)45° planes is
in contrast. 'Figure.3bvshowsvthe same area forbg = [020], revealing the
_damagebon (11‘0_')900..‘and'(011)45° planes. Notice the disappearance of the -
camage in (101)45° planes in Fig. 3b. Figure bLa isfa 100 kV electron

micrograph for 27 u.particles_for g = 200. Figure‘ébbis the same area for



. | 45° plane in
~ Fig. 4b. The damage ¢n'(110)00° planes is less because the direction of

= [020]. Notice the disappearance of the damage on (lOl)

bombardment-is'very close to [001] direction. Notice the higher disloca-
tion density in.Fig; 4 than that in Fig. 3. | o

Flgures 5 through 7 are 65° kV high voltage micrographs.- Figure 5a
is for the diffraction vector g = [200], revealing the damage on (110)90°
planes and (;91)45° planes for 10 u particles. The damage along [110]
and [110] is om (110)9o° planes and that along [OlO].lsion (101)45° planes.
The smaller dislocation density on (110)96° planes is dnevtovless resolved
shear stress along [110] and [110] d1rect1ons, the direction of bombard-
ment being close to [001]. Figure 5b shows another'area for g = [200],:
revealing the damage on (llO)90° and (101)450 plané;i_ At point A in
Fig. Sb, the particle (20.u) hlt, but the nearby area-was dislocation free
because the damage popped out of the surface from the other side during
polishing. 'Fignre 6a for g = [020] shows how the damage (20 u) from two
sources meets'along A-A. In Fig. 6b, particles probabl§ hit at C and D
where very'dense slin on‘(0l1)45°'started. ‘Notice'the:relatively small

. damage. on (llO) planes. Figure 7a (27-u»particles) is for'the diffrac-

90°
tion vector g = [020], therefore the damage on (110) 0; and (Oll)45° planes
is in contrast. Probably the. partlcle hlt at A where dense slip started.
.Again notice the relativé small damage on (110)90° planes. Figure ?b (27 u
particles) isvfor the diffraction vectorl[220], reveallng the damage-only
on (llO)[llO] sllp system; and (101)_45° and (Oll)asédslip nlanes. 'Parti—l
cles probaoly hit at D, E and F,.where there is severe damage.
During‘polishing the dislocations sometimes arelintroduced and/or
.there is rearrangement of thevdielocations already present. To test thev

possibility of such effects, a thin electron microscope foil was first




photographed'and then‘dislocation free areas were bonbarded. Figure 8 |
shows the damagelafter pombarding with 27 u particles,vlThe diffraction
vector is [220]; revealing the damage on.the (llO)[llO]vslip system and
(101)45° and,‘(Oll)450 planes. The nature of the plastic damage is similar
to that observed.in bulk crystals.'»ﬂowever due to snaller foil thickness,
the oBserved damage 1is less.

" The plastic damage is uniformly distributed only'ln the vicinity of
the point of-impact; It gets shallower with distance from the point of
inpact. Figure 9 shows the stereo pair at 15° of the damage introduced
by bombardment of 27 H particles. This pair when viewed along‘maximum R
parallax'direction, i.e., perpendicular to diffractionlvector gives three—
dimensional_distrlbution. This showed that the damage is uniformly dis~
tributed thronghout the toil. This was in a thin sample nhich was pre-
pared from a th1ck bombarded crystal. Figures 10 and-ll are micrograpis

:from samples which were bombarded with 27 u particles when they were thin
lenough for the microscopy. When this foil is annealed at. 1100 C for 1 hr
~outside the electron mlcroscope and rephotogranhed most of the damage is
annealed‘out. Some prismatic dislocation loops (A,:B,.C and D in Fig..IOb)
appear, snowing that during bombardment point defectsﬂare also being pro- ‘
' duced.- Figure 11 showsva series of pictures (a, b and c) where condenser
operatnre was removed. Since MgO is fairly non—conductlng, localized tem—
'peratnre might.go as high as 900°C and dislocations'arellost to the sur-
face. A definite loss of dislocations from Fig. 1lla to llc is apparent.
From Flgs; 10 and.ll; it can be inferred that most‘of the damage is con-
centrated at one surface of the foilr The plastic danage observed in
Figsr lO andpll wasefron the areas away from pointdofiinpact.. Therefore
ltherdamage is_concentrated at tne surface of'the foil{“v

N . ] .
-
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-Figure 12 shows the damage introduced duerto indeﬁtations.By a_sharp
pin. Actual indentations are shown at A and B. Most of the daﬁagé is
in the form of pileups of single dislocations_ﬁhicﬁ tﬁn’from‘top to
bottom of the foil. Also notice the micro-crﬁcks associated with the
‘indentations. When many indentations are madé ¢16se.to each ofher, pile
ups fr9m different sources result. Figure 126:5hows the latter where

different sources of pileups can be traced.

* IV. DISCUSSION

'Whén a ball strikes the surface, the maximum pressure p_ under the

‘area of contact under statical conditions is given by the Hertz theory7 A
as:
. . ] v P ='_3L , : ‘ (1)
v . "0 2 : _

: - 2ma o :
where p is the total compressive force and a is ‘the radius of the area
of contact.

a can be expfessed as: _
3 l-vi 1 vg /3 :
a = [FPR (- + )] : ‘ : (2)
4 E E »
1 72 o : :
or
' 2
npoR l-v1 1-v2 - »
as— =1 . (%)

where R 1is the‘radius of the ball; V1, E. and v,, E, are Poisson's ratios

1 2’ 72

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

tion of impact t has been derived to be
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2 2 2/5°
m 1-v 1-v :
15 72 1 2 BT |
t = 2.94 [—— (= + e 4
16 R E1 E2 (uz)l/s . v
or .
2 2 2/5 -
: 1-v 1-v :
5mp 1 2 R _
t = 2.94 [ [ + J —TT ’ (8)
4 E1 Ez, (uz)}/s .

2 are the mass, density and velocity of the impinging

where m,, p and u
ball respectively.

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

p = (§-m u2)3/S [. il ' ]2/5
R e e
1 2
3( Tt T
| | 1 f2 \
Therefore the maximum pressure p, is equal to a
| 5 2.1/5 2 2 -4/5
g B2 5 ) | )
o T 2T R3S 3 UE] E, |
or
S22 :4/5
ETCL A ERae S B ®)
P23 P 3E E :
1 2 o . ‘
The maximum shear stress on which the vielding of a plaéticvsolid
: 1+2v ' , :
depends, is‘(__2 )po. This occurs at about a/2 along the center line of

the ball.

. The failure qf a perfectly brittle material is_determinedvby the
maximum.tensile stress. This occurs at the circular_boundary of the sur-
face of contact. It acts in the radial direction aﬁd has the magnitude

1-2v

( 3 1)po. The other principal stress, acting in ihe.circumferential

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

site sign.
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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.

. o 3 ‘21 3% 1012 2
U51ng‘ng0 = 3.58 gm/cm”, ngO = 0.3, EMgO =1.3x 10 dyn?s/cm and
3. o _ oz e v inl2 ' 2
pAlzo3 -»3.97_gm/cm_, VA1203 = 0.254, EAIZOS_- 3.8 * 107" dynes/cm™, the
maximum pressure P, from Eq. (8) is ~ 2.0 x lolo'dYnes/cmz. The maximum
10 9

shear and tensile stresses are 1.6 x 10 dynes/cm2 and 3.0 x 10
dYnes/cmZ; These-can'be compared'wifh the yield s;réss along <iOO> in
MgO.at_roorvr.x.te'mperature9 of about 3.0 x 109 cynes/cm2.' In this situation
if there areuno flaws or sources pf stress concentré£ion, the fraCturé
probablyvcahﬁot occur because the tensile stress is not sufficient to
initiate ;he crack. However, the shear stress is‘enough to ‘cause the
plaStic damage.in the material and so most_of the eéosion is occurring
by shear cutting typical of a plastic.solid. N |

The tqfql piastic damage estimated.from the miérggraphs’after
taking‘info account the foil thickness decreases és the bartiélevsize
decreases. This is.reasoﬁable as the_totél force § ?éries as RZ.'
Thgrefpre, enérgy_tfansmitted By the impinging particles decreases
- as the si;e 6f the partiéie decreases. The amounﬁ of energyv stored
in the form of.plastic damage is simply dislocétion‘density timés
energy of the dislocation'per unit:iéngth plus thé;ihﬁeractipn

energy of dislocations. The nature of the‘dislocatibﬁ.should_
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also be taken into account; for example, the disloéafions introduced
'during pin indentation are mostiy of.screw character. - The line energy
of an edge'dislocation.is l/(l-vl) times larger thén tﬁat of a screw
dislocation.  The ihportance of the knowledge of ;hé transmitted energy
in developing the fheoties of erosion has been émpﬁéﬁiied by Head and
Harr.6 Théy.showed that steady-state erosion iS_direétly proporfional

to the energy transmitted from impinging particles :6 the target. It
should be fgrtber emphasized that though MgO is a typical brittle solid,
when bombardéd_by small particles (f 27 u) it is efoded like a plastic
solid. This gives a firm support to the probabilistic theory based on
flaws,‘éccdrding to which, as the particle size gets smaller, the prd—
bability of:iﬁs_encounfering a flaw gets lower. Thérefore fracture,

the mode of failure 6f a brittle solid, cannot be initiated and the
material behaves iike a'plastic solid. ’The damage introduced by a

sﬁarp pin causes plastic damage and fracture becausevthe end of a sharp
pin acts as a stress concentrater. It is interesfingfto note that most
of the plastic;damage is stored in the form of dislocétion dipoles. This
is probably because.cross slip is favored at higher strain rates.10 The
dufatioq éf iﬁpact from Eq. (5) is 2.2 X 10--8 séc. Thé strain‘rate

produced is_of.the order of 105/sec.

V.. CONCLUSION

MagneSium oxide behaves as a plastic solid when bombarded by AIZO3
' particles < 27 u. The pléstic damage is stored in the form of disloca-

tion dipoles on all {110}<I10> slip systems. The damage has been shown
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to be uniformly distributed in thin foils and it ihcreases with the
-energy of impinging particles. The plastic damage introduced by
indentations of shafp pins is mostly in the form of single dislocations.

or point defects.
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FIGURE CAPTIONS

Fjg. 1 Opticalimicrographg: a) #urface'bpmbérdéd py Q.3 u Alzos
. pérticles at ~ 85° from [001) and subseqdeﬁfly etched; b)
surféée bombéfded by 27 WAL, particlésAé#f” 75° from [001]
aﬁd‘subsequently étched.‘ i ‘
Fig. 2 Séanning electroﬁ'micrographs: a) corréépénding fo Fig. la;
b)vébfesponding to Fig. 1b. | |
Fig. 3 160 kV transmission electron microgfaphé'fo; 0.3 L particles
| 'bOmﬁérded;at 85° from [001]: a) for difffa@tioﬁ vector g =
[200]§Mb)_the same area a§ 'a' for diffféé;ibn vectorvg'=
[OZQ], Point A is the séﬁe in both picgﬁfesl
Fig. 4 100 kv transﬁission electron micrographs.férﬁ27 4 particles
»bomBa?ded at 85° from [001] direction: :é)'g = [200]; b) g =
[020]. Notice the disappearance of onefset of dislocations
vi;hcb = %{lOl]lorv%{iOI];' Point A is the séme iﬁ both piéturgs.
Fig. 5 656 kV transmission electron micrographs_a) énd b) for 10 and 27 H
parfitles respectively'bombarded at ~ 85‘fff§m [OOIj direction:.

a) g = [200].shows'thg damage on (101)455 piane and (110)90¢
planes; b)-g = [200]; Notice the dislocation—free area around
'A; wheré a‘partiéle hit.

Fig. 6 650>kV'transmissioh electron micrographs fqri20 u particles
bombarded in the same way as for Fig. S;v a),g = [020] shows
the damage from two sources meeting alohé:A-A; b) g = [020]

-réVéaling the damage on (011)45; and (110)900 planes. Parti-

cles probably hit at C and D where very'denée slip sfarted,
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NOtfce that the majority of the damage is in form of dislocation

dipdlés‘ | )

Fig. 7 650‘kV transmission electron microgranhé:i>a) g = [020] reveals
the damage due to 27 parTLcles on (110)90° and (011)450 planes
'b) g = [220] shows the damage due to 27 i) partlclec on (110)[110]
:Sllp system and (101)459 and (011)4S planes Particles probably
hit at A, D and E.

Fig. 8_ 100 kV transmission electron micrographs ofva thin foil after
'bdmbardment by 27 v particles; a and b ahOW the damage 6n

(110)[110] slip system and on. (101) (011)450 planes.

45°”°

Fig. 9 Stereo pair at 15° of the damage by 27_p'particles.

Fig. 10 aa)vThe'damage in a thin foil after bombardmént by 27 up particles
for diffraction.vector g = [200]; b) tﬁe saﬁe foil after anneal-
ing at 1100°C for one hour outside theveleatron microscope.
Notiae the prismatic dislocation loops'A;'B, C and D.

Fig. 11 Annealing.due to condenser operture removal of the damage
intfoduced'by bombardment of 27 u particiés:

Fig. 12 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
indentatibn at B. Notice the damage in‘tﬁe form single disloca-
tions and associate crack. c) Pile uplan'dislocations ffom many

~ sources (pin indentations).
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